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ABSTRACT

The Influence of Denitrification in Clarifiers on Biological Phosphorus Removal at

the Clark County Sanitation District (CCSD) at Las Vegas, Nevada

by
Prithviraj V. Chavan
Dr. Jacimaria Ramos Batista, Examination Committee Chair
Assistant Professor, Department of Civil and Environmental Engineering
University of Nevada, Las Vegas

Denitrification in biological reactors has been widely studied, whereas, little is
known about denitrification occurring in secondary clarifiers. In this study an attempt
was made to study denitrification occurring within a secondary clarifier at the Clark
County Sanitation District (CCSD) wastewater treatment plant, Las Vegas. The results
obtained from this study showed that denitrification and phosphorus (P) release were
occurring within the CCSD clarifiers. Dissolved oxygen (DO) and soluble COD
concentrations were found to be the most influencing parameters on denitrification and P-
release within the clarifiers. The results also showed that sludge blanket height (SBH),
solid flux, and state point analysis can be used as operating tools to control denitrification

within the clarifiers.
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CHAPTER 1

STATEMENT OF THE PROBLEM

The major objective of secondary clarification is to separate biosolids from liquid.
However, processes that would normally take place in bioreactors, such as denitrification,
may occur in secondary clarifiers. When denitrification occurs during clarification it may
have negative or positive effects on the plant’s efficiency in removing nutrients. This is
especially significant in biological nutrient removal (BNR) plants where one-sludge
systems are used. In these systems, a single activated sludge tank is used to oxidize BOD
(biological oxygen demand) and ammonia, and to biologically remove phosphorus. The
effluent from one-sludge activated sludge systems, which is sent to the secondary
clarifier, contains high levels of nitrate and suspended solids laden with polyphosphate.
In the secondary clarifier, conditions may develop that will promote both denitrification
(e.g. biological conversion of nitrate to nitrogen gas) and phosphate release from the
suspended solids.

Strong denitrification in the clarifier may be detrimental to the plant’s efficiency to
remove phosphorus. Nitrogen bubbles formed during denitrification will promote rising of
the sludge to the surface of the clarifier. This results in increased suspended solids
concentration in the clarifier effluent, affecting the overall removal efficiency of the plant

with respect to BOD, total suspended solids (TSS), total nitrogen and total phosphorus. On
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the other hand, strong denitrification is beneficial in increasing the alkalinity of the
wastewater (e.g. increase in pH), lowered during nitrification.

Weak or absent denitrification can be detrimental to a plant’s efficiency to remove
phosphorus biologically (Bio-P) because high concentrations of nitrate in the return
activated sludge (RAS) negatively affect P-release in the anaerobic zone of the Bio-P
process. In contrast, moderate denitrification within the clarifier may be beneficial to the
performance of BNR systems, because it doés not significantly inhibit microbial P-release
by microorganisms in the anaerobic stage of the process and also because it allows for
recovery of alkalinity.

The occurrence of denitrification within secondary clarifiers and its negative
effects on biological phosphorus removal has been reported. However, little is known
about the parameters affecting denitrification in the clarifiers and not much research has
been performed on potential tools for its control.

In this research an attempt was made to determine the main parameters affecting
denitrification in clarifiers in the full-scale wastewater treatment plant, the Clark County
Sanitation District (CCSD), in Las Vegas, Nevada. In addition, the concepts of sludge
blanket height (SBH), solid flux, and state point analysis was explored as potential tools
to control denitrification in clarifiers. The specific objectives of this research were:

(1) To investigate the occurrence and determine the major parameters influencing
denitrification within secondary clarifiers at the CCSD, (2) To use the mass balance
approach to estimate the extent of clarifier denitrification occurring at CCSD, and
(3) To examine whether sludge blanket height, solid flux, and state point analysis

can be wused as operational tools for clarifier denitrification control.
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CHAPTER 2

LITERATURE REVIEW

This literature review cover topics which background is needed to understand the

fundamentals involved in this research. It is divided into three main sections:

1) Biological Nutrient Removal (BNR) — It covers the fundamentals of biological
phosphorus (P) and nitrogen removal with on the influence of nitrate on P-
removal. In addition it covers the intentional and unintentional denitrification as
well as the principles of nitrification.

2) Secondary Clarifiers — It includes the basics of clarifier design and operation.

3) Solid Flux and State point — It covers the history and use of the solid flux and

state point analysis for designing and analyzing secondary clarifiers performance.

2.1 Biological Nutrient Removal (BNR)

Both nutrients, nitrogen (N) and phosphorus (P) are present in wastewater in
organic and inorganic (ammonia, nitrate, nitrite, phosphate) forms. The major sources of
nitrogen include industrial waste, human waste, and fertilizers applied to farms. The
presence of these nutrients in waterbodies has an adverse effect on the quality of the
water. The presence of nitrogen in water is undesirable for several reasons: a) Nitrogen

in free ammonia form is toxic to fish and many other aquatic life (Colt & Armstrong,
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1979), b) Nitrogen in ammonium or ammonia form are oxygen-consuming compounds,
that deplete dissolved oxygen in receiving waters (Barnes & Bliss, 1983; and Sorensen &
Jorgensen, 1993) c¢) Nitrogen in the nitrate and nitrite form, when present in drinking
waters are responsible for causing methemoglobinemia (infantile cyanosis), and
carcinogenesis (particularly, gastric cancer, EPA, 1993), and d) N and P in any form can
be available as a nutrient to aquatic plants and can significantly contribute to
eutrophication.

Eutrophication is the nutrient enrichment in an aquatic ecosystem which
stimulates algal blooms. This is one of the important reason why N and P should be
eliminated from waterbodies. Either N or P can be the limiting nutrient controlling
eutrophication because large amounts are required for biomass growth compared to other

nutrients like sulfur, potassium, calcium, and magnesium. Phosphorus is often the
growth—limiting factor for algae (Horan, 1990). Generally, phosphorus is a limiting
nutrient in fresh waterbodies, whereas nitrogen is a limiting nutrient in estuarine and
marine waters (Metcalf & Eddy, 1991).

Activated sludge is the most widely used biological process for treating domestic
and industrial wastewater. Normally, the activated sludge process is strictly aerobic,
consisting of a biological reactor (e.g. aeration basin) and a secondary clarifier. Sludge is
recycled from the secondary clarifier to the aeration basin and can be removed from the
process through a sludge wasting line. Over the years, modifications were made in this
process to accommodate the removal of nutrients such as nitrogen (N) and phosphorus
(P) (Randall et al., 1992). These systems are called biological nutrient removal (BNR)

systems because they remove nutrients from wastewater by biological means. BNR
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systems Incorporate anoxic, anaerobic, and aerobic zones with mixed liquor recirculation.
The aerobic zone is an essential component of all BNR systems, since nitrification and
phosphorus uptake is performed in this zone, while the anaerobic zone is essential to
accomplish phosphorus release, and the anoxic zone is required for nitrogen removal by

denitrification.

2.1.1 Benefits of Adopting BNR Process

The BNR process for wastewater treatment is more economical than conventional
chemical addition processes used to remove nutrients (Chaung et al., 1997). It also
provides environmental, and operational benefits. Chemical addition for phosphorus
removal is significantly more expensive than biological phosphorus removal (Bowker &
Stensel, 1990). Furthermore, any reduction in chemical addition reduces the amount of
sludge produced in the system, providing further economic benefit by reducing sludge
management and disposal costs. Several methods are available to eliminate P from
wastewater that involve chemical, biological, or physical processes. Chemical
precipitation using iron and aluminum salts or lime is commonly used in combination
with either chemical or biological processes where low levels of effluent phosphorus are
required (Murakami et al., 1987). Ultra filtration and reverse osmosis are effective
physical methods used for phosphorus removal.

To accomplish complete nitrification, the biological nitrogen removal process is
more economical than physiochemical processes such ammonia stripping, breakpoint
chlorination, ion exchange, membrane process, and precipitation (Metcalf & Eddy, 1991;

Sedlak, 1991; and Sorensen & Jorgensen, 1993). In addition, one half of the alkalinity
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destroyed during nitrification can be recovered by denitrification, providing an additional
economic benefit. Properly designed and operated BNR processes are more stable and
produce good quality effluent in respect to BOD, TSS, and phosphorus removal as
compared to conventional activated sludge systems with chemical coagulants for P-
removal.

A number of biological processes have been developed to remove the nutrients (N
and P). Some of these processes were developed originally for phosphorus removal and
later evolved into nutrient removal (N and P). The most commonly used BNR systems
include: the A%/, the five-stage Bardenpho process, the University of Capetown (UCT),
and the VIP process. A complete review of the different BNR system configuration can
be found in Mota (2001). The main difference between these processes lies in the
location of recycled sludge. In the A*O process, the return activated sludge (RAS)
containing nitrate is directed to the anaerobic zone from the end of nitrification stage for
denitrification. In UTC process, the RAS is diverted to an anoxic zone to remove
recycled nitrate by denitrification. The RAS is also diverted to an anoxic zone in the VIP
process, while denitrified anoxic mixed liquor is also directed from the end of the anoxic
zone back to the anaerobic zone.

Wanner et al. (1992) designed a new arrangement of the biological process to
remove nutrients from wastewater. All the arrangements were similar to that A%/O
process, except for the denitrification reactor where oxidized supernatant is mixed with

activated sludge separated from the anaerobic reactor.
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2.2 Enhanced Biological Phosphorus Removal (EBPR)

EBPR involves design or operational modifications of conventional treatment
systems that results in the growth of a biological population that has much higher cellular
phosphorus content. The typical phosphorus content in the microbial solids is 1.5 to 2%
on a dry weight basis (WPCF, 1985). In EBPR systems, cell P content can reach 5 to 6%
during high phosphorus uptake (Tetreault, 1986). Phosphorus removal can be achieved
biologically by allowing the wastewater to pass through an anaerobic tank followed by an
aerobic tank, with continuous sludge recycling, and finally wasting the sludge.

In EBPR processes, the wastewater is submitted to alternate anaerobic and aerobic
conditions. The anaerobic zone is a biological selector for phosphorus accumulating
organisms (PAQOs). This zone provides a competitive advantage for PAOs, since they can
take up substrate in this zone before other non-PAO bacteria can. Thus, the anaerobic
zone allows the development or selection of a large population of PAOs in the system.
The proliferation of filamentous bacteria that cause poor settling characteristics can be
prevented by specific population selection of PAOs in the anaerobic zone (Mino et al.,
1994). During this phase, PAOs obtain energy from the breakdown of intracellular PP to
promote the uptake of volatile fatty acids (VFAs). VFAs are stored as intracellular
polyhydroxyalkanoates (PHAs) that are used as an energy source for phosphorus uptake
in the subsequent aerobic zone.

PAOs are capable of taking up more phosphorus in the aeration basin than the
amount released in the anaerobic zones. The above mechanism indicates that the level of

biological P-removal achieved is directly related to the amount of substrate that can be
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fermented by microorganisms in the anaerobic zone and subsequently assimilation and
storage as fermentation products (PHA and/or PHB) by PAQs, in anaerobic zone.
Following are advantages and disadvantages of BNR as cited by Bowker &

Stensel (1990), Metcalf & Eddy (1991), and Sedlak (1991).

Advantages:

e The amount of sludge produced by biological phosphorus removal processes are
comparable to sludge produced by conventional activated sludge systems,

e EBPR can be implemented directly at existing plug-flow activated sludge plants with
little or no equipment changes or additions, provided that the plant has sufficient
capacity,

e Little or no chemicals or chemical handling equipment is required, except for effluent
polishing,

e With some of the processes phosphorus removal can be achieved together with
ammonia nitrogen or total nitrogen removal at virtually no additional operating cost,
and

e EBPR can utilize existing sludge handling equipment for plants installed with
biological phosphorus removal process if phosphorus is not solubilized and returned
to the plant during sludge handling

Disadvantages:

e The BOD:TP ratio of the wastewater controls the performance of the phosphorus
removal system,

e The process is not easily installed into fixed biological systems,
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e Standby chemical feed equipment may be necessary in case of loss of biological
phosphorus removal efficiency,

e EBPR requires highly efficient secondary clarifier performance to achieve 1 mg/L
total phosphorus (because secondary sludge contains stored poly-phosphate), and

e Recycle streams must be low in phosphorus content.

2.2.1 History of EBPR Systems

In 1955, Greenburg et al. noted that activated sludge could take up phosphorus at
levels beyond the normally accepted microbial growth requirements. The first researcher
to report the occurrence of biological P-removal from wastewater treatment plant sludge
was Srinath (1959). Levin and Shapiro (1965) termed high removal of phosphorus by
microorganisms as “luxury uptake”. Besides, Levin and Shapiro (1965), Vacker et al.
(1967) and Milbury et al. (1971) also observed high removal of phosphorus at a number
of full-scale wastewater treatment plants (WWTP).

Barnard (1974) reported that P-release was occurring at the inlet of the activated
sludge tanks of some plants. He also reported that high P-removal could occur
biologically in a system where sludge is first subjected to an anaerobic zone to release
phosphorus, followed by an aerobic zone. He also reported that high P-removal could
occur biologically in a system where sludge is first subjected to an anaerobic zone to
release phosphorus, followed by an aerobic zone. This observation provided explanation
for the performance of several full-scale plants that experienced high level of P-release.
In a later paper, Barnard (1976) suggested the use of a separate anaerobic basin ahead of
the aerated basin and the process was termed as the Phoredox process. This process was

derived from phosphorus and redox potential to signify the lower reducing environment
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required in the anaerobic zone. Bamard also observed that nitrates in the anaerobic zone
adversely affected the biological phosphorus removal efficiency.

Simpkins et al. (1978) and Nicholls et al. (1979) in a pilot plant experiment
confirmed the negative effect of nitrates on biological phosphorus removal. Fuhs and
Chen (1975) observed that strains of Acinetobacter from EBPR systems were capable of
accumulating polyphosphates (PP), and polyhydroxybutyrate (PHB). In 1983, Brodisch
found strains of Aeromonas punctata other than Acinetobacter capable of P-removing.
These are heterotrophic organisms capable of acid fermentation. In the last thirty years
much work has been performed on several aspects of bio-P which include microbial
storage product polyphosphates (PP), glycogen, polyhydroxyalkanoates (PHAs) that led
to the development of several metabolic models for EBPR.

There are currently 4 models that attempt to explain the removal of P from water
by bacteria: the Comeau et al. model (1987), Mino et al. model (1987), the Wentzel et al.
model (1988), and the Smolder et al. model (1994). The important role of PP, PHA, and
glycogen on EBPR systems has been extensively reported by Fuhs and Chen (1975),
Comeau et al. (1987), Mino et al. (1987), Wentzel et al. (1988), and Smolder et al.
(1994).

