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ABSTRACT
The anaerobic side stream reactor (ASSR) process was continuously operated and tested
as a pilot scale system, treating 500 gallons of raw wastewater per day. Addition of an ASSR to a
conventional activated sludge (CAS) system has been shown to reduce overall waste sludge
generation in previous bench scale experiments. This study aimed to specifically test the
feasibility of the ASSR process at the pilot scale while comparing it to a full scale CAS plant.
The ASSR process differs from the similar Cannibal® process in that it utilizes an SRT in the
side stream reactor of only 2 days rather than 10 days, reducing the overall footprint and energy
requirements of the reactor significantly. In addition to overall sludge yield comparison between
the ASSR and CAS processes, digestibility of activated sludge, biogas generation, suspended
organics, soluble organics, and solids removal effectiveness were examined. It was found that the
pilot scale ASSR process generated about 42% less waste sludge than the full scale CAS WWTP.
No significant effect on process removal effectiveness of total or soluble organics was observed.
In addition, batch digestion of the two sludges showed pronounced differences in biogas
generation; ASSR sludge produced about 78% more biogas than the CAS system during a 2
week digestion period.
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1.0

INTRODUCTION
The most common method of municipal wastewater treatment is the activated sludge

process. As a result of this biological practice, significant quantities of waste sludge are produced
that must be disposed of. Disposal costs of waste sludge can comprise up to 60% of a wastewater
treatment plant’s total operational expenses (Saby, Djafer, & Chen, 2003) (Wei, Van Houten,
Borger, Eikelboom, & Fan, 2003). Ultimate disposal of waste sludge is commonly accomplished
through landfilling, incineration or by land application as fertilizer. Due to environmental
restrictions and economic concerns, there is marked interest in strategies for the reduction of
waste activated sludge production.
One such strategy is the addition of an anaerobic side stream reactor (ASSR) to the
activated sludge process. Substantial diminution of sludge production has been shown to occur
through the exposure of activated sludge to alternating aerobic feasting and anaerobic fasting
conditions a (Chon D.-H. , Rome, Kim, Park, & Park, 2011) (Novak, Chon, Curtis, & Doyle,
2007). An ASSR accomplishes this goal by digesting a fraction of activated sludge in the system
and subsequently returning the remaining sludge to the aerobic portion of the system after
anaerobic treatment.
This study aims to determine the feasibility of sludge reduction in a conventional
activated sludge (CAS) process with an ASSR through the operation of a pilot scale wastewater
treatment plant (WWTP). A high rate ASSR was used in this study, which refers to the short
solids retention time of the reactor and not the temperature at which it was operated. Standard
performance indicators were compared to results obtained from a full-scale CAS WWTP in order
to determine feasibility of the ASSR process. The pilot-scale plant was seeded with activated
sludge from the full-scale WWTP and treated raw sewage taken from the same municipal sewer
system.

1.1

Objectives
Specific primary objectives of this investigation include studying the degradation of

activated sludge within the ASSR process at the pilot scale and comparing waste sludge
generation between a pilot scale ASSR system to that of a full-scale CAS system. Flammable
1

gases, including methane and hydrogen, are natural products of anaerobic digestion which are
often collected and used for on-site energy generation. Quantification of these gases was also
performed to determine the extent of gas production in an ASSR. Additionally, batch digestions
were performed on activated sludge from the high rate ASSR process as well as CAS system in
order to directly compare the sludge digestibility and biogas generation capabilities of each.

2

2.0

LITERATURE REVIEW

2.1

Overview of the Activated Sludge Process
By far, the most commonly used method for treating domestic wastewater in the world is

that of biological wastewater treatment. The idea of using a biological system to clean up raw
sewage first appeared when Englishmen E. Ardern and W.T. Lockett invented the activated
sludge process in 1914 (Rittmann & McCarty, 2001, p. 307). When aerating sewage induced the
growth of suspended flocculent particles they noticed a phenomenal reduction in the time
required to remove organic matter. Ardern and Lockett coined the term activated sludge to refer
to the flocculent biological mass that became suspended in their treatment system.
Biological wastewater treatment is used to remove a multitude of contaminants from raw
domestic wastewater. Firstly, biodegradable matter, which can be in either soluble or particulate
form, is oxidized into more easily removed end-products. Secondly, suspended colloidal solids
are consolidated into the floc structure of biological organisms or biofilm. Thirdly, nutrients such
as nitrogen and phosphorus, which can cause eutrophication of receiving water bodies in
sufficient quantities, are accumulated within the organisms. Lastly, specific trace organic
compounds can be removed with an appropriate biological process (Metcalf & Eddy, 2003, p.
548).
In full-scale WWTPs the CAS process typically consists of aerobic bacteria, often called
the biomass. These bacteria are cultivated and suspended within a reactor referred to as an
aeration basin. Other less common configurations also exist (Davis & Cornwell, 2008, p. 459).
Often aeration is delivered as compressed air through fine membrane type diffusors or, in the
case of some older treatment plants, by mechanical aerators. Aeration serves the dual purpose of
holding the biomass in suspension and providing dissolved oxygen to support respiration within
the biological flocs.
Full-scale WWTPs typically use the activated sludge process to perform secondary
treatment within the wastewater treatment train. Preliminary and primary treatments together
provide removal of trash and settleable solid materials from the waste stream prior to biological
treatment (Metcalf & Eddy, 2003, p. 11). The term mixed liquor is often used to refer to the
combination of wastewater and activated sludge in the aeration basin. Aeration basins are sized
according to the flow rate of raw wastewater to be treated in order to supply a hydraulic retention
3

time of around four to eight hours. Activated sludge must be in contact with the waste stream for
a minimum amount of time in order for proper contaminant removal to occur.
An important aspect of secondary treatment and the activated sludge process is the
removal of the activated sludge from the mixed liquor. Before treated water moves on to tertiary
treatment, most often consisting of disinfection, the activated sludge is settled out of the liquid
stream via gravity sedimentation and is returned back to the inlet of the aeration basin. Activated
sludge returned to the aeration basin in this manner is referred to as return activated sludge
(RAS).
The activated sludge process biologically removes organic matter from wastewater. This
biological removal is fueled by bacteria whose growth is supported by the consumption of
organic matter. In order for new bacteria to grow old bacteria must be expelled from the system.
This removal is accomplished through a wastage step whereby a fraction of the total mass of
activated sludge is removed on a regular basis. To maximize the amount of activated sludge
removed per volume of liquid wasted the wastage step is usually carried out on activated sludge
that has been thickened. Thickening of sludge is typically performed through gravity
sedimentation. This thickened sludge is referred to as waste activated sludge (WAS) and is
subsequently removed from the system for further treatment and/or disposal.
The average amount of time the activated sludge dwells within the system is referred to
as the solids retention time (SRT). SRT is critical in the design of systems that utilize the
activated sludge process because of its impact on process performance, reactor sizing, oxygen
requirements and bacterial growth rate (Metcalf & Eddy, 2003, p. 677). A short SRT of around 3
to 5 days is required for the removal of most organic matter. Longer SRTs can allow for
nitrification which may or may not be desirable depending on operational requirements. In the
case where a WWTP is required to remove nitrogen as part of their permit requirements a
biological nutrient removal (BNR) process may be employed which makes use of a long SRT.
An important distinction between SRT and hydraulic retention time (HRT) must be made as
confusion between the two terms sometimes occurs. HRT refers to the average amount of time
that the fluid remains in the system. The HRT of an activated sludge system is typically much
less than that of SRT because solids are intentionally recirculated, thus increasing the amount of
time that they spend within the system. SRT can be used to describe the average amount of time
solids remain in a single tank or reactor, as well as throughout an entire WWTP. Careful
4

distinction must be made between SRTs of specific reactors and systems in general as confusion
between SRTs of different control volumes can result.
SRT of a typical CAS system is dependent on several variables including flow rates in
and out of the system, volumes of the reactors, and the concentration of the biomass in
suspension, in the waste activated sludge and in the effluent. When operating at steady state
conditions, as is the case in normal WWTP operation, the mass balance of a typical activated
sludge system can be represented thusly:
Equation 1: Biological Mass Balance of a CAS System Operating at Steady State Conditions

Assuming that the concentration of biomass in the influent and effluent is negligible
compared to that in the aeration basin, the preceding equation shows that in order to maintain a
steady concentration of biomass in an activated sludge system the rate of biomass wasting from
the system must equal the growth rate of biomass in the system. Logic dictates that the more
organic matter (or food) the biomass consumes, the more bacterial growth that will occur, and
subsequently the more sludge that will have to be wasted from the system.
While the activated sludge process is quite effective at removing organic matter from
domestic wastewater it produces a significant quantity of waste activated sludge or biosolids.
The costs associated with waste activated sludge disposal in some cases can constitute up to 60%
of a wastewater treatment plant’s total operational expenses (Saby, Djafer, & Chen, 2003) (Wei,
Van Houten, Borger, Eikelboom, & Fan, 2003). It has also been shown that the volume of
biosolids generated in the United States has increased substantially since the Clean Water Act
was introduced in 1972 (USEPA, 1999). Additionally, the costs associated with the treatment of
biosolids have been rising due to increasingly strict biosolids treatment requirements before
disposal or reuse (USEPA, 2003).