PP are linear polymers of orthophosphate molecules joined by phosphoanhydride
bonds (Schuler, 1998). PHAs include polyhydroxybutyrate (PHB) and
polyhydroxyvalerate (PHV). The PHAs can be degraded by intracellular depolymerases
and subsequently metabolized as a carbon and energy source, when the supply of limiting
nutrient is restored (Lee and Park, 1998). Nicholls and Osborne (1984) stated that as a

result of the fermentation process, short chain fatty acids, such as acetate, are produced.
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The disappearance of soluble BOD and the role of fatty acids was confirmed in their
study by an increase in PHB storage products during the anaerobic contact period of
EBPR systems. Increased PHB concentration in the anaerobic zone of EBPR were also
observed by Timmerman (1979). The observation made by Comeau et al. (1987) on PHB
and PHV storage suggests that preferred fermentation substrates for phosphorus
accumulating organisms (PAOs) are acetate and propionate. Steinbuchel (1991) reported
the existence of nearly 300 different bacteria that accumulate various PHAs. Schuler
(1998) stated that the most common and studied PHA is PHB.

2.2.2 Factors Affecting EBPR

Deakyne et al. (1984) and Tetreault et al. (1986) reported that P concentration as
low as 0.2 mg/l in the effluent of EBPR system. However, achieving such low
phosphorus discharge levels is not possible at all plants and for all operating conditions.
To achieve the standard of 1 mg/l as total phosphorus, very low effluent soluble
phosphorus concentration would be required in the effluent. Low soluble phosphorus in
the effluent can be accomplished either by effluent filtration to remove the phosphorus
containing total suspended solids (TSS) or by chemical addition to lower the soluble
phosphorus.

Bowker and Stensel (1990) observed the following characteristics contributed the
most to maximizing biological phosphorus removal: 1) dissolved oxygen concentration
equal or greater than 2 mg/l, 2) aeration of secondary clarifier to avoid P-release, and 3)
preventing sludge handling streams which contain soluble phosphate, from reentering the

plant.
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Several factors affect the efficiency of EBPR systems. These are related to
wastewater characteristics, system design, and operational methods. The factors
affecting the EBPR efficiency include VFA concentration, the presence of nitrates, DO
concentration, temperature, pH, solids retention time (SRT), anaerobic and aerobic

detention times, and waste sludge handling methods.

2.3  Biological Nitrogen Removal

Nitrogen can be removed from wastewater biologically or by physicochemical
processes. Physicochemical processes for nitrogen removal include ammonia stripping,
breakpoint chlorination, ion exchange, membrane process, and precipitation. The
selected method of removal generally depends on concentration and form of nitrogen
compounds in the process influent, effluent quality of wastewater réquired, effluent
standards for other parameters, construction and operational costs for the process, and
reliability and flexibility of the process over the actual range of operating temperature.

Above all aforementioned methods, biological removal of nitrogen is the most
commonly used because of its high removal efficiency, moderate cost, high process
stability and reliability, relatively easy process control, and low land area requirement
(Wanielista & Eckenfelder, 1978; Sedlak, 1991; and EPA, 1993). Biological nitrogen
removal involves two processes, nitrification and denitrification. In nitrification,
ammonia is autotrophically oxidized to nitrate using molecular oxygen as an electron
acceptor. In the denitrification process, nitrate is used as an electron acceptor and is
heterotrophically reduced to nitrogen gas. Biological nitrification and denitrification are

the most economical processes for elimination of nitrogen from domestic and industrial
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wastewater. The design and economics of biological nitrogen removal systems are
governed by their kinetics. Indeed, the rate with which nitrification and denitrification
proceed depends on the microbial population, composition and strength of the
wastewater, and on a wide variety of chemical and physical parameters (Sedlak, 1991;
and Sorensen & Jorgensen, 1993).

Domestic wastewaters have more or less uniform quality; therefore the design
parameters are well established. On the other hand, industrial wastewater composition
varies in quality from case to case and design parameters have to be developed for each
case.

2.3.1 Biological Nitrification

Nitrification is a biological oxidation of ammonia to nitrate with nitrite as an
intermediate. For nitrification to occur, two conditions must be fulfilled in a treatment
plant: a) solids retention time (SRT) should be sufficiently high to prevent the washout of
the slow growing nitrifying microorganisms, and b) the contact time between the
bacterial mass and ammonia must be long enough to ensure its oxidation. The
microorganisms involved in nitrification are strictly aerobic autotrophic bacteria
(nitrifiers). This means the energy for cell growth is derived from oxidation of nitrogen
compounds). In contrast, to the heterotrophic bacteria, nitrifiers use inorganic carbon
(carbon dioxide) rather than organic carbon for synthesis of new cells.

The principal genera of bacteria involved in the nitrification process are
Nitrosomonas and Nitrobacter; however, Nitrosopira, Nitrosolobus, and Nitrosouibrio

are also involved in biological nitrification (Rittmann, 2001). Winogradsky (1890) was
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the first to observe the nitrifying bacteria, Nitrosomonas and Nitrobacter, which oxidized
ammonia sequentially to nitrite and then to nitrate respectively.

In 1970, Painter found other genera of bacteria capable of obtaining energy from
the oxidation of ammonia including, Nitrosococcus, Nitrospira, Nitrosocyctis and
Nitrosoglea, and nitrite, Nitrocystis. Eylar and Schmidt (1959), Painter (1970), and
Randall et al. (1992) observed that some heterotrophic bacteria are also capable of
forming nitrite or nitrate. Focht and Chang (1975) found that heterotrophic nitrification
is possible with various genera of bacteria, fungi, and actinomycetes. However,
nitrification rates by heterotrophic bacteria are generally 10*-10° times lower than
autotrophic nitrification rates (Niel et al., 1993).

Nitrification is a two-step process. In the first step ammonium is concerted to
nitrite and in the second step, nitrite is converted to nitrate. The conversion process is as
follows:

First Step:

NH;" + 3/20, _Nrosomoms | NO, + 2H + H;0

Nitrosomonas is the most commonly recognized genus of bacteria to carry out the

first step.

Second Step:

NO, + % O, _Mmbactr _  NO; + new cells
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Nitrobacter is the most common genus of nitrite oxidizers
The empirical equation for the overall nitrification reaction including synthesis

and oxidation is as follows (Rittmann, 2001):

NH," + 1.8150, + 0.1304CO, = 0.0261CsH;NO, + 0.973NO;" + 0.921H,0 + 1.973H"

The above equation illustrates the stoichiometry of the nitrification reaction.
Oxygen is required to oxidize ammonia-nitrogen, and 4.33 mg of O, is required for each
mg of NO;-N generated. Alkalinity is also consumed in the reaction to both neutralize
the acid produced (i.e. ammonia-nitrogen is a base and nitrate-nitrogen is an acid) and as
required for the synthesis of new biomass. The alkalinity requirement calculated from
the above equation is 7.05 mg of alkalinity as CaCOj; for each mg of NO;-N produced.

2.3.1.1 Classification of Nitrogen Removal Process

To accomplish nitrification in wastewater either (a) Single stage or One sludge
system, or (b) Separate stage or Two sludge systems are available.
Schematic layouts of single and two sludge nitrification process with activated sludge are
shown in Figures 2-1 and 2-2, respectively.
2.3.1.1.1 Single or One Sludge Nitrification System

Nitrification can be accomplished in any of the suspended-growth activated
sludge process. The most commonly used processes are conventional plug flow,

complete mix, extended aeration and various modifications of the oxidation ditch.
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The process configuration in which heterotrophs and nitrifiers coexist in a single mixed
liquor that simultaneously oxidizes ammonium and organic BOD is termed the one-
sludge nitrification process. This system is also called a single stage nitrification because
it consists of one reactor stage. One sludge nitrification consists of one reactor (e.g.

aeration basin) and one secondary clarifier.

Primary Clarifier Nitrification Tank Nitrification Clarifier

= Effluent
—_—) Aerobic BOD oxidation | ==—p

T Nitrification

Return Activated Sludge (RAS)

Influent

BOD?

2}

TKN

high NO5
low BOD
low NH4"

YWaste Activated Sludge (WAS)

Primary Sludge

Figure 2-1 Single Sludge Nitrification System

The advantages of using a single sludge system include the following: combined
treatment of carbon and ammonia in a single stage; low effluent ammonia is possible; and
inventory control of mixed liquor sample due to high BODs/TKN ratio. On the other
hand, there are some disadvantages of using this system which include, no protection
against toxicants, only moderate stability of operation, stability of the operation linked to
operation of secondary clarifier for biomass return, and large reactor required in cold

weather.
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2.3.1.1.2 Two or Separate Sludge Nitrification System

Nitrification in a two-sludge process allows greater process flexibility and
reliability. Two sludge is an attempt to reduce the competition between heterotrophs and
nitrifiers by operating each process (carbonaceous oxidation and nitrification)
independently in separate stages. In each stage, a different microorganism community
(heterotrophs and nitrifiers) exists, which differ from an ecological point of view. In this
system, toxic effects may be reduced because biodegradable organic matter, which may
be toxic to nitrifiers is removed in the first stage, which is essentially free of nitrifiers
(Metcalf & Eddy, 1991). The selection and operation of the nitrification process is

affected by the degree of organic carbon removed in the first oxidation stage.

Primar}" Secondary Nitrification Nitriﬁcation
i i . low BOD i
Influent C|er Aeration Tank C|aﬁgr igh HiL S Tank Clarlﬂer Effluent

i Carbonaceous Nitrification . ;
oxidation T
. - low BOD
Return Activated Sludge (RAS) Return Activated Sludge (RAS) low NH g
high HO 5
Primary Sludge Waste Activated Sludge (WAS) Waste Activated Sludge (WAS)

Figure 2-2 Two-Sludge Nitrification System

The advantages of using two sludge systems include good protection against most
toxicants, stable operation, and lower effluent ammonia concentration. On the other
hand, there are some disadvantages of using this system which include, sludge inventory

requires careful control when BODs/TKN ratio is low, stability of the operation depends
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on secondary clarifier biomass return, and greater number of unit processes required than
for the single sludge nitrification process.

2.3.1.2  Factors Affecting the Nitrification Process

Several factors such as ammonia and nitrite concentration, DO, pH, temperature,
SRT, BOD/TKN ratio can affect biological nitrification. =~ Ammonia and nitrite
concentration, and DO concentration will affect the maximum growth rate of nitrifiers.
Huang (1973) observed that ammonia oxidation was possible in a film reactor mixed
culture with ammonia concentration 2.5 to 110.0 mg-NH4-N /L. Praksam et al. (1974)
noted that oxidation was possible with ammonia concentration of 600 mg-NH4-N /L,
while Anthonisen et al. (1976) observed that at ammonia concentration of 800 mg-NH4-N
/L only 10.1% of oxidation was possible. Pokallus (1963), Painter (1970), and Prakasam
et al. (1974) observed the inhibition of ammonia oxidation by nitrite concentration of
500, 4200, and 1200 mg-NOs-N /L, respectively.

DO concentrations of less than 2 mg/l have been found to inhibit nitrification
rates (Haug & McCarty, 1972; Metcalf & Eddy, 1973; Forster, 1974; Beccari et al.,
1992). However, Downing and Knowles (1966) observed that DO concentrations less
than 3 mg/l have been found to inhibit the rate of nitrification as well. The fractions of
nitrifiers present in single sludge nitrification processes are related to BODs/TKN ratio
(Tchobanoglous & Burton, 1991). Temperature has direct significant effect on the
nitrification rate constant. Nitrification rates were found not to be influenced by
temperature above 30°C, while inhibition was observed below 15°C (Borchardt, 1966;
Downing 1968; Wild et al., 1971; and Sutton et al., 1974). pH values between 6 to 8.5

have been found not to influence nitrification rates, but pH values below 6 and above 8
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showed some inhibition on nitrification rate (Barrith, 1933; Lees, 1954; Prakasam and
Loehr, 1972; Metcalf & Eddy, 1973; Hall, 1974; and Sorensen & Jorgensen, 1992). To
avoid washout of nitrifiers, SRT values must be always greater than the reciprocal of the
nitrifiers’ net specific growth rate (Sorensen & Jorgensen, 1993).

2.3.2 Biological Denitrification

Denitrification, the conversion of nitrate to nitrogen gas by heterotrophic bacteria
is an important step in biological nutrient removal (BNR) systems. For denitrification to
occur, denitrifiers use biodegradable organic carbon as an electron donor and nitrate as an
electron acceptor. Therefore, the rate of denitrification in the system is dependent on the
amount and nature of organic carbon in the wastewater (Ekama et al., 1997). In the mid
1800’s, interest in the denitrification reaction increased because of the need to understand
the loss of nitrogen from fertilized soils. Gayon and Dupetit (1982) introduced the term
denitrification to explain gas production during anaerobic activity with nitrate using
bacteria from sewage.

Dentitrification is a biological conversion of nitrate-nitrogen to the more reduced
form such as nitrogen gas (N), nitric oxide (NO) and nitrous oxide (N,O) under anoxic
(without oxygen) conditions. In the past, denitrification was considered a completely
anaerobic process. However, the principal biochemical pathways of denitrification are
not anaerobic but rather modification of aerobic pathways; therefore the term “anoxic” is
considered more appropriate instead of anaerobic to describe this system (EPA, 1975).
Conversion of nitrate-nitrogen proceeds in a stepwise manner, where first the conversion

of nitrate to nitrite occurs, followed by nitric oxide, nitrous oxide, and nitrogen gas.
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The reactions for nitrate reduction and there associated enzymes catalyzing are

as follows (Rittmann, 2001):

NO; + 2¢ + 2H' = NO, + H,0 Nitrate Reductase

NO, + ¢ + 2H" = NO + H,0 Nitrite Reductase

2NO + 2¢ + 2H" = N,O + H,0 Nitric Oxide Reductase
N,O + 2¢ + 2H = N, @s) + HO Nitrous Oxide Reductase

Denitrification can be accomplished by several genera of denitrifying bacteria
(denitrifiers). Denitrifiers are facultative aerobes. When oxygen becomes limiting they
can shift to nitrate or nitrite as an alternate electron acceptor. Due to their wide diversity
they are found in soils, surface waters, ground waters, and wastewater treatment plants.
In 1981, Payne listed the following genera of bacteria responsible for denitrification:
Achromobacter, Acinetobacter, Agrobacterium, Alcacigenes, Arthrobacter, Bacillus,
Chromobacterium, Corynebacterium, Flavobacterium, Hypomicrouino, Moraxella,
Neisseria, Paracoccus, Propinobacterium, Pseudomonas, Rhizobium,
Rhodopseudomonas, Spirillum, and Vibro. In addition, Gayle et al. (1989) listed two
denitrifiers, Halobacterium and Methanomonas.

Robertson et al (1988), in a classic experiment, reported a unique heterotrophic
organism (Thiophaera pantotropha) capable of simultaneous nitrification and
denitrification under aerobic conditions, using acetate as carbon source. The methods

used to identify the denitrifiers include chromatographic techniques, MPN technique, and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



21

measurements of the enzymatic activity plates (Lenhard, 1969; Payne, 1973; Tood and
Nuner, 1973).

The treatment units that receive the influent wastewater after primary clarification
have low COD/N ratio, since a large amount of organic matter is removed in the primary
clarifier, resulting in organic carbon defficiencies for complete denitrification
(Aravinthan et al., 1999). Montieth et al. (1979) suggested that when the COD/N ratio is
below 3:1, external carbon source or hydrogen may be added to encourage the
denitrification capacity of the system.

External carbon sources that have been used include methanol (McCarty, 1969;
Issacs et al., 1994; and Lemmer et al., 1997), ethanol (Bringmann et al., 1959; McCarty,
1969; and Issacs et al., 1994), glucose (Wuhrmann, 1960; Christenson et al., 1967,
Balakrishnan, 1968; Balakrishnan & Eckenfelder, 1969; Mccarty, 1969; Ide et al, 1972;
and Clayfied, 1974), acetone (Mccarty, 1969) and various organic acids. Another option
that can be considered to promote denitrification is the use of an internal carbon source
produced from sludge hydrolysate, acid fermentation of the primary sludge, cell material,
and hydrogen donors. The use of an internal carbon source is advantageous over an
external carbon source because the internal carbon source is cost-effective and results in
the production of less sludge (Ekama et al., 1997).

Several types of external carbon sources have been used to support denitrification
and some have been found to be more effective than others. Koch and Siegrist (1997)
conducted a study for extended denitrification by using methanol in tertiary filtration.
The results showed that 1 kg-N/m”>.d of denitrification rate was achieved at a temperature

range of 12-15°C, while nitrite accumulation was observed at temperatures varying from
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20-22°C. In another study, Tam et al. (1992), found that high sodium acetate
concentration (150 mg/l) promoted complete denitrification, while complete
denitrification was observed in shorter time by the addition of the same concentration of
methanol. Glucose was found to be least effective substrate for denitrification.

Hasselblad and Hallin (1998) investigated denitrification capacity by intermittent
addition of ethanol as an external carbon source to a pre-denitrifying system in a pilot
plant study. Intermittent addition of ethanol for five weeks did not change the level of
nitrate reduction in the system. In addition, it negatively affected the system’s
denitrification capacity. Gerber et al. (1986) observed that citrate followed by glucose,
methanol, ethanol, and 2,3 butanediol, in that order, resulted in the lowest denitrification
rate, while acetate, butyrate, and lactate resulted in the highest denitrification rate.
Engeler et al. (1998) observed higher denitrification rates with acetate and propionate
than with methanol addition.

The use of internal carbon sources to promote denitrification has been reported by
several researchers as well. Hang et al. (1999) performed a study to preserve influent
organic matter in the sludge required for denitrification. In this study, they observed a
large amount of organic matter absorbed onto the mixed liquor suspended solids (55 mg
SCOD/g MLSS). Denitrification efficiency increased up to 63%, and 8.72 mg SCOD
was consumed to reduce 1 mg nitrate.

Aravinthan et al. (1999) performed a study using the product of sludge hydrolysis
as a source of organic carbon for denitrification. Alkaline autoclaved, acid autoclaved,

and solubilization methods were used to hydrolyze the sludge. Nearly the same
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denitrification rates (185-200 mg N/g MLSSCOD/d) were observed for both alkaline and
acid autoclaved sludge hydrolysate.

Acidification of primary sludge, the second phase in the anaerobic digestion
process, was used to obtain an organic carbon source for denitrification in a full-scale
wastewater treatment plant (Teichgraber, 2000). The results suggest that acidification of
primary sludge can be used as a carbon source for denitrification, but it leads to technical
(clogging, odor, etc.) and safety (risk of explosion, poisoning, and/or asphyxiation)
problems in covered tanks.

Engeler et al. (1998) used the product of primary sludge fermentation as an
organic carbon source for denitrification. Denitrification rates were (6 g NO;-
N/COD.hr), higher than the rate observed when using acetate and propionate (3.8 and 1.7
g NO;-N/COD.hr, respectively). Kuroda et al. (1997) performed a study on simultaneous
COD removal and denitrification using hydrogen as the electron donor in batch
experiments. High denitrification rates and COD removal were observed.

Bamard (1974), Tchobanoglous and Burton (1991), and Sakakibara et al. (1994)
used hydrogen as an electron donor to eliminate nitrogen from the wastewater. The
results indicate that nearly complete denitrification occurred.

2.3.2.1 Denitrification in Secondary Clarifiers

The major objective of clarification is to separate solids from liquid. However,
processes that would normally take place in bioreactors, such as denitrification, may
occur in clarifiers. When denitrification occurs during clarification it may have negative
or positive effects on the plant’s efficiency in removing nutrients. Denitrification in the

clarifier can contribute substantially to nitrogen removal in activated sludge systems
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(Siegnist & Gujer., 1994). It can also result in the production of alkalinity, which can
partially offset the alkalinity consumed during nitrification and it recovers oxygen
utilized in nitrification, thus reducing the energy required during nitrification (Ekama et
al., 1997; Henze et al., 1993).

Strong denitrification in the clarifier may be detrimental to the plant’s efficiency to
remove phosphorus. Nitrogen bubbles formed during strong denitrification will promote
rising of the sludge to the surface of the clarifier and breaking up of the flocs into smaller
parts, some of which will partially settle again while others will escape with the clarifier
effluent (Henze et al., 1993). This results in increased suspended solids concentration in
the clarifier effluent, affecting the overall removal efficiency of the plant with respect to
BOD, COD, total suspended solids (TSS), total nitrogen and total phosphorus (Siegrist and
Guger, 1994; Ekama et al., 1997; and Parker et al., 2000). This problem is typically
observed in activated sludge plants with nitrification (Cole et al., 1974) and in some cases
in plants with partial denitrification (Christensen et al., 1978). On the other hand, strong
denitrification is beneficial in increasing the alkalinity of the wastewater (e.g. increase in
pH), lowered during nitrification.

Weak or absent denitrification can be detrimental to a plant’s efficiency to remove
phosphorus biologically (Bio-P) because high concentrations of nitrate in the RAS
negatively affect P-release in the anaerobic zone of the Bio-P process. Furthermore, weak
denitrification will not generate sufficient alkalinity needed to increase the pH of the
wastewater lowered by nitrification.

In contrast, moderate denitrification within the clarifier may be beneficial to the

performance of BNR systems, because it does not significantly inhibit P-release by
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microorganisms in the anaerobic stage. In addition, moderate denitrification in the
clarifier partially recovers alkalinity and oxygen utilized in nitrification (Ekama et al.,
1997; Ying-Feng et al., 2001).

2.3.2.2  Effects of Nitrates on Biological P-removal

Wastewater treatment plants (WWTP) for combined biological nutrient removal
(phosphorus and nitrogen) generally include anaerobic/anoxic/aerobic unit processes.
The anaerobic zone is provided for phosphorus release, while denitrification occurs in the
anoxic zone, and nitrification as well as phosphorus uptake take place in the aerobic zone.
In general, oxygen is the electron acceptor for phosphorus uptake and nitrate is an
electron acceptor for the denitrification process. Generally, it is widely accepted that the
presence of nitrates in the anaerobic zone inhibits phosphorus release, affecting the
overall plant’s efficiency to remove phosphorus (Csiti, 1991). The release of phosphorus
in the BNR system mainly depends on the amount and the nature of organic matter
present in the wastewater, to allow facultative anaerobic bacteria to produce readily
biodegradable volatile fatty acids for use by the phosphorus-accumulating microorganism
(PAO:s) (Ghekiere et al., 1991).

PAOQOs are heterotrophic microorganisms responsible for excess P-accumulation
(Bernardes & Klapwijk, 1996). The facultative anaerobic bacteria are responsible for the
conversion of available BOD into volatile fatty acids (VFAs) by fermentation. The
presence of nitrates in the anaerobic zone will not allow the fermentation acids to
accumulate, preventing the formation of appropriate anaerobic conditions needed for
phosphorus release and subsequent phosphorus uptake in the aerobic zone (Ghekiere et

al., 1991). In addition, denitrifying bacteria compete with phosphorus accumulating
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organisms (PAOs) for simple carbon substrate and consume all readily biodegradable
short chain organic acids, leaving nothing for PAOs (Ghekiere et al., 1991).
Unfortunately, nitrates are introduced into the anaerobic zone from recycling sludge, due
to incomplete denitrification (Ekama et al., 1997). Barnard (1982) suggested that nitrate
levels below 5 mg-N/1 should be maintained in the RAS for successful and consistent
removal of phosphorus.

Several researchers (Kuba et al.,, 1993 Kuba et al., 1996a; Kuba et al., 1996b;
Kuba et al., 1997) have reported that from a microbiological point of view, nitrate
entering in the anaerobic zone will be utilized by denitrifying phosphorus bacteria (DPB)
as an electron acceptor instead of oxygen. DPB have similar potential to remove
phosphorus as conventional PAOs (Kuba et al., 1993). However, the exact metabolism
process of phosphorus release by DPB as well as PAOs in simultaneous presence of COD
and nitrate is not yet clearly understood (Kuba et al., 1997). Kuba et al. (1996) observed
that use of DPB is advantageous because (a) less energy is required for aeration, (b) less
COD is utilized, and (c) less sludge is produced in the overall phosphorus (P) and
nitrogen (N) removal process.

Paepcke (1983) performed a study to determine the performance and operational
aspects of BPR plants in South Africa. The results obtained from his study show that
excessive nitrate and dissolved oxygen concentrations entering the anaerobic zone are the
major factors adversely affecting P-removal. Hascoet and Florentz (1985) observed that
in the anaerobic zone, both substrate (COD) concentration and nitrate concentrations
influenced P-release. They also observed that continuous addition of nitrates to the

anaerobic zone modified the entire microbial population because P-release was not
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immediately observed after stopping nitrate addition to the feed. In a study by Iwema
and Meunier (1985), to confirm experimentally a competition between DPB and PAOs
for a simple organic substrate, they observed that P-release efficiency decreased with
increasing nitrate concentrations. Furthermore, after the addition of acetic acid to the
activated sludge, it was observed that P-release increased with increasing acetic acid
concentration, even in the presence of nitrate.

Viekke et al. (1988) studied EBPR with oxygen and nitrate as electron acceptors
in a sequencing biological reactor (SBR). After comparison between P-uptake rates
using oxygen or nitrate as electron acceptors, they suggested that nitrate 1s less efficient
than oxygen for P-uptake. Ghekiere et al. (1991) conducted an investigation on the
effects of nitrates and carbon compounds on EBPR, using activated sludge from a pilot
plant. The results show that nitrates inhibited P-release, due to the competition between
fermentation and denitrification for available substrates in the wastewater. On the other
hand, they also observed that nitrate did not inhibit P-release in the presence of acetate.

In another study performed to evaluate the effects of nitrate on the P-release in
EBPR system, Kuba et al. (1994) noted that in the presence of DPB, P-release was
strongly inhibited by nitrate addition, while nitrate did not show any effect on P-release
in the absence of DPB. Meinhold et al. (1999) conducted a study to investigate the
influence of nitrite on EBPR. The results indicated that nitrite in high concentrations
(above 8 mg NO,-N/1) totally inhibits anoxic phosphorus uptake.

Kuba et al. (1993) performed a study on EBPR in anaerobic/aerobic and
anaerobic/anoxic sequencing batch reactors (SBR) process. They observed that the

amount of phosphorus taken up per mole of electrons transferred was 20-30% lower with
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nitrate (0.19 mol-P/mol-¢’) as an electron acceptbr than with oxygen (0.23 mol-P/mol-¢’)
as an electron acceptor. Jerpersen and Henze (1993) found that one group of PAOs is
capable of utilizing both oxygen and nitrate as an electron acceptor. Kuba et al. (1996a)
conducted a study to investigate the feasibility of simultaneous phosphorus and nitrogen
removal by integration of denitrifying dephosphatation in a two sludge system. They
observed that DPB removes phosphorus under these conditions with: minimal COD (50%
less than PAOs), minimal oxygen consumption (30% less than PAQOs), and minimal
surplus sludge production (50% less than PAOs).

Kuba et al. (1996b) studied a metabolic model for BPR under denitrifying
conditions. The simulation results show that the metabolic model for EBPR can be used
successfully by DPB during the denitrifying dephosphatation process. They observed
that nearly 40% lower energy production efficiency was achieved with nitrate compared
to oxygen. Kuba et al. (1997) investigated the occurrence and the contribution of DPB to
phosphorus removal in full-scale wastewater treatment plants (WWTP). The results
obtained from this study show that denitrifying dephosphatation was occurring in a full-
scale WWTP, and approximately 50% of the phosphorus removal occurred via
denitrifying activities.

Another group of microorganism present in the EBPR system is the glycogen-
accumulating organisms (GAOs), which can take up organic substrate in the anaerobic
phase without P-release (Mino et al., 1998). Glycogen is accumulated as carbon storage
by microorganism, which may be utilized during carbon. Cech and Hartmen (1990)

observed this group of microorganism in a glycogen- fed reactor and named this group G-
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bacteria. They observed the breakdown of the EBPR system due to outgrowth of “G-
bacteria” when acetate and glycogen was added as carbon source.

Later on, Cech and Hartman (1990), and Satoh et al. (1994) explained the
breakdown of the EBPR system by the fact that when the influent wastewater contains
glucose, GAOs dominate the anaerobic/aerobic process. During this process, they do not
accumulate PP under aerobic conditions and are capable of taking up glucose without
releasing phosphate under anaerobic conditions. The presence of GAOs has been
observed in both lab-scale (Mino et al., 1998) and full-scale systems (Cech & Hartman,
1990; and 1998; Filipe, 1999).