2.2

Methods of Sludge Stabilization
After removal of WAS from a wastewater treatment system a minimum amount of

treatment is usually required prior to disposal or reuse. Beneficial reuse, such as the application
of biosolids as compost, fertilizer or soil amendment, requires a reduction of pathogens and
odors before it is considered safe for the environment. When beneficial reuse of biosolids is
restricted other options for disposal of waste activated sludge are available, including
5

incineration or landfilling. These other options do not require as extensive treatment of sludge
prior to disposal but as a minimum dewatering of the sludge is usually performed in order to save
on shipment costs or to reduce the energy requirements for incineration.
Pathogen and odor reduction, solids destruction and reduction of putrefaction potential in
waste sludge can all be accomplished by a method known as stabilization (Metcalf & Eddy,
2003, p. 1499). Sludge stabilization can be performed using a variety of different techniques
including digestion, thermal treatment, chemical stabilization or a combination of the three.
Digestion, being a central focus of this research project, can be further divided into subcategories of sludge stabilization based on environmental conditions such as temperature and the
presence of oxygen in either dissolved or other forms, including nitrite and nitrate. Sludge
digestion occurs within biological sludge when there is a lack of an external food source
(substrate) such as the organic matter present in raw wastewater. Intracellular and extracellular
organic material within the sludge flocs become new food sources for the bacterial population,
inducing a condition called endogenous decay (Metcalf & Eddy, 2003, p. 1534).

2.2.1 Aerobic Digestion
Aerobic digestion of sludge occurs when an excess of dissolved oxygen is present in the
digestion tank (digester). Similar to an aeration basin in the activated sludge process, an aerobic
digester has extensive mixing and oxygen requirements, but differs in that the digester receives
no substrate from influent. In addition, aerobic digestion requires a significantly longer SRT than
the activated sludge process, typically between 40 to 60 days to meet Class B pathogen reduction
requirements (Metcalf & Eddy, 2003, p. 1533).
Aerobic digestion can achieve volatile solids reduction close to that of anaerobic
digestion (digestion occurring in an environment lacking oxygen) and at the same time produces
relatively few odors in the process. There are several factors that make this form of digestion less
desirable. Firstly, the high operational cost associated with aeration and secondly, the lower
dewaterability of the digested sludge (Metcalf & Eddy, 2003, p. 1533).

2.2.2 Anaerobic Digestion
In the absence of both dissolved oxygen and oxygen in the form of nitrate, sludge will
begin to digest anaerobically. An anaerobic digester is typically a sealed tank to facilitate the
collection of produced biogases. The tank is often heated to increase the biological reaction rate
6

within the vessel. In order for an anaerobic digester to function properly a healthy population of
anaerobic microorganisms must be maintained. These anaerobic bacteria are sensitive to
environmental changes and as such operational conditions such as temperature, pH, alkalinity
and retention time are held as close to constant as possible. Other factors, such as the presence of
toxins and trace metals, or the lack of nutrients can impact digestion effectiveness (Metcalf &
Eddy, 2003, p. 1506) (Appels, Baeyans, Degreve, & Dewil, 2008). Typically digesters are
operated as continuously stirred tank reactors (CSTR) where, as the name implies, the contents
of which are thoroughly mixed at all times. As a result, in a CSTR where there is no recirculation
of solids the SRT and HRT become the same.
The process of anaerobic digestion has multiple stages including hydrolysis,
acidogenesis, acetogenesis and methanogenesis. In most cases hydrolysis is considered the rate
limiting step when digesting waste activated sludge because of the greater length of time needed
for hydrolysis to occur (Appels, Baeyans, Degreve, & Dewil, 2008) (Gavala, Yenal, Skiadas,
Westermann, & Ahring, 2003). Anaerobic digestion proceeds in a stepwise fashion as shown in
Figure 1, where hydrolysis precedes the other three steps. This and the slow rate at which
hydrolysis takes place both contribute to this stage limiting the rate at which further digestion
can proceed.

Figure 1: Anaerobic Digestion Process of Organic Matter [adapted from Appels (2008)]

Since anaerobic digesters are typically operated as CSTRs all four stages of fermentation
occur simultaneously. When performing as designed, anaerobic digesters maintain an
7

environment where the materials involved in the first three steps of fermentation are
continuously depleted. As a result at any given time the majority of biodegradable matter within
the digester has been converted into both methane and carbon dioxide (Van Haandel & Van Der
Lubbe, 2007, p. 377).
The hydrolysis step involves the solubilization of macromolecules, including suspended
organic matter like proteins, polysaccharides, lipids and nucleic acids. Conversion of the
hydrolyzed compounds into simpler molecules such as volatile fatty acids, ammonia, hydrogen
sulfide, carbon dioxide, hydrogen gas, alcohols and aldehydes is known as acidogenesis.
Specialized acidogenic bacteria are responsible for this acidification step but rely on facultative
bacteria, which can survive with or without oxygen, to remove toxic molecules like oxygen and
nitrates from their environment.
Acetogenesis is the third step in the anaerobic digestion process and entails the further
simplification of larger alcohol and organic acid molecules into carbon dioxide and hydrogen
gases and acetic acid. Acetogenic bacteria are responsible for this stage of the digestion process.
The first three steps of anaerobic digestion together are referred to as acid fermentation and serve
the purpose of converting organic matter within wasted sludge into forms appropriate for the last
step of the digestion process, known as methanogenesis. Two groups of methanogenic microbes
produce methane gas from acid fermentation products like acetate, hydrogen and carbon dioxide.
As a consequence of fermentative catabolism (anaerobic microbes obtaining energy from organic
compounds) being rather inefficient, most organic matter in the anaerobic digestion process is
converted into methane and carbon dioxide (Van Haandel & Van Der Lubbe, 2007, p. 378)
(Rittmann & McCarty, 2001, p. 60).
Conclusively, the method of solids destruction and organic matter removal in anaerobic
digestion is through the conversion of these materials into biogas, which easily separates from
the liquid phase. Methane is a flammable gas and is commonly used as fuel for heat and
electricity generation in a process called co-generation or combined heat and power (Bolzonella,
Pavan, Battistoni, & Cecchi, 2005) (Appels, Baeyans, Degreve, & Dewil, 2008). Co-generation
has many appealing qualities that encourage its use including the provision of heat for
maintaining increased temperatures in the digester or the generation of electricity for use
elsewhere in the wastewater treatment plant. Additionally, if the anaerobic digestion process is
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effective enough there exists the possibility of the WWTP selling excess generated electricity to
local power utilities (Metcalf & Eddy, 2003, p. 1525).
Biogas, however, contains many contaminants such as sulfides, silicon and particulates
which along with ammonia and water vapor can be detrimental to combustion engine operation
(Appels, Baeyans, Degreve, & Dewil, 2008). Effective operation of co-generation requires that
biogas be cleaned to a certain degree through the use of filters, air scrubbers, and moisture
removal or through a combination of the three. Diesel fuel or natural gas can also be used to
supplement biogas in situations where engine start up or biogas cleanliness is an issue.
It has been shown that the volume of biogas generated per mass of activated sludge solids
destroyed in an anaerobic digester has a very clear relationship with the SRT of the activated
sludge process. Generally, a shorter SRT results in more biogas generation. This result is thought
to be attributed to longer SRT in the aerobic process resulting in more biodegradation of organic
material contained within the sludge flocs (Bolzonella, Pavan, Battistoni, & Cecchi, 2005). This
organic material would not be degraded until it was introduced into the anaerobic digester.
Anaerobic digestion is usually operated in one of three temperature ranges including
ambient, where the temperature depends on the weather, mesophilic or thermophilic. Mesophilic
microorganisms (mesophiles) flourish in temperatures between 30 and 38°C, whereas
thermophilic microbes (thermophiles) prefer a much higher temperature range of 50 to 57°C
(Metcalf & Eddy, 2003, p. 1506) (Rittmann & McCarty, 2001, p. 604). A study by Gavala et al.
(2003) indicates that varying the operating temperature between mesophilic and thermophilic
conditions results in specific anaerobic microbes being selected for survival. As a result the rate
of acetate degradation increases at thermophilic conditions and that of butyrate is greater at
mesophilic conditions. Generally the biological reaction rate of organic solids destruction
increases with increasing temperature, but as a consequence so do the operating costs associated
with maintaining that increased temperature. Additionally, thermophilic operating temperatures
allow for greater pathogen reduction and improved dewaterability over mesophilic conditions
(Appels, Baeyans, Degreve, & Dewil, 2008). In addition to the cost of operation, another fault
associated with thermophilic digestion is reduced supernatant quality. This results in greater
organics and nutrient loading when digester supernatant is returned to the WWTP headworks.

9

2.2.2.1 Enhanced Biological Phosphorus Removal Using Anaerobic Conditions Within the
Activated Sludge Process
Anaerobic conditions within an activated sludge process can assist in the removal of
excess nutrients, specifically that of phosphorus, through a process known as enhanced
biological phosphorus removal (EBPR). Hydrolysis and fermentation release simple organic
molecules within anaerobic digesters which are stored by specific heterotrophic bacteria in
intracellular solids such as polyhydroxybutyrate (PHB), but this polymerization requires energy
which is obtained from the hydrolysis of intracellular polyphosphates (Rittmann & McCarty,
2001, p. 541). The hydrolysis of these polyphosphates results in a release of soluble phosphates
into the sludge supernatant.
Upon subsequent return of the anaerobic sludge supernatant to the head of the aeration
basin the abundance of solubilized phosphates and electron acceptors, including dissolved
oxygen and nitrates, results in vigorous heterotrophic bacterial respiration where simple
phosphates end up being stored in intracellular adenosine triphosphates (ATP). Polyphosphate
accumulating organisms (PAO) are responsible for both the release of phosphorus within the
anaerobic environment and the subsequent sequestering of that phosphorus under aerobic
conditions (Goel & Noguera, 2006) (Datta, Liu, & Goel, 2009). When activated sludge is wasted
from the system significant amounts of phosphorus are also removed along with the PAOs,
assuming that they make up a significant portion of the biomass. Thus the EBPR process results
in less total phosphorus content in WWTP effluent than would be released in a conventional
activated sludge process.

2.3 Activated Sludge Process Performance Indicators and Influencing
Factors
2.3.1 General Performance Indicators
At its most basic the activated sludge process is designed to remove both suspended
solids and organic matter from the incoming waste stream. The extent to which these
contaminants are removed is dependent on many factors. For example pH has a profound effect
on both the settling of activated sludge in the CAS process and the subsequent performance of
anaerobic digestion for solids processing. Cations such as sodium, calcium and magnesium
constitute a significant fraction of activated sludge flocs and extreme acidity (pH of 4 or lower)
10

can dissolve calcium solids from the floc structure, reducing the ability of bacteria to floc
together and settle (Peeters, Dewil, Lechat, & Smets, 2011). Gas production during anaerobic
digestion of waste activated sludge has been shown to proceed most readily at neutral pH,
however anaerobic hydrolysis of short-chain fatty acids has been shown to increase in more
alkaline conditions (Zhang, Chen, & Zhou, 2009). Neutral pH encourages biological stabilization
of sludge, such as the production of biogas by methanogens, and acidic or alkaline conditions
contribute more to chemical stabilization. Of importance in wastewater treatment is alkalinity
which is defined as the ability of a water to resist pH changes or neutralize acids (Hammer &
Hammer Jr, 1996). Hydroxides, carbonates and bicarbonates of elements like sodium, calcium,
magnesium, potassium and ammonia are typically present in wastewater, contributing to
alkalinity (Metcalf & Eddy, 2003) and are used in the growth of new activated sludge floc
material. In activated sludge systems with long SRT nitrification will typically occur
simultaneously decreasing both pH and alkalinity.
Absolutely essential to the activated sludge process is the presence of dissolved oxygen
(DO) in the aeration basin. DO allows for aerobic bacterial respiration and consumption of
organic matter and nutrients. If DO is present in excess (> 3 mg/L) in the mixed liquor then
organic matter becomes the rate limiting substance for bacterial growth and reproduction. An
excess of DO is desirable in a wastewater treatment system where the goal is to remove as much
organic matter as possible from the waste stream. As such DO concentrations in aeration basins
are maintained at 2 mg/L or higher to ensure maximum organic matter removal (Rittmann &
McCarty, 2001, p. 311). Inadequate DO concentrations are often responsible for operational
problems like sludge bulking. Sludge settleability can be severely impacted by bulking sludge.
Low DO or low nutrient conditions can lead to the selection and proliferation of highly
competitive filamentous bacteria in activated sludge flocs which contribute to bulking and poor
settling due to their geometry (Metcalf & Eddy, 2003, p. 695). Filamentous bacteria are
especially prone to growth when DO concentrations are below 0.5 mg/L.

2.3.2 Solids Retention Time
The SRT of an activated sludge process driven system is a critical design parameter that
influences nearly every aspect of the system, including other design parameters, process removal
efficiencies and growth rate of the biomass. While a minimum SRT of about 4 to 10 days is
11

required for organics removal, longer SRTs are typically only used for nitrification. However,
new studies suggest that longer SRTs have other benefits including increased oxygen transfer
rates, improved biomass particle size distribution and additional removal of emerging
contaminants (Leu, Chan, & Stenstrom, 2012). Employing long SRT in biological wastewater
treatment systems can negatively impact the aerobic digestibility of activated sludge by
increasing the fraction of non-biodegradable sludge (Reece, Roper Jr, & Grady Jr, 1979). In
addition, long SRTs encourage the growth of multicellular higher order microbial predators
which can feed on sludge flocs and increase turbidity by the presence of decaying remains of
sludge flocs (Rittmann & McCarty, 2001, p. 312).
Short solids retention times (less than 12 days Liao et al. (2006)) have been shown to
negatively affect the quality of activated sludge process effluent in terms of suspended solids.
The authors attribute better suspended solids removal to better flocculation ability of sludge
particles at higher SRT. Small flocs and poorly aggregating activated sludge particles are
associated with high effluent turbidity and poorer sludge dewatering characteristics.
Additionally, turbidity causing small floc particles can inhibit effective disinfection by the
application of ultraviolet light.

2.3.3 Sludge Settleability
Wastewater treatment plants usually rely on the settleability of activated sludge to
determine the plant effluent quality as well as operational parameters such as return activated
sludge flow rate. Sludge settleability generally refers to the ability of activated sludge flocs to
settle and compact under quiescent conditions in a given amount of time. The extent to which
activated sludge flocs settle within the secondary clarifiers directly influences the concentration
of suspended solids in the effluent and as a consequence the turbidity and disinfection
requirements. Sludge settleability is often determined through an empirical test called the sludge
volume index (SVI) which indicates the volume of water occupied by 1 gram of sludge after a 1
liter sample of mixed liquor is allowed to settle quiescently for 30 minutes (Metcalf & Eddy,
2003, p. 685). Should the clarifier volume be less than that required to adequately settle sludge,
the WWTP risks washout of the biomass occurring as well as failing to meet permit requirements
for effluent solids content.
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Activated sludge settleability is dependent on many factors including bacterial species
present, floc geometry and density, and extracellular material composition. The presence of
filamentous bacteria is essential to have properly formed sludge flocs, however an
overabundance of filamentous species results in poor settling (Juang, 2005). Properly formed
flocs contain a filamentous bacterial superstructure which acts as a frame on which other bacteria
and extracellular material can gather and grow. Overpopulation of filamentous bacteria can lead
to excessive protrusion of filaments from sludge flocs, thus increasing the surface area and
inhibiting compaction and settling. A lack of filamentous bacteria can lead to pin flocs, which
are characterized by a very low mass to surface area ratio and cause poor settling and effluent
quality (Leu, Chan, & Stenstrom, 2012).

2.3.4 Biological Floc Structure
Sludge flocs are composed of bacteria and extracellular material which consists of
extracellular polymeric substances (EPS) (or biopolymers), cations, as well as inert material.
EPS are excreted by bacteria and are thought to serve the purpose of adhering bacteria to one
another (Higgins & Novak, 1997) (Park, Novak, Helm, Ahn, & Esen, 2008). Microbial adhesion
in EPS is carried out by charge binding with cations and through hydrophobic interactions
(Frølund, Palmgren, Keiding, & Nielsen, 1996). Additionally, the floc structure aids bacteria in
the procurement of substrate, offers protection from environmental stresses such as dehydration,
as well as offering protection from higher order predators (Badireddy, et al., 2010). Typically
consisting of polysaccharide, proteins, nucleic acids, humic acids, lectins, lipids as well as other
functional groups, including negatively charged carboxyl groups, EPS matrices are quite
complex.
Although primarily secreted by bacteria for the purpose of enhancing microbial
aggregation, some EPS are acquired from other sources. A fraction of EPS consists of biological
and inert materials that are taken from the environment, often introduced via raw wastewater as
influent. In addition, some EPS consist of microbial products produced by cell lysis. Microbial
adhesins, sometimes filamentous proteinaceous appendages or exopolysaccarides, are thought to
assist in the process of adhesion between microbes and extracellular biopolymers (Park &
Novak, 2009).
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Organic matter that is consumed by microbes in the activated sludge flocs must be in a
simple and soluble form to be readily degradable. Enzymes, which originate with the influent or
are generated by microbial activity or cell lysis, act to depolymerize and hydrolyze the more
complex organic substrates (Frølund, Griebe, & Nielson, 1995). Enzymatic activity by the
microbes distributes exoenzymes throughout the sludge floc which make up an integral part of
EPS. Enzymatic activity is also strongly associated with the microbial ability to degrade and
consume complex organic substrates.
Positively charged ions, known as cations, play a significant role in the bioflocculation
process and constitute a major fraction of sludge flocs as well. Cations such as Na+, K+, Ca2+ and
Mg2+ all interact with negatively charged ions (anions) aiding microbial aggregation. Divalent
cation bridging theory posits that cations such as Ca2+ and Mg2+ in particular connect with
negatively charged functional groups in EPS encouraging aggregation and subsequently sludge
settling (Peeters, Dewil, Lechat, & Smets, 2011). High concentrations of monovalent cations
including Na+ and K+ can lead to displacement of divalent cations, and consequentially
deflocculation may occur along with the release of biopolymers in a process known as ion
exchange (Higgins & Novak, 1997).

2.3.5 Biological Nitrification/Denitrification
Removal of nutrients such as nitrogen and phosphorus is becoming a common permit
requirement for many WWTPs. High concentrations of these nutrients in WWTP effluent can
contribute to a condition known as eutrophication in receiving water bodies where excessive
algal growth, hypoxia (depletion of dissolved oxygen) and fish kill can occur (Hammer &
Hammer Jr, 1996, p. 463). Nitrogen in particular can be removed biologically through a process
known as denitrification where nitrate is reduced to nitrogen gas by heterotrophic and
autotrophic bacteria through nitrogen respiration (Rittmann & McCarty, 2001, p. 497). Nitrogen,
however, exists in many forms in wastewater including primarily ammonia as well as nitrite,
nitrate and organic nitrogen compounds. In order to effectively reduce the total nitrogen
concentration in WWTP effluent via biological denitrification, other forms of nitrogen should
first be converted into nitrates. The process of biological nitrification oxidizes ammonia into first
nitrite and then nitrate, and is performed by autotrophs called nitrifiers (Rittmann & McCarty,
2001, p. 470). Due to the stoichiometry of the nitrification process a significant release of free
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hydrogen can occur depending on the completeness with which the oxidation reaction proceeds.
For a WWTP treating low alkalinity wastewater, nitrification can necessitate the addition of
chemicals to increase alkalinity in order to prevent reduction in pH.
Combining biological nitrification and denitrification together into the activated sludge
process can effectively remove total nitrogen to meet permit requirements but each process has
specific requirements in order to proceed. Denitrification requires a significant carbon source and
the presence of nitrates to proceed. Raw wastewater typically has plenty of carbon in
biochemical oxygen demanding (BOD) material but not much nitrogen in the form of nitrate.
Nitrification on the other hand occurs under aerobic conditions and requires ammonia. Raw
wastewater typically contains the majority of total nitrogen in the form of ammonia. One variant
of the activated sludge process that can meet all of these requirements is the Modified LudzakEttinger (MLE) process which is illustrated in Figure 2 (Metcalf & Eddy, 2003, p. 617).