In the literature, several reasons for GAOs proliferation has been mentioned
including the presence of glucose in wastewater (Cech & Hartman, 1990), improper
seeding and long SRT and HRT (Fukase et al., 1985). Grady and Filipe (2000) suggested
that proliferation of GAOs at the expense of PAOs can lead to decrease in the capability
for P-removal. Mino et al. (1998) observed that PAOs and GAOs have similar metabolic
pathways but these pathways are regulated by different mechanisms. It was also
observed that the major difference between PAOs and GAO:s is the energy source. PAOs
generate energy efficiently by degrading poly-P, whereas GAOs ferment glycogen to
PHA and CO; to generate an energy source. A metabolic model was proposed by Mino
et al. (1998) for supporting the breakdown of the EBPR system by GAOs. In 1999,
Filipe developed metabolic models for the anaerobic metabolism of both PAOs and

GAOQO:s.
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2323 Classification of Denitrification System

Classification is usually based on whether denitrification is achieved (i) in
combined carbon oxidation, nitrification/denitrification systems using an internal or
endogenous carbon source of organic carbon or (ii) in separate reactors using external
source of organic carbon (Metcalf & Eddy, 1991). Combined systems are termed “one or
single sludge system” and separate system are often termed “separate or two sludge
systems”.
2.3.2.3.1 One or Single Sludge Denitrification System

One-sludge denitrification involves using the influent BOD from wastewater to
drive denitrification. In this system mixed liquor contains a mixture of heterotrophic and
autotrophic microorganisms. The heterotrophs grow and oxidize carbonaceous organic
matter in both the aerobic and anaerobic zones. They utilize molecular oxygen as the
electron acceptor in the aerobic zone and nitrate in the anaerobic zone. On the other
hand, the autotrophs grow only in the aerobic zone using molecular oxygen and inorganic
carbon while oxidizing ammonia. The influent ammonia passes through the anoxic zone
to the aerobic zone where it is converted to nitrate. A schematic diagram of the one-

sludge system is shown in Figure 2-3.
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Figure 2-3  One Sludge Denitrification System

Denitrification rates achieved in this process are generally lower compared to that
of the two-sludge system (Sedlak, 1991). Generally, these processes are capable of
removing 60 to 80% influent total nitrogen (Tchobanoglous & Burton, 1991), yet
removals ranging from 85 to 95% also have been observed (Soap & Detergent
Association, 1988).

2.3.2.3.2 Two or Separate Sludge Denitrification System

Figure 2-4 shows the typical layout of the two-sludge denitrification system. The
process is called two or separate-sludge systems because two separate biological process
are involved to remove nitrate-nitrogen from the effluent of upstream biological
nitrification process. Either a separate stage nitrification or combined carbon oxidation
and nitrification systems may be used upstream of the two sludge denitrification system.
When separate nitrification is used the process is referred as “three stage sludge system”
because three biological processes are operating in series.

The first stage removes BOD, the effluent from the first stage is nitrified in the

second stage, and the third stage removes the nitrate-nitrogen from the effluent of the
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second stage denitrification. When a combined carbon oxidation and nitrification system
is used with separate sludge denitrification the process is referred as “two sludge system”
because two biological processes are operating in series. In the first stage, carbon
oxidation and nitrification occurs, while the second stage removes nitrate-nitrogen from
the effluent of the first stage denitrification system. Therefore, in these systems
denitrification is accomplished in a separate unit process following BOD removal and
nitrification.

The addition of an external carbon source is necessary for denitrification to occur
because carbonaceous BOD removal and nitrification remove large amounts of the
readily available carbonaceous matter from the wastewater (Sedlak, 1991). However,
addition of an external carbon source must be carefully controlled to avoid adversely
affecting the plant effluent BOD through overdosing. Typically, two different process
options are used for two-sludge denitrification: 1) suspended growth and 2) attached
growth (rotating biological contactor (RBC), and fluidized bed reactor) (Sedlak, 1991;

Metcalf & Eddy, 1991; and Sorensen & Jorgensen, 1993).

Primary itrificati rificat Denitrificati Second
. Nitrification enitrification econdary
Clarifier T;(nk N'gfgﬁﬁg?n Tank Clarifier

influent

T Nitrification Effluent
Return Activated Sludge {(RAS) Return Activated Sludge (RAS)
Primary Sludge Waste Activated Sludge (WAS) Waste Activated Sludge (WAS)

Figure 2-4 Two Sludge Denitrification System
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2.3.2.4  Factors Affecting the Denitrification Process

Environmental factors such as temperature, DO, carbon concentration, nitrate
concentration and pH, have a significant effect on the kinetic rates of denitrifiers’ growth
and nitrate removal.

Temperatures below 5%C and above 35°C have been found to significantly affect
the removal of nitrate and microbial growth (Ide et al., 1972). Temperature within the
range of 5 to 30°C did not inhibit the rate of denitrification (Mechala et al., 1970; Henze
et al., 1977, Harremoes & Rimer, 1977; Stensel, 1971; Dawson & Murphy, 1972;
Bernard, 1975; Parker et al., 1975; and Henze & Harremoes, 1977).

DO is a critical parameter in denitrifying systems because its presence will
suppress the enzyme system needed for denitrification (Randall et al., 1993). Nelson and
Knowles (1978) found that DO above 0.13 mg/l inhibited the denitrification rates.
Sherman and MacRae (1957), Wheatland et al. (1959), Dawson and Murphy (1972),
Terai and Mori (1975), Focht and Chang (1975), and Pochanu and Keller (1999)
observed that DO above 0.2 mg/l inhibited the rate of denitrification. Drews and Greef
(1973) noted that DO above 0.3 mg/] has an influence on the rate of denitrification. DO
above 0.5 mg/l (Ludzack and Ettinger, 1962; Pasveer, 1965; and Schuster, 1970) and DO
above 1.5 mg/l (Rittmann and Langeland, 1985) have been found to affect the
denitrification rate.

Nitrate and carbon concentration will affect the maximum growth rate of the
organisms responsible for denitrification. pH values above 8 and below 6 depress

denitrification rate (Wiljer & Delwiche, 1954; Nommik, 1956; Bremner & Shaw, 1958;
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Hermann 1962; McCarty, 1969; Hamm, 1970; Stensel, 1971; Dawson & Murphy, 1972;
and- Sorensen & Hjuler, 1992). Ide et al. (1972) observed denitrification within a pH
range of 6.0 to 10.0. Denitrification was observed within the pH range of 5.0 to 8.5

(Clayfield, 1974; and Kiff, 1972).

2.4  Secondary Clarifiers

Treated wastewater is ultimately returned to receiving water bodies or to land.
Low effluent quality can cause serious problem such as eutrophication, and toxicity to
aquatic life. Therefore, effluent requirements have been made more stringent. When
wastewater treatment plants have to achieve stringent effluent standards, the secondary
clarifier often becomes the focus of attention for improvements (Ekama et al., 1997).
Secondary clarifier or secondary settling tank is one of the most important and commonly
used unit operations in wastewater treatment. The secondary clarifier contributes to one-
fourth of the total capital investment for treatment plant (Prabhata & Tyagi, 1995). The
performance of wastewater treatment plants based on the activated sludge process
essentially depends on the behavior of the secondary clarifier (Lage, 1994; Uffe, 1994).
The main functions that the secondary clarifier provides include, clarification, solid
thickening, and solids storage. If it fails to perform any one of the above functions,
suspended solids (SS) will be carried over the effluent weir and escape with the effluent
(Narayanan & Ooten, 2000). In the case of an activated sludge system where only
biological oxygen demand (BOD) and SS are removed, the largest fraction of the BOD in
the clarifier is associated with biological solids. Therefore, failure in clarifier

performance implies increased SS concentration and BOD of the effluent, thus impacting
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effluent quality (Harandy & Schroeder, 1995). In plants where the removal of
phosphorus is desired, excellent performance of the secondary clarifier is essential to
minimize the escape of phosphorus within the effluent SS (Sperling & Froes, 1999).
Furthermore, in plants where nitrogen removal is introduced the settling capacity of the
sludge often deteriorates (Jenkins et al., 1993). Therefore, it is clear that in the design of
activated sludge process, special attention should be given to the performance of

secondary clarifiers.

2.4.1 Secondary Clarifier Components

Figure 2-5 illustrates the typical components of a center-feed circular clarifier. It
consists of wet well, skimmer, scraper, return sludge pipe, waste sludge pipe, scum
trough, influent pipe, and bridge.

o  Wet Well: It is nearly 25 to 50% of total diameter of the clarifier (Ekama et al.,
1997). It is used to direct the flow towards the tank bottom, to reduce turbulence,
and to allow good flocculation.

e Skimmer: The skimmer travels around the clarifier and pushes the scum, grease
and other floating materials into a scum trough.

e Scum Trough: It receives all floating materials from skimmer and discharges into
scum discharge pipe for removal.

e Scraper: Scrapers are located along trussed arms that slowly rotate and physically
push the thickened sludge blanket towards a central sludge storage tank, from

where the underflow is pumped for wasting and recycle. Under-designed or
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faulty scrapers will result in an excessively thick sludge blanket because sludge

moving capacity is inadequate.

<

T
Bridge
l — Supports
Wet Wel Dﬂﬂ
Skimmer
Support \
Influent Pipe

=

. Effluent Weir
Skimmer |-I
Ground Level
Scrapper
e
Scrapper blades

Sludge Starage tank

-

,3&-

Recfcled Activated Sludge (RAS)

em—— Waste Activated Sludge (WAS)

Figure 2-5 Schematic Diagram Center-Feed Circular Clarifier Components (Modified

from Metcalf & Eddy, 1991)

Although, there are several clarifier configurations, each clarifier configuration must

include the following four essential components (Ekama et al., 1997, Rittmann, 2001):

1) aninlet zone , for energy dissipation and for good flocculation

2) aquiescent settling zone, for solids separation and thickening

3) an outlet zone, for prevention from escape of solids through effluent

4) a sludge collection and removal system, for thickened sludge at the bottom of the

clarifier.
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2.4.2 Clarifier Design Factors

The following factors have been cited (Metcalf & Eddy, 1991; Ekama et al., 1997:
and Randall et al., 1998) as being important in the design of secondary clarifiers and
increasing their performance: 1) clarifier configuration, 2) settling sludge characteristics
for proper plant operation, 3) surface and solids loading, 4) side water depth (SWD), 5)
flow control, and 6) structural factors (inlet and outlet design, intermediate or perforated
baffles).

2.4.2.1 Clarifier Configuration

The most commonly used clarifier configurations are circular and rectangular.
Square clarifiers are also used, but are not as effective in retaining separated solids as are
circular and rectangular clarifiers (Metcalf & Eddy, 1991). Ekama et al. (1997) suggests
that the radius of the circular clarifier should not exceed 5 times the SWD of the clarifier.
Further they recommend that circular clarifiers be commonly constructed with diameter
ranging from approximately 10m to 40 m.

Generally, it 1s recommended that the length of rectangular clarifiers do not
exceed 10 to 15 times their depth (Metcalf & Eddy, 1991). It is generally considered that
since design producer are equally applicable to circular and rectangle clarifiers, land area
required for a rectangle clarifier is smaller than for a circular clarifier, because of their
higher clarifier surface area to land area ratio (Ekama et al., 1997). Wilson (1984, 1991)
suggested that rectangular clarifiers will be the best choice for large plants on tight sites.
However, some consultants recommend circular clarifiers are mostly preferable and

asserted to be superior for any size and type plant (Parker, 1991a & b).
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2422 Sludge Settling Characteristics

Secondary clarifiers should be designed properly with respect to two functions:
(1) separation of the mixed liquor suspended solids (MLSS) and (2) thickening of the
return sludge. Both of these functions will be affected by clarifier depth; therefore
special consideration should be given in selecting the clarifier depth so that sufficient
volume is available to perform both functions (Metcalf & Eddy, 1991). The area required
for clarification is based on the overflow rate (OFR) of the clarifier, whereas the area
required for the thickening of the MLSS is based on the limiting solid flux transported to
the bottom of the clarifier (Yoshioka et al., 1957; Dick & Ewing, 1967; Keinath et al.,
1977). The larger of two areas required for clarification and thickening will be selected
for clarifier construction.

The settling, thickening and flocculation characteristic of the activated sludge are
affected by conditions in the biological reactor. For instance, if the sludge is under-
aerated, settleability and thickenability of the sludge is decreased, which ultimately leads
to the bulking of the sludge in the clarifier (Ekama et al. 1997). Sludge settleability and
reactor concentration govern the thickening function of the sludge within the clarifier. If
clarifiers serve all the above functions except settleability, then it fails thickening the
sludge (Ekama et al. 1997).

2423  Surface and Solid Loading Criteria

In clarifier design loading criterion is considered to be an important design
parameter. The Water Pollution Control Federation (WPCF, 1985) published values for
OFR and solids loading, based on wastewater flowrates. These values can be used to

design the clarifier without performing settling tests. If the design criteria are exceeded, a
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large amount of solids may lost in the effluent, therefore OFR for clarifier design should
be based on peak flow conditions (Metcalf & Eddy, 1991; Wilson 1996). In clarifiers,
the solids loading rate can be determined by dividing the mass rate of applied total solids
by the clarifier surface area. Effluent quality will deteriorate if the solids-loading is

increased beyond characteristic design values for the suspension (WCPF, 1985).

2424  Side Water Depth (SWD)

Liquid depth plays an important role on the effectiveness of SS removal and in the
concentration of the return sludge. Liquid depth in a circular clarifier is measured at the
sidewalls, whereas for rectangular clarifier it is measured at the effluent end walls. A
recent trend is to design deeper clarifiers, particularly in the plants that have low-density
activated sludge (Metcalf & Eddy, 1991).

In 1992, Merrill et al. found that deeper circular clarifier produced low effluent
suspended solids. The advantages of designing deeper clarifiers include reductions in
negative interferences between the clear water zone near the weirs and the sludge blanket
(Rittmann, 2001), and providing greater flexibility of operation and larger margin of
safety when changes in the activated sludge process occur (Metcalf & Eddy, 1991).
SWDs ranging from 5 to 6 m are more commonly used for clarifier design (WPCF, 1985;
Rittmann, 2001).

2425 Flow Control

Any variation in the flow between multiple process units can lead to clarifier
underloading or overloading of the individual units affecting the overall performance of

the plant (Metcalf & Eddy, 1991). WPCF (1985) and Ekama et al. (1997) suggest that
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flow can be maintained and distributed in the clarifier by geometric symmetry in piping,
feed gate or inlet port control, hydraulic distribution using hydraulic symmetry, and flow
measurements and flow control valves.