Figure 2: MLE Process Diagram

The MLE process consists of the addition of an anoxic zone prior to the aeration basin
where denitrification occurs with high carbon content in the influent and high nitrate content in
the mixed liquor recycle (MLR). Nitrification proceeds in the aeration basin with the remaining
ammonia from the influent. The nitrate recycle line is typically operated at flow rates up to 4
times that of the overall plant flow rate so the fraction of nitrate containing aeration basin
effluent is small in comparison (Rittmann & McCarty, 2001, p. 510).
In an alternate process design, a combination of low DO (about 1 mg/L) and a long SRT
(> 15 days) can result in simultaneous nitrification and denitrification within a single aeration
basin (Collivignarelli & Bertanza, 1999) (Rittmann & Langeland, 1985). While the operational
conditions that guarantee reliable nitrogen removal with this process are unknown,
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implementations of simultaneous nitrification and denitrification with nearly 100% nitrogen
removal have been documented (Rittmann & Langeland, 1985). One great advantage of this
process over that of the MLE is that it does not require a large MLR rate, therefore saving on
operation and energy costs associated with pumping and piping.

2.4

Mechanisms of Sludge Reduction in the Activated Sludge Process
Three prominent methods of reducing waste sludge generation in the activated sludge

process have been developed over the years including pretreatment of wastewater influent,
sludge pretreatment and reduction of net sludge yield (Datta, Liu, & Goel, 2009). Several
biological mechanisms of net sludge yield reduction have been identified including cell lysiscryptic growth, uncoupling metabolism, maintenance metabolism, predation of bacteria and
solubilization of organic matter in the sludge (Wei, Van Houten, Borger, Eikelboom, & Fan,
2003) (Novak, Chon, Curtis, & Doyle, 2007). Intentional predation of sludge floc bacteria by
higher order microbes has been shown to be an effective method of reducing net sludge yield
however careful control over SRT in multiple reactors is required (Lee & Welander, 1996)
(Huang, Liang, & Qian, 2006). The last mechanism of solubilization of organic matter in the
activated sludge process is accomplished by digestion through the application of a side stream
reactor, which is a method of sludge treatment where the end product is returned back into the
system after treatment. This method of treatment is the focus of this study and is discussed in
detail subsequently.

2.4.1 Uncoupling Metabolisms
The microbial destruction of organic substrate in raw wastewater is accomplished
through cellular metabolism, which encompasses all chemical processes within the cell.
Metabolism is comprised of catabolism, which is the production of energy through the oxidation
of substrate, and anabolism which is the synthesis of new cellular materials from carbon sources.
Energy obtained from the hydrolysis of organic substrates is stored in energy carriers, such as
ATP, and is transported throughout the cell to be used for catabolic or anabolic reactions
(Rittmann & McCarty, 2001). Typically, catabolism and anabolism are coupled together in such
a way that free energy produced by catabolism can partially be used in cell synthesis through
anabolism.
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Control over the production of new cellular material, and hence sludge reduction, can
therefore be accomplished through the uncoupling of catabolism and anabolism. Addition of
chemicals such as 2,4-dinitrophenol and 2,4,6-tricholorophenol to the activated sludge process
have been shown to inhibit the transfer of energy for anabolic functions and effectively reduce
sludge production (Mayhew & Stephenson, 1998) (Zheng, et al., 2008). These chemicals are able
to successfully inhibit cellular anabolic functions enough to reduce sludge yield without killing
the microorganisms.

2.4.2 Cryptic Growth
Alternatively, net sludge yield reduction can be accomplished by operating an activated
sludge system under cryptic conditions where solubilized microbial products are recycled into
the aeration basin to be used as substrate. Cryptic growth consists of two steps including cell
lysis followed by biodegradation. Cell lysis can be induced by chemical addition such as
synthetic organic chemicals or by other processes such as ozonation and is characterized by the
release of intracellular material into the environment (Perez-Padilla & Grady Jr, 1998) (Egemen,
Corpening, Padilla, Brennan, & Nirmalakhandan, 1999). Intracellular material from lysed cells
can be later used by other microorganisms as organic substrates, hence the term cryptic growth.

2.4.3 Sludge Reduction via an Anaerobic Side Stream Reactor
Of particular interest to this study is the reduction of waste sludge through the use of an
anaerobic side stream reactor (ASSR) in the activated sludge process. One design that makes use
of an ASSR is the Cannibal® process which has been shown to reduce solids generation by 60%
compared to a control activated sludge system with an aerobic digester (Novak, Chon, Curtis, &
Doyle, 2007). Additionally, the same study found that no loss of sludge settling performance or
solids and dissolved organics removal efficiency occurred.
Simplified, the Cannibal® process consists of a traditional activated sludge process with
the addition of an ASSR operating parallel to the RAS line. A fraction of sludge settled in the
secondary clarifier is treated by the ASSR (typically 10%) and subsequently returned to the
aeration basin with the untreated RAS. An SRT of 10 days is typically maintained in the ASSR
along with ambient operating temperatures. Simultaneous sludge reduction and biological
phosphorus removal via the Cannibal® process have been shown to be feasible in several studies
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(Datta, Liu, & Goel, 2009) (Goel & Noguera, 2006) while still achieving significant sludge
reduction of 63% in the case of Datta et al. (2009).
Solids reduction in the Cannibal® process and the ASSR process is accomplished
through the release and solubilization of organic matter within the anaerobic bioreactor which is
then recycled to the aeration basin where it is easily biodegraded under aerobic conditions
(Novak, Chon, Curtis, & Doyle, 2007). Park et al. (2006) proposed that the reduction of iron and
iron-associated organic matter under anaerobic conditions, specifically proteins, allows for better
biodegradation. Novak et al. (2003) and Park et al. (2007) suggested that significant release of
calcium and magnesium associated polysaccharides occur during aerobic digestion or similarly
in aerobic reactors with long SRT, thereby increasing the divalent cations available for good floc
formation. According to Chon et al. (2011), specific fractions of sludge are preferentially
degraded in aerobic feasting conditions (aeration with wastewater feeding) and anaerobic fasting
conditions (anaerobic digestion). The ASSR process combines the two operational environments
in order to achieve greater overall solids reduction than either process alone.
Similar to the ASSR process is the oxic-settling-anoxic (OSA) process which also makes
use of an ASSR but differs in that all of the RAS is treated anaerobically rather than just a small
fraction (Sun, Randall, & Novak, 2010). The authors identified that the most influential factors
involved in process performance with an ASSR are HRT and oxidation-reduction potential in the
ASSR, and the interchange rate (IR) between the aerobic and anaerobic reactors. Although the
authors use IR to refer to the number of volumetric interchanges between the aerobic and
anaerobic reactors per day, the IR fundamentally refers to the rate at which biomass in the
system is treated within an attached reactor, such as an ASSR. The IR most often used in ASSR
system design is 10% of the biomass per day (Novak, Chon, Curtis, & Doyle, 2007) (Chon D.-H.
, Rome, Kim, Park, & Park, 2011) (Sun, Randall, & Novak, 2010).
This study makes use of the basic ASSR process but with one significantly different
operational parameter; an ASSR SRT of only 2 days rather than the typical 10 days. It has been
shown in bench scale studies that the majority of anaerobic sludge hydrolysis occurs within the
first 2 days of digestion, prompting the hypothesis that a smaller ASSR can result in as effective
sludge reduction as a much larger reactor (Chon, 2012). Consequently, a significantly smaller
SRT and, as a result of being a CSTR, smaller HRT result in a substantial decrease in reactor
volume, heating requirements and pumping demand. Additionally, the same author found that
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effective biogas generation can be maintained with a short ASSR SRT despite the traditional
assertion that 10 to 15 days or more of digestion is required.
Chon et al. (2011) found that very similar bacterial communities (75%) are present in
both the aerobic and anaerobic environments within an ASSR system, although there were
entirely unique bacteria in the ASSR compared to conventional activated sludge anaerobic
digesters. The authors observed the likelihood that unique anaerobic microorganisms survived
recirculation through oxic aeration and subsequently became enriched upon reintroduction to the
anaerobic reactor. This appears to be a likely explanation as to the ability of slow growing
methanogens to proliferate within an anaerobic reactor with an exceedingly short retention time.
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3.0

METHODOLOGY
The objectives of this study include understanding degradation of activated sludge within

the activated sludge process with both aerobic and anaerobic conditions present and comparing
sludge generation in a system with an ASSR to that of a CAS system. Quantification of biogases
was also performed to determine the extent of gas production in an ASSR. Additionally, batch
digestions were performed on activated sludge from the high rate ASSR process as well as
conventional activated sludge from the Amherst Wastewater Treatment Facility (AWWTF) in
order to directly compare the sludge digestibility and biogas generation capabilities of each.

3.1

Pilot Scale Plant Design & Operation
The pilot scale plant was built and operated within the basement of the AWWTF. Raw

wastewater feed was drawn from the Amherst plant lift pumps prior to primary clarification,
requiring the addition of that treatment step to the pilot plant. Treated pilot plant effluent was
collected in the Amherst plant sump pit to be returned to the plant headworks. Sizing and design
of pilot plant reactors were determined according to the chosen design flow rate (Q) of 500
gallons per day or 1853 liters per day. The pilot plant was operated as a continuous flow system
with extensive use of automation where possible.
A schematic representation of the pilot plant is illustrated in Figure 3. Raw sewage
underwent primary treatment upon entering the 200 gallon stage one primary clarifier which
operated with a HRT of approximately 20 minutes. The raw sewage entered the stage one
primary clarifier through 1 inch diameter schedule 40 PVC piping where the flow rate could not
be throttled or otherwise controlled due to incessant clogging issues. Prior to May 1st, 2012 (the
start date of pilot plant operation) the AWWTF removed a macerator from their preliminary
treatment process for maintenance that assisted in the removal of trash, rags and other debris. A
second macerator was still in service but did not have trash removal capabilities. As a result, a
significant amount of solid inert materials entered the Amherst plant lift pump inlets, and was
subsequently introduced into the pilot plant influent piping.
High pressure plant water (~75 psi) was used periodically to backwash the raw sewage
influent line and clear it of debris such as rags and other foreign objects. Backwashing was
performed on a semi-hourly basis through the use of both a solenoid valve and an electric
20

motorized ball valve, each controlled by a programmable electronic timer. The raw sewage flow
rate greatly exceeded the necessary design flow rate and so a 1½ inch PVC overflow pipe
redirected the excess flow to the floor drain. The HRT of the stage one primary clarifier was
insufficient to achieve proper solids removal but could not be increased due to space limitations
in the AWWTF basement. Solids settled within the stage one primary clarifier were
automatically drained via a timer controlled motorized electric ball valve on a bi-hourly basis.
Dilution of thickened primary sludge was accomplished by backwashing the sludge drain line
with high pressure plant water, also controlled by a timed solenoid valve.

Figure 3: Pilot Plant Schematic

In order to achieve proper solids removal via primary treatment a 62 gallon stage two
primary clarifier was installed. A peristaltic pump with a speed controller is used to provide a
consistent influent flow rate (Q), giving the stage two primary clarifier a HRT of 3 hours. Sludge
settled within the stage two-primary clarifier was manually drained on a daily basis. Primary
effluent flowed into the aeration basin via gravity. A 200 gallon rectangular polyethylene tank
acted as the aeration basin. Aeration was provided to the activated sludge by a pair of 50 psi air
compressors, operating in an alternating fashion, supplying continuous air bubbling through an
array of 8 7.5-inch diameter ceramic fine bubble dome diffusers, spaced uniformly along the
basin floor.
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Mixed liquor exiting the aeration basin flowed via gravity into the 42 gallon secondary
clarifier, which had a HRT of 2 hours. Clarified plant effluent exited the secondary clarifier by
overflowing a circular array of aluminum v-notch weirs into a sloped circular trough, and was
subsequently funneled through 1½ inch PVC piping to the floor drain. A surface overflow rate of
about 21.5 feet per day was maintained in the clarifier to ensure adequate settling time for the
activated sludge. Sludge settled within the secondary clarifier, referred to as thickened activated
sludge (TAS), was continuously returned to the head of the aeration basin by a progressive cavity
pump at a flow rate of about 1Q or less. TAS returned to the aeration basin was referred to as
RAS. The RAS flow rate was altered as needed to adapt to changing sludge characteristics. A
small fraction of TAS was manually wasted each day through the secondary clarifier sample
port. Yet another fraction was periodically drawn for treatment in the ASSR which operates in a
batch mode.
Operated as a sequencing batch reactor (SBR), a volume of ASSR sludge was returned to
the aeration basin once every 6 hours. An equal volume of TAS was introduced into the ASSR
immediately after. The sequential exchange of sludge between the ASSR and aeration basin was
accomplished through the use of two timer controlled peristaltic pumps. The ASSR was a 60
gallon cone bottom tank where the operational volume of anaerobic sludge was maintained at
approximately 30 gallons. A mesophilic environment was maintained by a thermal heating
blanket affixed to the outside of the ASSR tank which was kept at a constant temperature of
37°C by an electronic programmable temperature controller. Continuous mixing and
recirculation of anaerobic sludge within the ASSR was provided by a high flow rate progressive
cavity pump operating for 3 hours every 6 hour cycle. Headspace within the ASSR tank as well
as an 80 L expandable plastic bag were used to collect biogases generated during digestion. An
interchange rate of 10% was maintained, meaning that approximately 10% of the biomass within
the entire pilot plant system was being anaerobically treated at any given time. Design
parameters of the pilot scale plant essential to subsequent calculations and results are given in
Table 1.
The nature of the ASSR process induces a long SRT (up to 100 days or more) in the
overall system due to low wastage rates and continuous sludge recirculation; as a result
nitrification occurring in the aeration basin is typical. Significant ammonia release is commonly
seen in the ASSR supernatant and when recycled to the head of the aeration basin, can be used in
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combination with high organic matter in the influent by nitrifiers to perform nitrification.
Amherst raw wastewater has been typically characterized as a low alkalinity wastewater (~50 mg
as CaCO3/L) and as a result significant pH drop has occurred due to nitrification. Therefore, to
maintain a pH of around 7.0 in the pilot plant system overall, significant alkalinity adjustment
was performed. Alkalinity was added to the head of the aeration basin, on an hourly basis, by the
separate injection of sodium carbonate and magnesium chloride solutions at concentrations of 25
g/L and 50 g/L, respectively. Sodium carbonate served the purpose of adding alkalinity in the
form of carbonate. In addition, Amherst raw wastewater was shown to have unusually low
magnesium cation concentrations, necessitating the addition of magnesium to promote good
flocculation as proposed in divalent cation bridging theory (Peeters, Dewil, Lechat, & Smets,
2011). Neither alkalinity nor magnesium addition are performed at the AWWTF.
Table 1: Pilot Plant Design Parameters

Plant Flow Rate (Q)

500 gal/day

1853 L/day

Stage 2 Primary Clarifier HRT

3 hrs

Aeration Basin HRT

10 hrs

Secondary Clarifier HRT

2 hrs

ASSR SRT/HRT

2 days

ASSR IR

10%

Plant SRT

Variable (depends solids removal efficiency and wasting
rates)

Pilot plant influent and effluent composite samples were collected every two hours from
the surfaces of the stage-two primary clarifier and the secondary clarifier and stored at 4°C in a
refrigeration unit. Auto sampling was carried out using a single peristaltic pump affixed with
dual pump heads, controlled by a programmable electronic timer. Initially, collection and
analysis of the composite samples was carried out on a semi-weekly basis, followed by an
increase in sampling frequency to three times per week on the 18th of June, 2012. Twice a week
manual grab collection of activated sludge, TAS, and ASSR sludge samples were initially
performed, superseded by three times a week sampling frequency on the same date.
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3.2

Comparative Study of Amherst and Pilot Plant Sludge Digestibility
In addition to continual operational data collection of the pilot scale plant, a batch

comparison of AWWTF and pilot scale plant activated sludge digestibility was performed. Two
liters each of gravity thickened activated sludge sampled from the AWWTF and the pilot scale
plant on July 7th, 2012 (day 52 of pilot operation), were digested in sealed glass flasks for 14
days. Continuous mixing was provided by electric stir plates and magnetic stir bars. The ambient
temperature was maintained at 37°C through storage of digestion flasks in an environmentally
controlled constant temperature room throughout the course of the study. At the start of the
digestion period each flask of activated sludge was sparged with nitrogen gas to displace
dissolved oxygen and encourage an anaerobic environment. Samples of sludge were collected
from each flask on days 0, 1, 2, 4 and 14 through attached sample ports. Biogases generated
during the digestion period were collected in 1 liter plastic gas bags attached to the rubber flask
seals.

3.3

Analytical Methods
General performance indicators such as total solids (TS), total suspended solids (TSS),

volatile solids (VS) and volatile suspended solids (VSS), and chemical oxygen demand (COD)
were performed in accordance with Standard Methods (1998) for the quantification of solids
removal and organic matter removal, respectively. TS, TSS, VS and VSS were measured in
accordance with standard methods 2540 D. Total Suspended Solids Dried at 103-105°C and
2540 E. Fixed and Volatile Solids Ignited at 550°C. COD measurement was performed using the
standard method 5220 D. Closed Reflux, Colorimetric Method. COD is a quantification of all
oxygen demanding materials in a water that can be chemically oxidized, which is always more
than the BOD as only a fraction of total oxygen demanding materials can be biologically
oxidized. The EPA’s national pollutant discharge elimination system (NPDES) permits use BOD
as a general measure of a full scale wastewater treatment plant’s ability to remove organic
pollutants from wastewater (USEPA, 2004). In the interest of more economical data collection
this study uses COD rather than BOD to quantitatively determine organics removal as the length
of time required to perform the measurement is on the scale of hours rather than days.
Operational pH of each of the five sample points, including influent, effluent, activated
sludge, thickened activated sludge and ASSR sludge, were measured immediately upon return of
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samples to the laboratory to minimize the change in pH associated with continuing biological
activity. The pH measurement was performed using a Corning Model 320 pH Meter in
accordance with standard method 4500-H+ B. Electrometric Method. DO content of the activated
sludge was measured in situ during aeration basin operation at the water surface in accordance
with standard method 4500-O G. Membrane Electrode Method using a YSI Model 5000
Dissolved Oxygen Meter. DO measurement was carried out on a weekly basis. The design of the
secondary clarifier was intended to maintain a DO concentration of about 2 mg/L in order to
discourage denitrification which could result in solids loss through the effluent due to nitrogen
gas bubbles forming in the clarifier sludge blanket. As such, DO concentration in the clarifier
was verified as well.