24256 Structural Factors

The behavior and the performance of a secondary clarifier is affected by structural
factors, such as inlet and outlet location, intermediate baffles, etc (Harandy & Schroeder,
1995; and Lewyata, 1996), density currents (Vitasovic et al., 1997), and sludge
characteristics such as settling, thickening, flocculation and foaming (Ekama et al., 1997;
Deininger et al., 1998). The effect of the inlet and outlet locations on clarifier
performance is strongly related to the flow pattern through the clarifier. Inlet-outlet
location and simultaneous draw-off at multiple locations can increase the vertical
component of the fluid velocity near inlet-outlet points, influencing the density currents
(Harandy & Schroeder, 1995). Depending on the predominant flow pattern (bottom or
surface density currents), the sludge inlet-outlet locations can be used to improve the flow
patterns through clarifiers (Stamou, 1997).

Another parameter which has influence on the behavior and performance of a
clarifier is density currents. The occurrence and causes of density currents in clarifiers
were first identified by Camp (1946). Later on, Larsen (1977), Stukenberg et al. (1983),
Crosby (1984), Bender et al. (1987), Semon (1987), and Moursi et al. (1995) observed
the occurrence of density currents in the clarifier. Anderson (1996) documented the
formation and prevention of density currents in secondary clarifiers. Moursi and
McCorquodale (1995) stated that density currents may be the result of concentration

effects, temperature variation, and release of gas bubbles. Camp (1946) and Bender et al.
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(1987) stated that the formation of uniformly distributed flow pattern in full-scale
activated sludge secondary clarifiers may be impossible. The possible reason for this is
that activated sludge has the inherent tendency to form density currents within the
secondary clarifier. The density currents within the clarifier affect hydraulic efficiency of
a secondary clarifier, but still there is no general agreement on how the removal
efficiency of a clarifier is affected by density currents (McCorquodale, 1976, & 1987).
Several approaches for controlling the impact of density currents on the clarifier
performance have been put forward, which include a) shifting the effluent weir away
from the upturn of the density currents or away from the mounding of solids caused by
turbulence of density currents (Anderson, 1945), b) properly designed inlet-outlet
structures (Anderson, 1945; Bender et al., 1987), c) using intermediate baffles or porous
walls to break up the density currents within the clarifier (Crosby, 1984; Kreb et al.,
1995), and d) diverting currents away from the effluent weir (Anderson, 1945;

Stukenberg et al., 1983).

2.4.3 Clarifier Design Approaches

Although, secondary clarifiers are important units in the activated sludge
processes, they are designed based on operational experience or empirically using
traditional design parameters such as overflow rate (OFR), solids loading, and solids
retention time (Krebs et al., 1995; Prabhata & Tyagi, 1996; Stamou, 1997). The concept
of OFR was first introduced by Hazen (1904) for designing secondary clarifiers. Coe and

Clevenger (1916) originally conceived the solid flux theory, which was later developed
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by Kynch (1952), Yoshioka et al. (1957), Dick and Ewing (1967), Keinath et al. (1977),
and Keinath (1990) for designing secondary clarifiers.

Designers used high factors of safety for the above aforementioned design
parameters to compensate for uncertainties in the hydrodynamics of clarifiers (Well &
Laliberte, 1998) and to ensure that the resulting constructions achieve the required SS
removal efficiency (Stamou, 1997). Both concepts, OFR and solids flux assume uniform
(ideal) flow pattern, while the interaction between sedimenting particles and the flow is
not accounted in the design. In 1982, Dick showed that several secondary clarifiers do
not follow uniform (ideal) flow behavior because SS removal in a clarifier is often not a
function of OFR. This was also observed by Tray and Heinke (1983), DeVantier and
Larock (1987), and Wells (1990). Narayanan and Ooten (2000) stated that solid flux and
OFR approaches are well suited for studying the effect of real limitations, but not for
hydraulic limitations.

However, the clarifier design can be made more realistic to real world clarifiers
using mathematical models (MM). These models can be used to predict SS
concentrations and removal efficiency of the solids in the clarifier. MM represent the
physical, chemical, and biological processes of real engineered systems. The simplest
MM is referred as “black box” (Fkama et al., 1997; and Vitasovic et al., 1997).

There exist a complex MM for secondary clarifiers referred as “glass box”
(Ekama et al., 1997; and Vitasovic et al., 1997) that represents all the important processes
in the clarifier and reveals the role of natural laws in determining the clarifier
performance. The complex MM uses differential equations of continuity, momentum,

energy, mass transport, and biological reactions subjected to realistic conditions.
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Kao (1977), DeVantier and Larock (1987), Takacs et al. (1991), Krebs (1991),
Zhou et al. (1992), Zhou and McCorquodale (1992a, b, ¢), Zhou et al. (1994), Finnson
(1994), Dupont & Dahl 1995, Xu (1996), and Hasselblad & Xu (1998) used several
numerical and analytical models that include prediction of density currents in a clarifier.
These models simulate the formation of density currents qualitatively and quantitatively
still the success of these models is limited. Bryant (1972), Tracy and Keinath, (1973),
Lessard and Beck (1993) proposed a model to predict the sludge height in clarifiers based

on application of limiting solid flux theory.

2.4.4 Solid Flux Theory

Solid flux theory is a commonly used concept for designing secondary clarifiers
or thickeners in activated sludge processes (Kynch, 1952; Yoshioka, 1957; Keinath,
1985; and Ekama et al., 1997). The design parameters used in this concept are sludge
return rate and solids mass loading, both of which are more or less empirical and result in
plant capacity designs varying over a wide range. Figure 2-6 shows a schematic layout of
a typical secondary clarifier with its associated fluxes. The various variables shown in

Figure 2-6 are defined in Table 2.1.
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Figure 2-6 Secondary Clarifier with its Associated Fluxes

Solid flux is defined as the mass of solids per unit time passing through a unit area
perpendicular to the direction of flow (Rittmann, 2001). In secondary clarifier, flux (G)
is the product of the solids concentration (X) (mass/volume) times velocity (V)

(length/time) as shown in equation 2.1.

G=X*V | 2.1
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Table 2-1 Defined and Derived Variables for Figure 6

Q =Inflow, MGD)
Q. = Effluent flow, (MGD)
Q. = Underflow rate, MGD) = (Q" + Q")
Q, =Return flow, (MGD)
Q. = Sludge wasted, (MGD)
X; = Influent solids concentration, (mg/L)
X. = Effluent solids concentrations, (mg/L)
X, = Underflow solids concentration. (mg/L)
V = Solids settling velocity, (m/s)
U =Underflow Velocity = U = Q/A (m/s)
A = surface area of the clarifier, (m’)
Gy = Total input flux, (kg/m’.d)
G, = Underflow solid flux, (kg/m>.d)

OFR = Overflow rate, Qe/A, (m/s)

Other Parameters
G, = Applied flux due to inflow, (kg/m’.d)
Gs = Settling solid flux, (kg/m>.d)

G, = Bulk solid flux, (kg/m’.d)

In secondary clarifiers, the total solid flux (Gry) is the sum of the solid flux due to
gravity setting (G;) and the solid flux due to bulk downward (Gy) movement of liquid
caused by the withdrawal of underflow sludge.

The gravity settling flux can be represented by equation 1.2.

Ge=X;V 2.2)
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The flux due to gravity settling depends on the solids concentration (X;) and on
the settling velocity at that concentration (V). The settling velocity of the solids is more
or less independent of concentration, so at low solids concentrations (<1000 mg/1), the
movement of the solids due to gravity is small (Metcalf & Eddy, 1991). Therefore, if the
velocity remains the same and solids concentration increases, the total flux due to gravity
settling starts increasing with the solids concentration. The total flux due to gravity
becomes very low at high solids concentration because settling velocity approaches zero
(Metcalf & Eddy, 2002).

The bulk flux is the product of the solids concentrations in the thickening zone
and the downward velocity caused by the withdrawal of the underflow sludge (equation

2.3)

Gy =XU 2.3)

Therefore the total solid flux is calculated as:

Gr=G,+ G, =X;V+ XU (2.4)

24.4.1 History and Development of Solid Flux Theory

Coe and Clevenger (1916) introduced the concept of flux to the operations of
thickener in the mining industry, which states that in a layer of settling sludge, horizontal
zones having different suspended solids concentrations would have varying capacities to

transport solids to the bottom of the clarifier. They noted that if a layer in a suspension
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has a lower solids-handling capacity than the overlying layer it will not be able to
discharge solids as fast as they are received and will consequently increase in thickness.
Accordingly, if a layer is able to transmit solids at a higher rate than they are received
from the overlying area, its thickness will remain very thin. Thus, a zone having the
limiting solids-handling capacity will govern the overall solids-handling capacity of the
thickeners. When the thickener is overloaded the zone with lowest solids-handling
capacity will ultimately reach the liquid surface. This finding constitutes the basis for
determining the area required for the thickening function of a secondary clarifier. They
suggested that sufficient clarifier area should be provided for thickening to assure that
solids are applied at a rate less than the solids-handling capacity of the limiting layer. To
identify this limiting layer they performed a series of batch settling test at various sludge
concentrations.

Kynch (1952) developed the theoretical basis for settling, which Coe and
Clevenger failed to identify or to develop. The concept was based on the assumption that
“at any point in dispersion, the velocity of fall of a particle depends on the local
concentration of particles”. For a batch settling test, Kynch (1952) developed a
continuity equation for solids entering and leaving an infinitely thin element at the
surface layer of the given solids concentration. He showed that continually decreasing
slope of the suspension liquid interface-versus-time curve in batch settling tests represent
the successive imtersection of sldwer subsiding, more concentrated layers, with the
interface. Kynch’s analysis was completely theoretical and he did not discuss the
applicability of his work to real systems. Albertson (1963) and Scott (1966) found that

the Kynch analysis cannot be applied to the compression zone of a thickener. However,
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Kynch’s analysis is considered as the fundamental basis for present procedures for
determining the area required for thickening in clarifiers. Dick and Ewing (1967)
suggested that Kynch’s thickening analysis would be used as an ideal model to which the
behavior of actual suspension might be compared.

Talmadge and Fitch (1955) further expanded the Kynch’s (1952) method to
develop design procedure for thickener. However, this procedure was based on the
results of only one batch settling test. In 1967, Vesilind found that design procedure
developed by Talmadge and Fitch (1955) had very limited application in the design of
full-scale thickeners. Later on, Yoshioka et al. (1957) extended Kynch’s analysis into the
compression zone by developing a graphical method for analyzing clarifiers using the
results obtained from several batch-settling tests. The method can be used to calculate
settling areas from two standpoints. One was based on the batchwise thickening
operation and other on the mass settling velocity. Thickening area required from both the
standpoints was proved to coincide with each other.

In 1964, Hassett modified Yoshioka et al. (1957) method to calculate limiting
flux, which can be used to determine the surface area required for the clarifier. To
facilitate the design and operation of secondary clarifier, Daigger and Roper (1985) and
Keinath (1990) developed different operational diagrams based on the solid flux theory.
Daigger and Roper (1985) used the return activated sludge (RAS) concentration, while
Keinath (1990) used MLSS concentration and recycle ratio (R) as a master parameters.
However these procedures did not include all operational parameters affecting clarifier

performance.
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2.4.4.2  Application of Solid Flux Theory

The solid flux theory is commonly used for analyzing clarifier design and
performance. It is used to determine solids loading rates (SLR) as a function of sludge
settling characteristics and sludge return rate. However, the determination of SLR
requires knowledge of the sludge thickening characteristics. Thus, the solid flux method
is more applicable to the evaluation and expanding existing plants, for which the sludge
characteristics are already known (Sperling & Froes, 1997). Design parameters such as
true yield, maximum specific rate of substrate utilization, maximum specific growth rate
can be found in Kang (1987) and WEF (1998) and can be used to design new treatment
system where data is not available.

To apply the solid flux curve or concept to real clarifiers, some simple
recommendations should be followed because the procedure used to calculate a solid flux
curve is tedious (Ekama et. al. 1997):

1) Clarifiers should be designed based on 80% to 90% of the calculated maximum
flux curve at any point.
2) The underflow velocity line must be below the safe flux curve at any point.

Ekama et al. (1997) comments that although the flux theory is well tested, it has
some drawbacks including: a) intensive work is required to obtain the setting flux curve,
and b) its applicability to a full-scale design and operation has not been definitively
demonstrated. Parker et al. (2000) further adds that the critical solids loading predicted
by the solid flux theory may not be practically achieved. That is, a sludge blanket may

form at solids loading rates other than predicted.
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2443  Methods for Calculating Solid Flux

Solid flux can be calculated using graphical and mathematical techniques. Both
techniques used to calculate limiting flux (Gp) give more or less the same values (Pitman,
1980).

2.44.3.1 Graphical Method

A graphical procedure to determine solid flux was developed by Yoshioka et al.
(1957). The graphical procedure involves the use of the solids flux curve and the
underflow operating line. This method is used to calculate the clarifier area required for
thickening. It determines the limiting solids-handling capacity of clarifiers and it predicts
the underflow solids concentration. The graphical method can be described as follows:
A) Development of the Solids Settling Flux Curve

Column settling tests are performed to collect settling flux data. The tests are
conducted in a series of columns to which well mixed activated sludge with a range of
concentrations is added. The sludge is allowed to settle and the height between the clear
water zone and the top of the sludge blanket is noted as a function of time. Plots are
generated of the height of the clear zone versus time for each sludge concentration
(Figure 2-7a). The hindered settling velocity is then determined using the linear portion

of each curve (Figure 2-7a).
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Figures 2-7a and 2-7b  Interface height-time and Interface settling velocity as a
Function of Solids Concentration

The velocity obtained from the set of curves (Figure 2-7a) and corresponding
solids concentration data are plotted as hindered settling velocity (V) versus solids
concentration (X) on the y and x axis, respectively (Figure 2-7b). The obtained curve is
used to obtain V-X data pairs that are used to calculate the gravity settling flux (Gs).
Each value of G; represents the gravity settling flux per unit area of clarifier that would
be expected to occur at the corresponding activated sludge concentration (MLSS). G
values obtained from Figure 2-7b are used to develop a solid flux curve (solid flux versus

solids concentration) as shown in Figure 2-7c.
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Figures 2-7c and 2-7d  Modified from Metcalf and Eddy (1991)

B) Utilization of Settling Flux Curve for Clarifier Design

A straight line passing through the origin with a slope equal to the clarifier
underflow velocity, representing the bulk flux, is drawn and combined with the above
developed solid flux curve (Figure 2-7d). Next, the total flux curve is superimposed on
the above developed solid flux curve. This curve is the sum of the bulk flux and solid
settling flux curves (Figure 2-7¢). If a horizontal line is drawn tangent to the lower point
on the total flux curve, its intercepts the vertical axis at the limiting solid flux (Gy) that
can processed in the clarifier.