3.3.1 Sludge Properties and Biogas Generation
Settling characteristics of the activated sludge were determined using the sludge volume
index (SVI) according to standard method 2710 D. Sludge Volume Index. A 1 liter graduated
cylinder was used in place of a settleometer. Dewaterability characteristics of the activated
sludge and ASSR sludge were determined using a Triton Electronics Type 319 Multi-CST
apparatus in accordance with standard method 2710 G. Capillary Suction Time. Soluble fractions
of sludge were obtained by first centrifuging whole sludge samples for 15 minutes at 9000 rpm,
followed by filtration of centrate through 0.45 μm mixed cellulose esters water membrane filters
using a vacuum pump.
The volume of ASSR biogas collected was determined by pumping the contents of the 80
L gas bag, via vacuum, through a wet tip gas meter. The number of tips recorded by the wet tip
gas meter was converted into an equivalent total gas volume based on the calibration of the
meter. Biogas constituents, including methane and hydrogen, and percentage of each were
determined through the use of a gas chromatograph in accordance with standard method 2720 C.
Gas Chromatographic Method. An Agilent Technologies model 7890A GC System utilizing
helium as the carrier gas was used for gas composition measurement.

3.3.2 Ion Chromatography Analysis
Quantification of ions was performed in accordance with standard method 4110 B. Ion
Chromatography with Chemical Suppression of Eluent Conductivity using a Metrohm 850
Professional IC with 858 Professional Sample Processor. Anions measured include chloride,
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nitrite, nitrate, orthophosphate and sulfate. Cations include sodium, ammonium, potassium,
calcium and magnesium. Ions were measured in soluble fractions of pilot plant influent, effluent
and ASSR sludge. Soluble samples were stored in a refrigeration unit at 4°C and most were
preserved by acidification through the addition of sulfuric acid to a pH of less than 2. Acidified
samples attained an abnormally high concentration of sulfate due the addition of sulfuric acid
and as such sulfate concentrations in these samples were not reported.
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4.0

RESULTS & DISCUSSION

4.1

Pilot Plant Performance & Comparison to Amherst WWTF
Pilot Plant data presented in this study were collected between the dates of May 16th,

2012 and July 16th, 2012. Amherst WWTF data were gathered from May 22nd, 2012 to July 18th,
2012. In all subsequent figures, including those for the AWWTF and the pilot plant, day zero of
operation corresponds with May 16th, 2012. For the period of data collection presented in this
study the pilot plant was seeded with thickened activated sludge collected from the RAS pumps
of the Amherst WWTF on May 1st, 2012. The ASSR was filled with anaerobic sludge from a
previous pilot plant operational period and allowed to digest in a batch mode for a period of
about 10 days prior to pilot plant startup. Biogas generated during this startup period was
collected and removed from the system on May 1st and the gas bag was replaced with an
identical empty bag. No significant additional biogas generation was observed after
reintroduction of the ASSR to the activated sludge system until near the end of the month of
June.
Several operational difficulties arose during the pilot plant startup period of May 1st
through May 16th, primarily associated with consistent clogging of the influent piping system. In
the week prior to pilot plant startup the Amherst WWTF removed one of two macerators used for
preliminary treatment for maintenance. While grinding of rags and debris continued with the
remaining macerator, no trash removal was possible as that macerator lacked the capability to do
so. As a consequence the 1 inch PVC raw influent line frequently clogged and required a
frequency of backwashing not possible with manual operation. An additional motorized ball
valve and solenoid valve were installed on May 16th (day zero of operation) to provide automatic
backwashing on a semi-hourly basis. The ASSR heating blanket failed on Monday, May 6th with
no replacement available. A hot water bath with a temperature controller and recirculation pump
attached to tubing coiled around the ASSR was used to provide heating in place of the heating
blanket. A temperature of 30°C was the warmest attainable using this method. Despite a lack of
fully mesophilic temperature conditions (~37°C) biogas generation proceeded after about a
month and half long acclimation period.

27

4.1.1 Influent/Effluent Solids and COD Removal
The influent and effluent total suspended solids (TSS) and volatile suspended solids
(VSS) values for the pilot plant and AWWTF are shown in Figure 4 and Figure 5, respectively.
Primary effluent was considered as plant influent in the case of both the pilot plant and the
AWWTF. In the case of the pilot plant, water exiting the stage two primary clarifier was
considered plant influent. For the first two weeks of operation very poor solids removal was
observed in the pilot scale plant, however after further acclimation, along with continuing pH
adjustment the system overall began to perform more satisfactorily, generally producing an
effluent TSS of less than 20 mg/L. In comparison, the AWWTF consistently met and exceeded
permit requirements in terms of TSS removal, often attaining effluent TSS of less than 10 mg/L.
This difference can most likely be attributed to superior secondary clarifier design in the full
scale Amherst plant. Unfortunately, a suitably low-rotations per minute motor could not be found
to power continuous sludge scraping within the pilot plant secondary clarifier which resulted in
biological denitrification within the clarifier. The formation of nitrogen bubbles within the
sludge blanket contributed to sludge rising issues which frequently caused increased suspended
solids measurement in the pilot plant effluent as well as washout of some biomass.

Figure 4: Pilot Plant Influent/Effluent Solids
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Figure 5: Amherst WWTF Influent/Effluent Solids

Figure 6 and Figure 7 depict the percent removal effectiveness of solids for the pilot plant
and AWWTF, respectively. The Amherst plant consistently achieved a high removal rate of
solids, except on day 21 where low influent TSS negatively skewed the removal rate. After an
acclimation period the pilot plant generally performed well except on day 40 where unusually
low influent TSS and poor settling coincided to produce a negative removal rate.

Figure 6: Pilot Plant Percent Solids Removal
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Figure 7: Amherst WWTF Percent Solids Removal

The pilot plant performed far better at organics removal as can be seen in Figure 8 where
the total chemical oxygen demand (tCOD) was on average about 43 mg/L after the acclimation
period. Figure 9 shows similar, although much better, performance of the Amherst WWTF with
an average effluent tCOD of about 30 mg/L. A fairer comparison of organics removal can be
made between the pilot and Amherst plants as COD removal depends solely on the biological
processes and not on the mechanical capabilities of the secondary clarifiers.

Figure 8: Pilot Plant Influent/Effluent COD

While the secondary clarifiers produced significantly different effluent suspended solids
and total COD concentrations, the pilot and Amherst primary clarifiers on the other hand
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consistently produced total COD concentrations in the plant influents of similar average values
of about 200 mg/L.

Figure 9: Amherst WWTF Influent/Effluent COD

Figure 10 and Figure 11 show that the conventional Amherst plant produced only slightly
better average total organics (tCOD) removal at 81% whereas the pilot plant removed an average
of 79% after the acclimation period. Both the pilot and Amherst plants displayed nearly identical
average soluble COD (sCOD) removal over the sampling period at about 70% and 69%,
respectively.

Figure 10: Pilot Plant Percent COD Removal

31

Figure 11: Amherst WWTF Percent COD Removal

Based on both total and soluble COD removal it can be said that the ASSR process,
represented by the pilot plant, does not significantly affect the overall COD removal efficiency
of the activated sludge process. The effect of the ASSR process on suspended solids removal,
however, is much less clear. Future studies of the ASSR process at the pilot scale will need to
employ a more robust and sophisticated secondary clarifier design in order to determine this
result effectively.

4.1.2 General Performance Indicators
The pH of each sampled location in the pilot plant over the course of the sampling period
is presented in Figure 12, including plant influent, sampled from the stage two primary clarifier;
activated sludge (AS); thickened activated sludge (TAS); ASSR sludge; and plant effluent,
sampled from the secondary clarifier. While the plant influent had a relatively constant pH of
about 7 throughout operation, the pH of sludge within the system fluctuated greatly within a
range of 5.6 to 7.5. The acclimation period, consisting of day 0 to day 14 of operation, saw
generally low pH within the pilot plant followed by general pH normalization of all sample
points to pH above 6.5, despite frequent fasting events due to influent clogging. It is unknown
what caused the sudden decrease in pH around day 32 along with high turbidity in the effluent,
but an apparent recovery was observed the following week. Decrease in pH of the sludge was
again observed around day 46, prompting a 25% increase in sodium carbonate dosage to increase
available alkalinity. An additional increase in sodium carbonate dosage was applied on day 56.
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The pH in the ASSR sludge was generally quite close to 7, regardless of the pH of the
activated sludge at that time. Ammonia release in the ASSR is thought to contribute to extra
alkalinity and hence more stable pH. Methanogenic bacteria proliferate most readily within a pH
range of 6.5 to 7.2 according to Appels et al. (2008) which lends support to the hypothesis that
methanogens can survive and grow within the environment of the ASSR. In comparison to the
pilot plant, the pH of the activated sludge, influent, and effluent of the Amherst plant rarely fell
below 7 and never rose above 7.8. No pH adjustment was performed by the Amherst WWTF
staff as the conventional process used had a sufficiently short SRT. A plot of Amherst plant pH
is available in Appendix C.

Figure 12: Pilot Plant pH

Dissolved oxygen (DO) in the pilot plant activated sludge was consistently above the
minimum desirable concentration of 2 mg/L at a range of 3 to 6.5 mg/L. Generally the DO
concentration dropped as the activated sludge grew in concentration over time, which is to be
expected given that the oxygen demand for respiration of the bacteria should increase as the
population increases. DO concentrations over time in the secondary clarifier surface were
consistently above 2 mg/L, showing that the secondary clarifier HRT was sufficiently short
enough to prevent depletion of DO. However, DO readings were not made within the sludge
blanket which would have been more useful in determining whether denitrification was
occurring. A plot of DO over time is located in Appendix B.
Dewatering characteristics of pilot plant activated sludge and ASSR sludge indicated an
acute loss in dewaterability as the activated sludge underwent anaerobic digestion. A plot of
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sludge dewaterability over time is presented in Appendix B. The capillary suction time (CST) of
the sludge gave a general indication of the ease with which water could be separated from the
sludge by measuring the length of time needed for water to be pulled out of the sludge through
capillary suction. While throughout the period of data collection the ASSR sludge was generally
around 20% thicker than the activated sludge, the length of time needed to dewater the ASSR
sludge was on average about 90% longer. Hydrolysis and solubilization of organic compounds,
along with increased particulates, in the sludge is thought to contribute to reduced dewaterability
by clogging the pores within the CST paper.
The calculated sludge volume index (SVI) as well as the directly measured SV30 values
for the pilot plant activated sludge are shown in Figure 13. The settled volume of 1 liter of
activated sludge in a graduated cylinder after 30 minutes of quiescent conditions yielded the
SV30 values, in mL of sludge per L of total liquid. SVI gives an overall indication of sludge
settleability while incorporating the MLSS concentration into the SV30 value, and is defined as
the volume of sludge settled in mL occupied by 1 g of dry solids. An SVI value of less than 200
mL/g is generally considered desirable in a full scale WWTP, however, an ideal target value can
be found experimentally.

Figure 13: Pilot Plant Sludge Settleability

The SVI of the pilot plant sludge initially was at its highest throughout operation during
the acclimation period but improved dramatically after stabilization of pH, as can be seen by
comparing Figure 12 and Figure 13. Around day 35 destabilization of pH may have led to
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increases in SVI. The last week of operation saw a gradual improvement in settling
characteristics as pH was once again brought under control. A clear correlation between pH and
settling exists and so future operation of the pilot plant should include very careful pH control to
encourage more consistent settling characteristics. The average Amherst WWTF SVI hovered
below 250 for most of the data collection period as shown in Appendix C. These consistent data
are most likely due to the Amherst WWTF’s more consistent operating conditions.

4.1.3 Biogas Generation
Table 2 shows both the volume and composition of biogas generated within the pilot
plant ASSR between days 44 and 51 of operation. Volume of gas is given at atmospheric
pressure and room temperature (22°C in the lab). Gas generation was only observed after day 44
and was first sampled on day 51. Some gas generation continued but no further sampling was
performed during this study. On average, anaerobic digester biogas consists of approximately
65% methane according to Appels et al. (2008). The relatively small fraction of methane gas in
the pilot plant ASSR is most likely due to the significant initial presence of air in the headspace
of the ASSR. When the gas bag was empty the headspace of the ASSR occupied a volume of
approximately 100 liters. By the time the ASSR became fully anaerobic it is logical to assume
that the headspace gas was largely composed of nitrogen. Assuming that the biogases and
nitrogen from the ASSR headspace were completely mixed when the gas bag was sampled,
it can be calculated that the total generated biogases contained about 71.6% methane. This value
is much closer to the expected range of 65 to 70% methane in typical anaerobic digester biogas
(Appels, Baeyans, Degreve, & Dewil, 2008) (Metcalf & Eddy, 2003, p. 1523). Hydrogen gas
was not detected.
Table 2: Pilot Plant Biogas Production (Day 44 – Day 51)

Measured Estimated
Gas
Measured Estimated mL CH4 Gen mL CH4
Generated
CH4 (%)
CH4 (%)
/ g VSS Gen / g VSS
(L)
Destroyed Destroyed
46.9
22.9
71.6
53.0
165.6

The average difference in concentration between the volatile suspended solids entering
and leaving the ASSR was considered the amount of VSS destroyed by the ASSR during the
period of biogas production. Using the measured percentage of methane, the volume of methane
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generated per mass of VSS destroyed was equal to 53.0 mL/g over a 1 week period. A higher
ratio of gas generation to solids destroyed was calculated at 165.6 mL/g when using the
estimated percentage of methane. Although, the estimated ratio was nearly three times greater
than the measured ratio, the overall volume of methane generated per mass of solids destroyed
by the pilot plant ASSR was significantly less than the typical range of values given by Metcalf
& Eddy (2003) of 750 to 1120 mL/g. This result may indicate that the significant reduction of
solids in the ASSR process is not due solely to conversion of organics within the ASSR into
biogas, but may be due to a more significant conversion of organics in the aeration basin into
carbon dioxide gas. If carbon continuously enters the pilot plant via influent, and relatively
insignificant amounts of carbon leave via effluent, biogas generation, and sludge wasting, then it
is logical to assume that carbon is either accumulating within the system or it is escaping as
carbon dioxide gas.

4.1.4 Ion Quantification
Ion measurements for the soluble fractions of pilot plant influent, effluent and ASSR
sludge are presented in Figure 14, Figure 15 and Figure 16, respectively. Pilot plant influent
appears to be very stable over time with respect to all ions except ammonium, which varied
between 20 and 26 mg/L.

Figure 14: Pilot Plant Influent Soluble Ion Concentration

A near constant concentration of magnesium in the influent of below 5 mg/L and highly
fluctuating values in the effluent show that significant quantities of chemically added magnesium
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(from magnesium chloride) washed out in the effluent unused by biological flocs. On average
about 9.25 g of magnesium entered the pilot plant via influent and about 22.60 g exited in the
effluent per day over the operational period. Nearly 12 g of elemental magnesium was injected
into the system each day along with pH adjusting chemicals, a value not too distant from the
average 13.35 g increase in magnesium concentration between the influent and effluent. The
positive effects of magnesium chloride injection should be further evaluated in future
experiments as it appears that the entirety of chemicals injected wash out in the effluent unused
by the biomass. It was expected that some detectable amount of divalent cations, including both
calcium and magnesium, would have been incorporated into the biomass floc structure.
However, it appears that the amount of divalent cations required by the biomass within the ASSR
process was much less than expected.
Nearly complete removal of ammonia occurred between the pilot plant influent and
effluent throughout the period of sample collection, as can be seen by comparing Figure 14 and
Figure 15. Nitrification appears to occur very completely within the aeration basin as virtually no
ammonium remains in the effluent. This is most probably because of the very long SRT of a
system using the ASSR process. However, nearly equivalent concentrations of nitrate were
always present in the effluent indicating that simultaneous nitrification and denitrification were
not occurring. Nitrite began appearing in noticeable concentrations between day 40 and 56 and
continued to increase implying that less complete nitrification was occurring during that time.

Figure 15: Pilot Plant Effluent Soluble Ion Concentration
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Although fairly significant phosphate release occurred within the ASSR throughout
operation, as shown in Figure 16, very little overall change in phosphorus concentration took
place between the pilot plant influent and effluent. Overall it appears that enhanced biological
phosphorus removal did not take place indicating that polyphosphate accumulating organisms
did not comprise a significant fraction of the biomass in this iteration of the ASSR process.

Figure 16: Pilot Plant ASSR Soluble Ion Concentration

By comparing all three soluble ion figures it becomes apparent that there is very little
change in overall calcium concentrations. Figure 16 in particular shows that there was little to no
release of calcium or magnesium within the ASSR. A lack of nitrate and consistent release of
ammonium within the ASSR, however, indicates that a fully anaerobic environment was
maintained throughout Pilot Plant operation. A consistently dark brown to black color of ASSR
sludge corroborated this claim. Although the first few weeks of operation proved to release more
phosphate and ammonium than throughout the rest of the data collection period, good solids
destruction and solubilization of organic matter continued.

4.1.5 Solids Retention Time and Sludge Yield
The SRT of the overall pilot plant system over time is presented in Figure 17. A strong
correlation between suspended solids in the effluent and the SRT exists, which can be seen by
comparing Figure 4 and Figure 17. Generally, higher suspended solids in the effluent account for
lower SRT values as the total amount of solids exiting through the effluent is much greater than
that leaving the system through manual wasting. Manual wasting of activated sludge remained at
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a rate of less than 1% of the total biomass throughout the data collection period, meaning that
even marginal increases in suspended solids concentrations in the effluent would account for
large variations in the SRT over time. While the pilot plant maintained an SRT of at least 20
days and an average SRT of about 55 days, the Amherst WWTF has sustained an almost
unchanging SRT of 10 days, due to very consistent wasting of sludge and suspended solids
concentrations in the effluent.