The corresponding critical underflow concentration is obtained by drawing a
vertical line from the tangent point at the solid flux curve at Gy to the x-axis. This can be

done because the gravity settling flux (G;) is negligible at the bottom of the clarifier and

the solids are removed by the bulk flux (Figure 2-7f).
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Figures 2-7¢ and 2-7f Modified from Pitman (1980)

The required clarifier area can be calculated using the limiting solid-flux (Gy) value

as:

A=(Q+Q)*Xi/GL (25)

2.4.43.2 Mathematical Method

A mathematical method for clarifier design was initially developed by Kynch
(1952) and later by Talmadge & Fitch (1955). They developed a design procedure for
thickeners based on the results of only one batch settling experiment. To determine the

limiting flux condition based on experimentally derived constants, a direct mathematical
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method was developed by Vesilind (1968) and later was on expanded by Dick and Young
(1972).

Dick and Young (1972) obtained a good correlation between underflow velocity
(U) and solids concentration (X), and derived equations for calculating the limiting flux
using traditional optimization techniques. In 1992, Hartel and Popel developed the
dynamic models of the activated sludge process based on the solid flux theory. Koen et
al. (1996) developed a new model to determine the surface area of the clarifier using flux
theory and its behavior was compared to that of a full-scale clarifier. The simulation
results indicated that model was representative of full-scale behavior, except when severe
overloads occurred.

2444 Clarifier Conditions

Ekama et al. (1997) observed that for any fluctuation in flows, sludge
concentrations and settling properties, the clarifier will go either in thickening underload
or in clarification/thickening overload. It is instructive to consider how these changes
affect the operational state of the plant and how a plant operator should respond.
Underload Clarifier Condition:

Figure 2-8 illustrates underload conditions in a clarifier. A clarifier is said to be
underloaded when the sludge settling velocity is greater than the hydraulic loading rate.
In this case, the underflow velocity line lies below the settling flux curve (Keinath, 1981;
and Ekama et al., 1997). Operating under this condition does not present a particular
problem. From Figure 2-8 it can be seen, however, that X, (the underflow sludge
concentration) is less under underloaded condition. Thus, underloading could impact the

downstream sludge handling system since Q,, would need to be increased to maintain a
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solids balance in the activated sludge basin mainly if the underloaded condition was
significant and maintained for an extended period.
Critically Loaded Clarifier Condition:

A clarifier is said to be critically loaded, when the underflow line is within the
settling flux curve and is tangent to the settling flux curve as depicted in Figure 2-8.
Overloaded Clarifier Condition:

The overload condition in a clarifier is also depicted in Figure 2-8. According to
Keinath (1981):

1) The clarifier is said to be in clarification overload when the hydraulic loading rate
exceeds the sludge settling velocity, and

2) The clarifier is said to be in thickening overload when the applied solid flux exceeds
the limiting solid flux.

The overloaded condition means that a greater mass of solids is entering the
clarifier than can be transported by the bulk and settling fluxes. In this case, the limiting
flux is exceeded and results in an increase in sludge blanket height in the clarifier. This
may lead to clarifier failure if the sludge blanket rises too high, resulting in solids being
carried over the weir. The system can be brought to critical load or underloaded
condition by increasing the slope of the underflow operating line until it is tangent to or
under the flux curve, respectively. This yields a new operating underflow concentration
(Xy’) and limiting flux (Gy’). In this case, operator action can be determined by taking

the slope of new underflow operating line and applying the relationship U = Q,/A.
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Figure 2-8 Underloaded, Critically loaded, and Overloaded Clarifier Conditions
(Modified from Rittmann, 2001)

2.4.5 State Point Analysis

The state point is a tool that can be used to identify the loading conditions (e.g.
overloaded, underloaded, or critically loaded) in the clarifier of an activated sludge
system. State point analysis allows for the coupling between the operation of the
secondary clarifier and the aeration basin (Rittmann, 2001). Therefore, state point
analysis can be used as a tool to optimize the design and operation of activated sludge
systems and in the development of appropriate solids inventory control strategies.

The application of state point analysis requires the knowledge of the settling
characteristics of the mixed liquor as defined by the mixed liquor settling flux curve. The

settling flux curve of given mixed liquor is a curve that shows the relationship between
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the solids concentration (X;, mass/volume) and the initial settling velocity (V,
length/time). The settling velocity is also a function of the concentration, X;.

In state point analysis, recycle and effluent flow rates are considered independent
variables and mixed liquor suspended solids (MLSS) are controlled by bioprocess
considerations that are independent of the secondary clarifier (Rittmann, 2001).
Therefore, the state point concept is used to couple the aeration basin to the secondary
clarifier.

Graphically, the state point is defined by the intersection (point C) of two
operating lines one representing the overflow rate of the clarifier and the other
representing the underflow rate (Figure 2-9). The overflow rate (OFR) operating line is a
line passing through the origin with slope equal to the OFR. The OFR is defined as flow
into the basin divided by its total surface area. The underflow operating line (AB) is a
line having a slope of —U (underflow velocity) and passing through some known value of

either Xy (point B) or total flux due to feed and recycle flows (point A).
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Figure 2-9  OFR and underflow operating lines and location of state point (Modified
from Rittmann, 2001)

In Figure 2-9, a vertical line through the state point (point C) intersecting the X-
axis represents the mixed liquor suspended solids (MLSS) concentrations. A horizontal
line through point C intersecting the y-axis represents the flux due to the flow rate (Q).
2451 Importance of State Point Analysis

The location of the state point is of critical consideration for the following reasons
(Keinath, 1985):

1) In activated sludge systems, the parameters (OFR, X;), which define the location
of the state point, are controlled by external factors other than the clarifier

operation. The OFR rate is controlled by the influent flow rate, while X; is
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controlled by the influent substrate loading and the solids retention time (SRT) in
the aeration tank. Therefore, the operation of the secondary clarifier by itself
cannot change the location of the state point, since the location point is externally
imposed.

2) The position of the state point in the relation to the solids settling curve 1s an
indicator of the clarifier operational state. Secondary clarifiers operate either in
underloaded, critically loaded, or overloaded conditions. These conditions can be
identified by the position of the state point and the underflow line with respect to
the settling flux curve. Depending on the position of the state point three different
cases are discussed below.

Case 1: (Figure 2-10)
When the state point is below the settling flux curve and
a) if the underflow operating line lies below the settling flux curve, the clarifier
is underloaded,
b) if the underflow operating line lies on the settling flux curve, the clarifier 1s
critically loaded, and
c¢) if the underflow operating line lies above the settling flux curve, the clarifier

is overloaded
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Figure 2-10  Case 1 (Modified from Keinath, 1985)

Case 2: (Figure 2-11)

When the state point is on the settling flux curve, and

a) if the underflow operating line lies below the settling flux curve, the clarifier is

critically loaded, and

b) if the underflow operating line lies above the settling flux curve, the clarifier is

overloaded
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Figure 2-11  Case 2 (Modified from Keinath, 1985)

Case 3: (Figure 2-12)

When the state point is above the settling flux curve, the input flux is greater than
downward flux for the input solids concentration and the underflow operating line is

above the settling flux curve, the clarifier experiences both clarification and thickening

overload.
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Figure 2-12  Case 3 (Modified from Keinath, 1985)

2452  Clarifier Operations Control Strategies

Keinath (1985) has suggested some remedies to avoid the overloaded conditions
in the clarifier for the above aforementioned cases which include:

a) In case 1, by increasing the recycle rate, critically loaded and overloaded
conditions can be changed to an underloaded condition,

b) In case 2, an overloaded condition can be changed to an underloaded condition
also by increasing the recycle rate.

In cases 1 and 2, since the recycle operating line lies below the settling flux curve, the

critically loaded and overloaded conditions can be altered to the underloaded

condition just by adjusting the recycle rate.
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In case 3, since the state point and recycle operating line lies above the settling
flux curve, adjusting the recycle rate itself cannot alter overloaded condition. In addition,
input solids concentration has to be decreased to achieve the underloaded condition. The
input solids concentration can be decreased either by steep feeding or by decreasing the
SRT of the system.

2453 Consequences to Plant Performance

In an overloaded clarifier, the sludge blanket starts rising and ultimately the solids
are lost through the clarifier weir affecting the performance of the plant. Therefore, it is
necessary to operate the clarifier either in underloaded or critically loaded condition. An
overloaded condition can be altered to the underloaded condition by adjusting the
underflow recycle rate, using the state point as a pivot point for the recycle rate operating
line. In addition, the state point can be vertically shifted upward or downward by
increasing or decreasing the flow to the plant respectively. However, if no control
precautions are taken to bring the clarifier to underloaded condition, the system itself
responds to this condition. The system starts transferring solids from the aeration basin
to the clarifier, which results in a decrease in MLSS concentration and rise in upward
movement of the sludge blanket in the clarifier to accommodate the transferred solids

(Keinath,1985).
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CHAPTER 3

CHARACTERIZATION OF DENITRIFICATION IN SECONDARY CLARIFIERS IN

THE CCSD WASTEWATER TREATMENT PLANT

3.1 Introduction

In order to avoid eutrophication of receiving waterbodies, wastewater effluent
requirements for nutrient removal have been made more stringent in recent years (EPA,
1993; and Keller et al., 1997). In addition, low effluent quality causes other serious
problems, such as toxicity to aquatic life (Colt & Armstrong, 1979; and White, 1995),
depletion of dissolved oxygen in receiving waters (Barnes & Bliss, 1983; and Sorensen &
Jorgensen, 1993), diseases like methemoglobinemia (infantile cyanosis), and
carcinogenesis, particularly, gastric cancer (EPA, 1993). When wastewater treatment
plants have to achieve high levels of nutrient removal, the secondary clarifier often
becomes the focus of attention for improvements (Ekama et al., 1997).

The main functions of the secondary clarifier are clarification, solid thickening,
and solids storage. If the clarifier fails to perform any one of the above functions,
suspended solids (SS) will be carried over the effluent weir and escape with the effluent
(Narayanan & Ooten, 2000). An increased suspended solids concentration in the clarifier
effluent affects the overall removal efficiency of the plant with respect to BOD, COD,

total suspended solids (TSS), total nitrogen and phosphorus (Siegrist & Guger, 1994;
64
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Ekama et al.,, 1997; and Parker et al., 2000). This problem is typically observed in
activated sludge plants with nitrification (Cole et al., 1974) and in some cases in plants
with partial denitrification (Christensen et al., 1978).

Although, the major objective of clarification is to separate solids from liquid, the
processes that would normally take place in bioreactors, such as denitrification, may
occur in clarifiers. Denitrification occurring during clarification may be beneficial or
detrimental to the operation of BNR systems, depending on its intensity. Therefore,
characterization of denitrification within the clarifier provides the insight into the
influence of denitrification on the overall performance of BNR systems. Several
parameters are known to influence denitrification in the clarifier, which affect efficiency
to remove nutrients. Parameters which play an important role in the amount of
denitrification within the clarifier include availability of carbon source (e.g. soluble
COD), influent nitrate concentration (SS), dissolved oxygen (DO) concentration,
temperature, pH, and sludge concentration. The primary objective of this study was to
investigate the occurrence and to determine the parameters influencing denitrification
within the secondary clarifier of a full-scale wastewater treatment plant.

The present study was performed in a full-scale BNR wastewater treatment plant,
the Clark County Sanitation District (CCSD), in Las Vegas, Nevada. The CCSD plant
treats approximately 88 MGD of domestic wastewater. This plant has eight identical
aeration basins, each compartmentalized into anoxic/anaerobic/aerobic sections with total
detention time of 4 hours and its dedicated secondary clarifier with detention time of 3.5
hours. The study was performed in one of the 8 aeration basins and its dedicated

clarifier, which treat on average 10 MGD of wastewater (aeration basin and clarifier # 4).
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The BNR system in this plant works well; nearly 95% of N-removal and 97% of P-
removal is achieved. However, the system suffers some instability and sporadic
phosphorus-excursion. The CCSD plant discharges its effluent into the Las Vegas Wash,
which flows into Lake Mead. Lake Mead is a national recreational area and the primary
source of drinking water for much of the southwestern United States. Hence, the CCSD
operates the plant under strict regulation for nutrient (N and P) removal in order to avoid

eutrophication of the lake.

3.2 Materials and Methods

In order to characterize denitrification in the secondary clarifier, nine sampling
points were established on an axial plane (Figure 3-1). The clarifier is 140 feet in
diameter with 14 feet side water depth. To perform characterization, the clarifier
diameter was divided into two platforms, A and B. Assuming similar conditions exist
throughout the clarifier, the axial characterization profile was performed on platform A.
The axial plane was divided into three locations, to define 9 sampling points, C,g, Cys,
and Cj_g at the surface; Cy.10, Cy.10, and Cs.q9, at 10 feet depth, and C;_19, Cs-10, and Cs.jg, at
the bottom.

Samples were collected twice a week for an 8-month period within a basin and a
clarifier (referred herein as # 4). Two sets of each, filtered and unfiltered grab samples,
were collected for this study. Samples were vacuum filtered through a 0.145 pum
membrane filter immediately after collection, placed on ice, and transported to laboratory

for analysis. Filtered samples were analyzed for nitrate (NOs), nitrite (NO,"), ortho-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



67

phosphate (OP), and soluble COD. Unfiltered samples were analyzed for total suspended
solids (TSS), total phosphorus (TP), and sludge volume index (SVI).

The CCSD advanced Water Treatment (AWT) laboratory analyzed samples for
nitrate (NOs’), nitrite (NO;'), ortho-phosphate (OP), and total-P. Nitrate (NO3') and
nitrite (NO,") were determined using Standard Methods with a BRAN LUBBE/Technicon
TRAACS 800 flow analyzer. Ortho-P was analyzed using an ALPKEM FS3000 flow
injection analyzer. Total phosphorus analyses were performed by digesting the unfiltered
samples with persulfate in an autoclave at 121°C for 30 minutes. Ortho-P in the digested
samples was analyzed by either ALPKEM FS3000 flow injection analyzer or by the
spectrophotometeric ascorbic acid method. Soluble COD and TSS were measured at the
UNLV Environmental Engineering Laboratory. Soluble COD was measured using
HACH high range COD vials. TSS was determined gravimetrically using standard
methods (APHA, 1990).

On-site measurements of temperature, conductivity, oxidation-reduction potential
(ORP), pH, and DO were performed in each location using a Hydrolab H20-G
multiprobe. The probe was calibrated weekly as per manufacturer instructions.