Figure 17: Pilot Plant Solids Retention Time

In terms of overall sludge reduction the ASSR process (pilot plant) appears to succeed in
comparison to a CAS system (AWWTF). Table 3 shows the sludge yield values for the Amherst
WWTF and the pilot plant in terms of mass of volatile suspended solids (sludge) generated per
mass of COD consumed by the biomass. Three different fractions of COD were used for yield
calculations including total COD, soluble COD and filtered flocculated COD (ffCOD).
Flocculation of total effluent samples was accomplished by adding zinc sulfate as a flocculating
agent followed by the raising of pH by addition of sodium hydroxide. Flocculated effluent
samples were then vacuum filtered through 0.45 µm membrane filters to produce ffCOD samples
for measurement. Specific details about ffCOD measurement are provided in Appendix D.
Table 3: Amherst WWTF and Pilot Plant Yield Values

Amherst
Pilot

tCOD
0.24
0.14

Yield (g VSS/g COD)
sCOD
0.71
0.34
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ffCOD
0.38

Yield values for the Amherst WWTF were calculated using data collected between day
13 and day 44. Pilot plant yield values were calculated using data points collected between day
36 and day 61. Large differences between total and soluble fraction yields indicate that a very
significant fraction of substrate that is utilized for biomass growth is particulate in nature, and is
not accounted for in soluble or filtered flocculated yield calculations. Therefore total COD is the
fraction of COD that must be considered in order to obtain meaningful yield values when
treating whole raw wastewater. Many studies typically use soluble fractions of COD exclusively
for yield calculations, which may be sufficient if completely soluble synthetic wastewater is used
as influent, but when treating real wastewater particulate fractions of COD must also be
accounted for. As can be seen Table 3 in terms of total COD the pilot plant produced an overall
sludge yield of about 58% of that of the conventional Amherst plant, meaning about 42% less
waste sludge was produced by the ASSR process as compared to the conventional process while
producing nearly equivalent soluble organic matter removal rates.

4.2

Sludge Digestibility Study
The comparison of sludge digestibility between the Amherst WWTF and the pilot scale

plant was performed using activated sludge samples collected from the aeration basin of each
plant on day 47 of operation. Batch digestion proceeded for a period of 14 days. By day 1 of
digestion both sludge digesters produced a dark brown, almost black, color, indicating fully
anaerobic conditions, although the Amherst WWTF sludge acquired and maintained a slightly
darker color throughout the digestion period. As can be seen in Figure 18 and Figure 19 the
Amherst and pilot plant activated sludges displayed very similar trends in both solids destruction
and solubilization of chemical oxygen demanding materials. However, the initial concentrations
of sludge in each digestion flask were not similar in value due to the differing starting activated
sludge concentrations and compacting characteristics of each.
Despite the much lower initial concentration of solids in the Amherst WWTF sludge a
much more significant amount of solubilization occurred than in the pilot sludge. A difference in
soluble organics (sCOD) release of about 300 mg/L occurred on days 2, 4 and 14. It is
hypothesized that the reduction in soluble COD from day 4 to day 14 is due mainly to the
conversion of solubilized organic matter into biogas, as this period was the only time at which
gas generation was visibly observable by the expansion of the gas bags. From day 4 to 14 very
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little total solids destruction was observed within the Amherst WWTF sludge, however the pilot
plant sludge continued degrading. Gas generation was observed within the pilot plant batch
digester beginning on day 4 and continued throughout the study. In comparison, very little biogas
was observed within the Amherst WWTF digester and gas generation was not noticeable until
the last few days of the digestion period.

Figure 18: Batch Digestion Comparison of Total Solids and Volatile Solids

Figure 19: Batch Digestion Comparison of Soluble COD

Overall solids reduction and gas generation data for the batch digestions are presented in
Table 4. In terms of total solids reduction the Amherst WWTF and pilot plant sludges performed
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very similarly. However volatile solids reduction was about 5.5% greater in the Amherst sludge.
While the conventional activated sludge, represented by Amherst, generally digested better in
terms of solids destruction, the pilot plant sludge displayed about 78% more biogas generation.
In addition, the fraction of methane in the generated biogas was much greater in the pilot plant
digestion, indicating a much more significant population of methanogens was present in the pilot
sludge than that in the conventional process. Figure 19 and Table 4 together appear to indicate
that the ASSR process allowed for much more effective conversion of sludge solids into biogas
usable for energy production, as less solids reduction occurred overall, less solubilization of
organic matter occurred and more methane and overall biogas generation occurred.
Table 4: Batch Digestion Percent Solids Reduction and Gas Generation

Amherst
Pilot

Percent Solids
Reduction
Total
Volatile
24.2
33.3
23.6
27.8

Gas Volume
Generated
(mL)
255
1180

%
Methane
3.9
47.1

mL CH4 / g
VS
4.5
226.2

mmol CH4 /
g VS / day
0.01
0.67

In terms of rate of amount of methane generated per mass of volatile solids destroyed per
day, the pilot plant sludge digestion greatly exceeded that of the Amherst WWTF sludge
digestion. However, the study of Gavala et al. (2003) produced a methane generation rate of
about 1 mmol methane/g VS/day for mesophilically digested secondary sludge, about 1/3 greater
than the 0.67 mmol/g/day exhibited by the pilot plant digestion. Hydrogen gas was detected in
neither the Amherst WWTF nor the pilot plant biogas samples.
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5.0

CONCLUSIONS
A pilot scale version of the ASSR process was continuously operated for a period of two

and half months using raw municipal wastewater as substrate. Sampling of the pilot scale ASSR
process was performed alongside that of a full scale conventional activated sludge WWTP.
Subsequent data analysis resulted in the following general conclusions about the ASSR process.


At the pilot scale, the ASSR process generated about 42% less waste sludge than
a full scale CAS process WWTP.



The addition of an ASSR to an activated sludge system did not significantly affect
the activated sludge process total or soluble organics removal effectiveness.



Batch anaerobic digestion of ASSR process activated sludge generated
significantly more methane than that of conventional activated sludge during a 2
week digestion period, most likely due to a considerable population of
methanogens already active within the ASSR system.



External chemical addition of alkalinity was necessary to maintain pH conditions
favorable for good sludge settling characteristics and an anaerobic environment in
the ASSR because of long SRT associated with the ASSR process.
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6.0

FURTHER RESEARCH
Original research goals that were not practical to implement during the course of this

study include several parameters such as Extracellular Polymeric Substances (EPS)
measurement, DNA analysis, as well as Total Nitrogen (TN) and Total Phosphorus (TP)
measurement. Subsequent addition of these measurement parameters to future pilot plant
operation would provide further insight as to the mechanisms of sludge reduction in the ASSR
process at the pilot scale. EPS measurement for example would aid in identifying the fractions of
sludge that are most favorably degraded within the ASSR and the aeration basin, thereby
confirming or denying the results shown in the study of Chon el al. (Chon D.-H. , Rome, Kim,
Park, & Park, 2011). Characterization of the types of bacteria present in the ASSR could be
performed using DNA analysis allowing the testing of the hypothesis put forth by the same lead
author where it is believed that anaerobic bacteria survive repeated exposure to aerobic
conditions in the aeration basin and are re-activated within the ASSR (Chon D.-H. , Rome, Kim,
& Park, 2011). TP will be essential in determining the fate of phosphorus compounds within the
ASSR system as a buildup of phosphates within the system is likely due to the low sludge
wasting rates inherent to the process. TN would be useful in concluding whether simultaneous
nitrification and denitrification can occur within the ASSR process by allowing fractionation of
nitrogen, and therefore a mass balance of nitrogen within the system.
In order to provide more conclusive data as to the efficiency and feasibility of the ASSR
process at the pilot scale, the pilot scale plant should be continuously operated for as long as
possible. A continuous operational period consisting of at least 90 days of steady state operating
conditions should be used as all data collected up until this point has been sampled from
operational periods of less than 2 months from start up to shut down. In addition mass balances
on nutrients such as nitrogen and phosphorus within the system should be examined over time to
determine the fate of such nutrients.
Several engineering improvements should be implemented at the pilot plant in order to
better facilitate steady operating conditions in the future. Firstly, the influent peristaltic pump
frequently clogs and currently the only feasible method of removing blockages from the pump
tubing is to manually stop the pump and then pump it in reverse. A modification to a standard
peristaltic pump controller where the pump direction would be controlled by powering one of
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two circuits (having two power cords for example) rather than using a switch and one power cord
could allow automatic reversal of the pump at specific time intervals, thereby avoiding
interruptions in wastewater feed to the plant.
The secondary clarifier is also in need of an upgrade as there is no automatic scraping
system in place to continuously remove settled sludge from the bottom of the tank. As a
consequence sludge rising, and subsequently biomass loss over the weirs, occurs due to
denitrification in the sludge blanket. A steel rod scraper with rubber pads was fabricated and
previously installed into the clarifier. The scraper was powered by a 1 rpm geared electric AC
motor that proved to cause too much mixing of sludge, and subsequently inhibited settling.
Effluent quality was negatively affected. The scraper system was removed and once daily
manual scraping was performed instead. If a more suitably slow speed mixing motor could be
found to power the scraper the pilot plant could be further automated, as well as possibly
increasing performance of the secondary clarifier in terms of solids removal from the effluent.
Finally, a new heat source should be found for maintaining mesophilic temperature
conditions within the ASSR. Two thermal heating blankets were used until failure throughout
operation of the pilot plant. Either a more reliable and efficient source of temperature control
should be implemented or more funding will have to be attained in order to continue purchasing
thermal blankets.
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APPENDICES
Appendix A: Yield Plots
Pilot Plant Yields

50

Amherst WWTF Yields
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Appendix B: Pilot Plant Data
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Appendix C: Amherst WWTF Data
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Appendix D: Flocculated and Filtered COD Protocol
Protocol
Flocculated and filtered COD (ffCOD)

-Add 1 mL of 100g/L zinc sulfate solution to 100 mL of wastewater sample
-Mix sample vigorously for approximately 1 minute
-Adjust pH of sample to approximately 10.5 using 6M NaOH solution
-Allow sample to settle; withdraw supernatant and save for test
-Filter supernatant through 0.45µm filter
-Analyze filtrate for COD

From: Melcer, Henryk (Brown and Caldwell) et al., 2003. Methods for Wastewater Characterization
in Activate Sludge Modeling. Water Environment Research Federation.
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