The raw data collected are shown in Appendix A. To determine the influence of
the several measured parameters on denitrification and P-release, three statistical
evaluations were performed using multiple regression analysis with the software Minitab.
All the sampling data were used to perform the statistical analysis. The first and third
regression analyses were performed to evaluate which parameters influenced
denitrification and OP-release, respectively, the most. The second regression was

performed to evaluate whether known products of denitrification (e.g. nitrite and pH
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increase) correlate well with the decrease in nitrate concentrations within the clarifier. In
addition, profiles of all measured parameters were drawn to illustrate trends within the
clarifier. The data used to construct the profiles were chosen randomly from the large
data set collected. This was done to avoid overcrowded graphs. However, the trends
shown in the profiles are representative of the entire data set. All plots built in this

chapter are for same sampling dates chosen.
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Figure 3-1 Sampling Points Location in the Secondary Clarifier # 4

33 Results and Discussions
3.3.1 Regression Analysis # 1

The first regression analysis, using nitrate concentration as the response variable

and the other measurements as influencing parameters (DO, SCOD, pH, temperature, and
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ORP), for all three vertical sampling points (1, 2, & 3), yielded regression coefficient (R?)
values of 0.8914, 0.9143, and 0.939, respectively (Appendix B, Table 1). The p-values
obtained from this simulation for point 1 (close to the effluent weir) indicate that the
decrease in nitrate concentrations within the clarifier was greatly influenced first by
SCOD concentrations (p= 0.000) then by DO concentrations (p = 0.008) and TSS
concentrations (p = 0.056). pH values (p = 0.6714), temperature (p = 0.1496), and ORP
(p = 0.225) in this order were found to have little effect on the decrease of nitrate
concentrations. For points 2 and 3, p-values indicate that the nitrate decrease was
strongly influenced by first DO (p = 0.000 and p = 0.001, respectively) concentrations
and by SCOD (p = 0.007 and p = 0.003, respectively). SS concentrations (p = 0.092 and
p = 0.090, respectively), pH (p = 0.830 and p = 0.888, respectively), temperature (p =
0.650 and p = 0.1478, respectively), and ORP (p = 0.287 and p = 0.216, respectively) had
little effect on nitrate concentration decrease. Thus, DO and SCOD, for all three points
considered, were found to be the variables that influence clarifier denitrification the most
at CCSD. The DO and SCOD concentrations were found to have nearly the same
influence.
3.3.2 Nitrate Profiles

Nitrate concentrations in the influent to the clarifier averaged 13.90 mg/L, while
nitrate concentration in the RAS varied from 0.02 and 14.81 mg/L. A distinctive
decrease in nitrate concentration (between 0.02 - 9 mg/L) along the vertical axis from the
surface to the bottom of the clarifier was observed (Figure 3-2a). Along the vertical axis,

closer to the wet well (point 3), the decrease in nitrate concentrations was more abrupt
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than that at points closer to the effluent weir (points 1 & 2). Along the horizontal axis,
nitrate concentration did not vary much at the clarifier surface (averaging 14 mg/L).
However, it did vary at the bottom of the clarifier from 3.53 to 0.146 mg/L, with lower
values towards the center well (Figure 3-2b). In general, a decrease in nitrate
concentration was observed vertically within the clarifier with largest decrease observed
at point 3, closer to the wet well. Horizontally, nitrate concentrations did not vary much,

except at the sampling points located at the clarifier’s bottom.

Point 1

Poimtl  Point3

Depth, ft.
o [o) BN -9 N O

Depth, ft.

14

0 3 6 9 12 15 0 4 8 12 16
NO; -N, mg/I NO; -N, mg/

Figure 3-2a  Vertical Profile for Nitrate Concentration in the Secondary Clarifier at
points 1 and 3
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Figure 3-2b  Horizontal Profile for Nitrate Concentration in the Secondary Clarifier

3.3.3 Dissolved Oxygen (DO) and Oxidation Reduction Potential Profiles

Dissolved oxygen (DO) profiles along the vertical and the horizontal sampling
points are presented in Figures 3-3a and 3-3b. DO concentrations along the vertical
profile indicate a gradual decrease from the surface to the bottom of the clarifier, varying
from 0.06 to 0.3 mg/l.. Along the horizontal axis at the clarifier surface, DO
concentration did not vary much (averaging 0.14 mg/L); However, variation occurred at
the bottom of the clarifier from 0.06 to 0.21 mg/L. These DO measurements were within
the range of DO levels reported in the literature (< 0.2 mg/L) as the limit for
denitrification to occur (Rittmann & Langeland, 1985; and Pochanu & Keller, 1999). DO
concentrations in the clarifier did not exceed 0.3 mg/L anytime during the experiment.
These low DO concentrations coupled with low nitrate concentrations at the bottom of
the clarifier suggest that denitrification may be occurring within the clarifier. The p-
values (p = 0.008, p = 0.000, and p = 0.001 for points 1, 2, and 3, respectively) obtained

in the first regression analysis show that low DO has significantly promoted nitrate
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decrease within the clarifier, confirming the above interpretation.
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Figure 3-3a  Vertical Profile for DO Concentration in the Secondary Clarifier
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Figure 3-3b  Horizontal Profile for DO Concentration in the Secondary Clarifier

Figures 3-4a and 3-4b depict ORP profile along the vertical and the radial
sampling points. ORP along the vertical profile varies significantly from 123 to 31 mV
indicating more reducing conditions at the bottom of the clarifier than at the top. Along
the horizontal profile, ORP varied slightly (124 to 130 mV, 69 to 85 mV, and 41 to 49

mV at the surface, at 10 feet depth, and at the bottom of the clarifier, respectively).
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Figure 3-4b  Horzontal Profile for ORP Concentration in the Secondary Clarifier

Linear regression analysis between DO and nitrate decrease showed strong

relationship with a R>=0.894 (Figure 3-5a), whereas a moderate relationship was obtained

with a R* =0.6635 between DO and ortho-P (Figure 3-5b). These relationships indicate

that whenever the DO in the clarifier was low, high nitrate decrease and OP release were

observed, suggesting that DO influences denitrification and P-release within the clarifier.
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The correlation between nitrate decrease and ortho-P

increase with ORP

(R*=0.2959 & R?=0.2012, respectively) was found to be weak (Figures 3-6a & 3-6b).

This result suggests that denitrification and p-release in the clarifier are less influenced by

the ORP than by the DO measurement. This interpretation is in agreement with the p-

values obtained in the first regression analysis (Appendix B, Table 1).
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Figures 3-6a and 3-6b  Relationship between ORP and (¢) Nitrate Decrease (d) Ortho-P

3.3.4 pH Profiles

The vertical and the horizontal profiles for pH are presented in Figures 3-7a and
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3-7b. There is an increase in pH values (from 6.58 to 7.15) along the vertical profile
from the surface to the bottom of the clarifier (Figure 3-7a). No variation in pH values
(6.6 to 6.59, 6.87 to 6.92, and 7.08 to 7.14 at the surface, at 10 feet depth, and in the
bottom of the clarifier, respectively) was observed along the horizontal profile (Figure 3-
7b). Stensel (1971), Dawson & Murphy (1972), and Sorensen & Hjuler (1992) reported
that the optimal pH range for denitrification to occur is 6 to 8. The pH values observed
throughout the experiment were always within the above-mentioned range, suggesting
that the pH values were favorable to denitrification. The results of the multiple
regression analysis (p = 0.623, p = 0.0830, and p = 0.888 for points 1, 2, and 3,

respectively) indicate that for the pH range investigated, nitrate reduction was not

affected by pH.
0 G600 1 o
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Figure 3-7a  Vertical Profile for pH in the Secondary Clarifier
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Figure 3-7b  Horizontal Profile for pH in the Secondary Clarifier

3.3.5 Total Suspended Solids (TSS) Profiles

Total suspended solids profiles along the vertical and the radial sampling points
are shown in Figures 3-8a and 3-8b, respectively. There is a significant increase (from 4
to 12,800 mg/L) in TSS concentration along the vertical profile in the clarifier from the
surface to the bottom, as expected. TSS concentration did not vary significantly along
the horizontal profile at the clarifier surface, except at the bottom of the clarifier where
SS concentrations varied from 3,320 to 12,800 mg/L, with higher values closer to the wet
well. The sludge at the bottom of the clarifier has higher solids concentration closer to
the wet well (averaging 8,240 mg/L) as compared to points 1 and 2 (averaging, 3,680 and
5,990 mg/L, respectively). This observation is supported by the p-values (p = 0.056, p =
0.092, and p = 0.090 for points 1, 2, and 3, respectively) obtained in first regression
analysis (Appendix B, Table 1). These p-values indicate that SS concentration has only

slight influence on nitrate decrease.
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3.3.6 Soluble Chemical Oxygen Demand (SCOD)

SCOD increased along the vertical profile from the surface to the bottom of the

clarifier (Figure 3-9a). The SCOD values along the vertical profile varied from 12 to 31

mg/L, 34 to 68 mg/L, and 56 to 144 mg/L at the surface, at 10 feet depth, and in the

bottom of the clarifier, respectively. The SCOD along the horizontal profile averaged

between 68 to 109 mg/L (Figure 3-9b). Effluent soluble COD varies between 12 to 35

mg/L. Thus, SCOD along the vertical profile varied significantly, while there was slight

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



78

variation along the horizontal profile. These increases in SCOD at the bottom of the
clarifier are due to low DO and high SS values. Under anaerobic conditions, suspended
solids will ferment forming soluble COD that can be used for both denitrification and P-
release. Koch et al. (1999), Koch & Siegrist (1997) and Siegrist & Guger (1994) have
also reported that fermentation of sludge in the clarifier provides carbon source for
denitrification.

The above interpretation is supported by the good R® values yielded for the
correlation between SCOD and TSS (R? = 0.6355, R* = 0.7167, and R* = 0.7856 for
points 1, 2 and 3, respectively), and for the correlation between SCOD and DO (R =
0.6116, R* = 0.6104, and R” = 0.801 for points 1, 2 and 3, respectively) (Figure 3-11).
Thus, at CCSD, fermentation of the secondary sludge is the main source of biodegradable
carbon that will support denitrification and phosphorus release in the clarifier. This
conclusion is supported by the strong relationship obtained between SCOD and nitrate
decrease with R*= 0.6217 (Figure 3-10a), and between SCOD and ortho-p concentration
with R?=0.67141 (Figure 3-10b) in the clarifier. In addition, p-values (p = 0.000, p =
0.007, and p = 0.003 for pomnts 1, 2, and 3, respectively) obtained from the first

regression analysis were also in agreement with the above interpretation.
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3.3.7 Temperature

Figures 3-12a and 3-12b display the vertical and the horizontal profiles for

temperature in the clarifier. All sampling points measured for the specific sampling dates

showed no variation in temperature throughout the clarifier. However, seasonal variation

(21.3 °C to 28 °C from October 2001 to May 2002) was observed. The influence of

seasonal temperature variation on nitrate decrease was analyzed. The data was divided

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



81

into two categories, moderate temperature (21 to 24OC) and hot temperature (24 to 28°C).
The results obtained from linear regression (R’=0.19149 & R* = 0.23 for moderate and
hot temperature, respectively) indicate that temperature had little effect on nitrate
decrease within the clarifier (Figures 3-13a & 3-13b). The p-values (p = 0.1496, p =
0.650, and p = 0.1478 for points 1, 2, and 3, respectively) obtained in the first regression
analysis also support the above interpretation (Appendix B, Table 1). This interpretation
is in agreement with observations made by Dawson & Murphy (1973), Murphy & Sulton
(1974), and EPA (1975), that temperature above 20°C has little or no effect on

denitrification rates.
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Figure 3-12a  Vertical Profile for Temperature in the Secondary Clarifier
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3.3.8 Regression Analysis # 2

The objective of regression analysis # 2 was to determine whether there was a
relationship between decrease in nitrate concentration and the increase in nitrite
concentration and pH values in the clarifier. The results obtained for all three sampling
points (1, 2, and 3) showed R? values of 0.8914, 0.9143, and 0.939, respectively and P-

values all smaller than 0.005 (Appendix B, Table 2). The low p-values obtained from
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this simulation for all points strongly suggest that nitrite increase and pH increase within
the clarifier are the result of denitrification.

In addition to the second regression analysis, individual profiles of each factors
used in this regression where constructed separately to analyze results of denitrification.

3.3.9 Nitrite Profiles

In contrast to nitrate concentrations, nitrite concentrations increased along the
vertical axis (0.001 to 10.1 mg/L) from the surface to the bottom of the clarifier (Figure
3-14a). Along the horizontal axis, nitrite concentration did not vary much at the surface,

but it varied from 3.68 to 6.86 mg/L at the bottom of the clarifier (Figure 3-14b).
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Figure 3-14a  Vertical Profile for nitrite Concentration in the Secondary Clarifier
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Figure 3-14b  Horizontal Profile for nitrite Concentration in the Secondary Clarifier

Linear regression analysis on the nitrite increase along the vertical axis and nitrate
decrease along the same axis yielded R? values of 0.8221, 0.7516, and 0.6235 along
points 1, 2, and 3, respectively (Figure 3-15). Simultaneous nitrate decrease and nitrite
increase suggest that denitrification had occurred at the bottom of the clarifier, which is
also confirmed by p-values (p = 0.000, p = 0.005, and p = 0.002 for points 1, 2, and 3,

respectively) obtained in the second multiple regression analysis (Appendix B, Table 2).
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3.3.10  pH Increase

The increase in pH in the clarifier was calculated using RAS and influent pH
values. The increase was then related to corresponding decrease in nitrate at the bottom
of the clarifier. The relationship obtained between the pH increase and nitrate decrease
yielded a strong R? value of 0.77, indicating that this increase in pH may be the result of
denitrification occurring within the clarifier (Figure 3-16). The p-value (p = 0.000, p =

0.065, and p = 0.000 for points 1, 2, and 3, respectively) obtained in second regression
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points to similar conclusions.

In addition, the pH values at the bottom of the clarifier were consistently higher
than the influent pH values, indicating denitrification occurred at the bottom of the
clarifier. The pH increase at the bottom of the clarifier coupled with corresponding

nitrate decrease and low DO concentrations, indicate denitrification is occurring within

the CCSD clarifier.
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Figure 3-16  Relationship Between pH Increase and Nitrate Decrease at the Bottom of
the Clarifier

3.3.11 Regression Analysis # 3

The third regression analysis, using OP concentration as the response variable and
the other measurements as influencing parameters (DO, SCOD, pH, temperature, and
ORP), for all three vertical sampling points (1, 2, & 3), yielded R? values of 0.796, 0.823,
and 0.833, respectively (Appendix B, Table 3). The p-values obtained from this
simulation for points 1, 2 and 3, p-values indicate that the nitrate decrease was strongly

influenced by SCOD (p = 0.005, p = 0.005 and p = 0.001, respectively) concentrations,
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and DO (p = 0.009 and p = 0.004, and p = 0.002 respectively). SS concentrations (p =
0.651, p = 0.183, and p = 0.226, respectively), pH (p = 0.475, p = 0.569 and p = 0.227,
respectively), temperature (p = 0.868, p = 0.515 and p = 0.393, respectively), and ORP (p
=0.333, p = 0.599 and p = 0.759, respectively) had little or no effect on OP concentration
increase. The p-values for DO concentration and SCOD concentration had, nearly the
same values for all three points.

In addition to multiple regression analysis, vertical and horizontal profiles of total-
P and ortho-P were constructed to analyze trends within the clarifier.

3.3.12 Total Phosphate (TP) and Ortho-Phosphate (OP) Profiles

Total phosphate (TP) concentration profile along the vertical and the horizontal
sampling points are shown in Figures 3-17a and 3-17b, respectively. As expected, there
is a significant increase in TP concentration (from 0.1 to 145.8 mg/L) along the vertical
profile from the surface to the bottom of the clarifier. This increase is the result of high
SS concentration at the bottom of the clarifier. TP concentration along the horizontal
profile did not vary much at the clarifier surface, but it did vary (22.5 to 145.8 mg/L) at
the bottom of the clarifier depending on SS concentration. Most of the time, TP

concentrations in the clarifier effluent were below the CCSD NPDES requirement (0.27

mg/L), except for a few sampling dates.
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Figure 3-17a  Vertical Profile for TP in the Secondary Clarifier
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Figure 3-17b  Horizontal Profile for TP in the Secondary Clarifier

The vertical and the horizontal profiles for ortho-phosphate (OP) concentrations are
shown in Figures 3-18a and 3-18b, respectively. OP concentrations along the vertical
profile varied from 0.01 to 5.43mg/L. Along the horizontal profile, OP concentration
varied from 1.09 to 5.43 mg/L. Thus, there is a significant increase in OP concentration
along the vertical profile, while there is slight variation along the horizontal profile. OP
shows a similar trend of TP along the vertical profile, i.e. increase in OP concentration

from the surface to the bottom of the clarifier. This increase in OP concentration at the
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bottom of the clarifier suggests that there is OP release taking place at the bottom. Low

DO (Figure 3-3a) and availability of SCOD at the bottom (Figure 3-9a) favor secondary

P-release in the clarifier.
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The results obtained from statistical analysis and from individual profiles show

that denitrification as well as phosphorus release had occurred within the CCSD clarifier.
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Statistically significant evidence was found that both denitrification and p-release are
strongly influenced by low DO and soluble COD levels within the clarifier.

The low DO levels found at the studied clarifier are within the reported DO range
needed to promote denitrification. The soluble COD in the clarifier was found to
increase along the vertical axis with higher values found in the bottom of the clarifier
where the SS concentrations are higher. For all sampling points suspended solids
concentrations were found to correlate well with soluble COD concentrations. Thus,
fermentation and solids lysis under low DO conditions generated the needed soluble
COD that support both denitrification and P-release; Both phenomena require low DO
environment and a carbon source (e.g. soluble COD) to occur.

For all points sampled, pH, temperature, and ORP were found to have of very
little effect on denitrification and P-release. .Strong evidence was found that the observed

reduction in nitrate levels correlates very well with the increase in pH and nitrite

concentration.
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CHAPTER 4

MASS BALANCE EVALUATIONS OF DENITRIFICATION, P-RELEASE, AND

ALKALINITY RECOVERY IN THE CCSD TREATMENT PLANT

4.1 Introduction

In biological nutrient removal (BNR) systems designed for nitrification but not
for denitrification the returned activated sludge (RAS) contains high levels of nitrate,
which may adversely impact phosphorus removal, when added directly to the anaerobic
tank (Rittmann, 2001). This adverse effect occurs because denitrifying bacteria
compete with the phosphate accumulating organisms (PAQs) for the volatile fatty acids
(VFAs), which PAOs use to form polyhydroyalkanotes (PHAs) (Ghekiere et al., 1991).
In addition, a continuous supply of high nitrate concentration to the anaerobic tank
modifies the entire microbial population, decreasing the P-removal efficiency of the
system (Hascoet & Florentz, 1985). Hence, control of nitrate level entering the
anaerobic tank 1s a key consideration in the design of BNR processes.

Although, the major objective of clarification is to separate solids from liquid,
nitrate in the RAS can be controlled or minimized by allowing the sludge to denitrify
under endogenous conditions in the secondary clarifier (Ekama et al., 1997). However,

such a practice is detrimental to the biological P-removal. Strong denitrification in the
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clarifier is detrimental to the plant’s efficiency to remove phosphorus. Nitrogen
bubbles formed during strong denitrification will raise the sludge to the surface of the
clarifier (Henze et al., 1993). This results in increased suspended solids concentration
containing polyphosphate and consequent higher total phosphorus concentration in the
clarifier effluent affecting the overall plant’s efficiency to remove phosphorus (Siegrist
& Guger, 1994; Ekama et al., 1997; Alexis et al., 1999; Parker et al., 2000). On the
other hand, strong denitrification will positively contribute to increasing the alkalinity
of the wastewater (e.g. pH), lowered during nitrification.

Conversely, weak or absence of denitrification could result in high concentrations
of nitrates in the RAS, negatively affecting P-release in the anaerobic zone of the Bio-P
process (Choi et al., 1998). Moderate denitrification within the clarifier, however, may
overcome both problems, created by strong and weak denitrification. Unlike strong
denitrification, it may not significantly inhibit P-release by PAOs in the anaerobic stage.
Opposite to weak denitrification, moderate denitrification in the clarifier partially
recovers alkalinity and oxygen utilized in nitrification (Nicholas et al., 1996; Ekama et
al., 1997; Ying-Feng et al., 2001).

Denitrification in the clarifier can be influenced by various parameters,
including substrate concentration (e.g. soluble COD), influent nitrate concentration,
temperature, dissolved oxygen concentration (DO), oxidation-reduction potential
(ORP), and pH. The availability of readily biodegradable organics and the decay of
active biomass (e.g. endogenous respiration) supply the energy source for
denitrification and P-release in the secondary clarifier (Siegrist et al., 1995; Ekama et

al., 1997).  Another parameter that influences denitrification 1is temperature.
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Denitrification can occur at low rates with temperature as low as 5°C. EPA (1973),
Dawson and Murphy (1973), Murphy & Sutton (1974), and Sorensen & Jorgensen
(1993) found that denitrification rates are constant above 20°C temperature. However,
Henze et al. (1993) observed that temperature above 20°C in the sludge blanket
encourages faster denitrification, causing sludge flotation.

Low DO concentration (below 0.2 mg/l) in the secondary clarifier can
encourage denitrification (Marais & Ekama. 1976; Pochanu & Keller. 1999) and P-
release (Randall et al., 1992), since anaerobiosis promotes both denitrification and
phosphorus release. To prevent phosphorus release and denitrification in the
secondary clarifier, enough DO should be present in the aeration basin effluent (Randall
et al., 1992). In contrast, Rittmann & Langeland (1985) reported that denitrification
occurring at high DO concentrations of 0.3 to 0.8 mg/L, 0.5 mg/L, and 0.3 to 1.5 mg/L
in channel oxidation ditch, activated sludge and semi batch activated sludge,
respectively. Low ORP values may also influence denitrification and P-release because
they suggest anaerobic conditions, which are indicative of reducing environment in
which fermentation, may occur. However, there has been disagreement as to whether
phosphorus release is caused either directly by low DO concentrations or by lowered
ORP at zero DO (Schon et al., 1993).

Another parameter that influences denitrification is pH. Denitrification rate is
not influenced by pH values within the range of 6 to 8; however, any pH values below
6 and above 8 can inhibit denitrification (Nicholas, 1996). Dawson and Murphy (1972)
found an optimal denitrification rate at a pH of 7.0, while denitrification rate was half at

pH values 6.0 and 8.0. In addition, they also found that there was a linear decrease in
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denitrification rate from pH 8.0 to 9.5 and from 7.0 to 4.0. Nommik (1956) and
Bremner & Shaw (1958) noted that neutral to alkaline pH values (7.0 to 8.0) conditions
favored denitrification.

Denitrification and P-release occur at the same time within the clarifier because
both processes require anaerobic conditions and the presence of sufficient VFAs (Osborn
& Nicholls, 1984; and Iwema & Meunier, 1985). Therefore, parameters that influence
denitrification in the clarifier may have influence on P-release.

The primary objective of this study was to examine parameters affecting the
denitrification rate and P-release within the clarifier in a full-scale treatment plant that

was not designed for denitrification by using the mass balance approach.

4.2  Materials and Methods

Materials and methods used in this chapter are the same as those described in
Chapter 3. In addition, mass balances were performed on the clarifier to calculate
denitrification, P-release, and alkalinity recovered within the clarifier. In this chapter all
data collected was used to built relationships between several measured and calculated
parameters.
4.2.1 Mass Balance Calculations
a) Nitrate Removal and P-Release

To calculate denitrification (nitrate removal) and P-release in the secondary
clarifier, a mass balance was performed for nitrate and for phosphorus around the
secondary clarifier, using three large and distinct data sets (data set 1 collected from Oct-

2001 to May-2002, data set 2 collected from Sep-1999 to April-2001 (Mota, 2001), and
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data set 3 collected from Oct-1999 to April-2002 by CCSD lab). These data sets were
used to determine whether the observations reposted in chapter 3 regarding clarifier
denitrification could also be confirmed in past déta from the plant. Figure 4-1 shows a
schematic of the mass balance approach used to evaluate nitrate removal and P-release

within the secondary clarifier of basin # 4 at the CCSD plant.
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\ Secondarv l {
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H ¥
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< 4 »
Return Activated Sludge (RAS) Waste Activated
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Figure 4-1 Schematic Layout of Typical BNR process

Where:

Co = Influent concentration of nitrate/phosphorus to clarifier, mg/I.

Qo = Inflow to secondary clarifier, MGD

C. = Effluent nitrate/phosphorus concentration, mg/L

Q. = Clarifier outflow from secondary clarifier, MGD

Cy = Clarifier underflow nitrate/phosphorus concentration in the clarifier, mg/L

Qu = Clarifier underflow (RAS flow (Qgras) + Sludge wasted {(Qwas)), MGD
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Denitrification and P-release calculated are expressed in kg of nitrate removed

and phosphorus release per day (kg/d).

Nitrate removal, kg/d = (Co* Qo - (C.*Q. + Cy*Qu)

P-release, kg/d = ((C.*Q. + Cu*Qu) - Co™ Qo)

The calculated denitrification and P-release rates for all three data sets are
presented in Appendix C (Table 1, 2, & 3 for data sets 1, 2 & 3, respectively) and

Appendix D (Table 1 & 2 for data sets 1& 2, respectively), respectively.

b) Alkalinity Recovered in Secondary Clarifier (mg/L)

To calculate the concentration of alkalinity recovered by denitrification in the
clarifier, a mass balance of alkalinity was performed for all three data sets. The results
obtained from this mass balance are shown in Appendix E. The concentration of
alkalinity recovered in the clarifier is an important parameter to the operating of BNR
systems because it returns alkalinity back to effluent water- alkalinity is lost during the
nitrification process.

Alkalinity data for sets 1 and 3 were not available. The theoretical alkalinity lost

to the liquid during nitrification can be calculated by the following equation (Rittmann,

2001):

NH," + 1.8150, + 0.1304 CO, = 0.0261 CsH;O,N + 0.973 NO3™ + 0.921 H,O + 1.973H"
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The above equation shows that for each mole of ammonia oxidized, 1.973 moles

of hydrogen are formed, resulting in lower pH.

4.3 Results and Discussion

Calculated denitrification and P-release within the clarifier were related to various
parameters measured to determine the influence of each parameter on denitrification
and P-release.
4.3.1 Relationship between Denitrification and P-release in the Clarifier

To evaluate the relationship between denitrification and P-release within the

secondary clarifier, both denitrification and P-release were plotted by sampling date
sequence (Figure 4-2a). Linear regression analysis of denitrification and P-release on
yielded a R? value of 0.6156, indicating fair correlation (Figure 4-2b). Denitrification
and P-release follow similar trends. As denitrification increased, P-release also
increased. The results obtained indicate that high P-release was observed along the
strong denitrification within the secondary clarifier. This observation was also confirmed
by the relationship obtained from the data sets 2 (Figures 4-2¢ & 4-2d). Therefore, the
data recently collected and past data from the CCSD plant point to P-release and

denitrification in the clarifiers.
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4.3.2 Relationship between Denitrification and Effluent Suspended Solids (ESS)

Figures 4-3a to 4-3f characterizes the relationship between denitrification and

ESS within the secondary clarifier for all three data sets; both denitrification and ESS

were plotted by sampling date sequence. Linear regression analysis on denitrification and

ESS vielded R? values varying from 0.6329 to 0.717, indicating fair correlation (Figure 4-

3b). Denitrification and ESS follow similar trends. As denitrification increased, TSS in

the clarifier effluent increased. High ESS concentrations in the secondary clarifier
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effluent were observed during the period of strong denitrification. This observation
suggests that increase in ESS concentrations is closely related to strong denitrification.
Visual observations in several of the CCSD clarifiers indicate the presence of nitrogen
bubbles resulting from denitrification. These bubbles serve as the carrier of solids to the

clarifier effluent.
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4.3.3 Relationship between Effluent Suspended Solids (ESS) and Effluent Total-P
(ETP)

The relationship between ESS and ETP within the secondary clarifier for all three
data sets was evaluated, plotting both ESS and ETP by sampling date sequence (Figure 4-
4a to 4-4f). Both ESS and ETP show similar trends, ETP increases with the increase in
ESS. Figure 4-4b indicates that there is good relationship between ESS and ETP (R’
value of 0.8248). It was observed that high ESS resulted in high, effluent total-P
concentrations within the secondary clarifier. This is expected, since biomass in the
secondary clarifier contains polyphosphates (PP) taken up in the aeration basin.
Therefore, an increase in the TSS in effluent means an increase in effluent total-P which

indeed affects the plants efficiency to remove phosphorus.
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