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(ABSTRACT)

The performance of Biostyr media using an upflow biofilter scheme was
investigated. Three separate Modes that varied the organic strength of the influent at an
operating temperature of '12°C were evaluated to explore how nitrification and
denitrification responded to different concentrations of biodegradable COD loadings.
Effluent suspended solids and observed yield coefficients were also analyzed along with
ways to determine kinetic parameters. Combinations of primary and secondary effluent
were used as the influent using domestic wastewater from a primary sewer of the
Blacksburg VPI Sanitation Authority, in Blacksburg, Virginia, located on the Virginia
Tech Campus.

Reduction of nitrification rates was observed in the aerobic reactor at
biodegradable COD loadings to the aerobic biofilter of 2.2 kg/day/m’ and greater.
Complete denitrification was observed in the anoxic tank at biodegradable COD loadings
to the anoxic biofilter of 7.5 kg/day/m’ and greater. Above this value, denitrification was
limited by the available amount of NOx-N. An optimum influent biodegradable COD

loading rate of 7.5 kg/day/m’ to the anoxic biofilter and 2.2 kg/day/m’ to the aerobic



biofilter was experimentally demonstrated for simultaneous nitrification and denit-
rification.

When secondary effluent was fed to the reactors, complete nitrification was
observed indicating success in terms of ammonia polishing. @ However, low
concentrations of influent biodegradable COD limited the ability for the anoxic reactor to
denitrify. Thus, it was determined that the addition of an external carbon source would
need to be implemented to denitrify when using low strength secondary effluent.

Effluent total suspended solids were consistently below 20 mg/L indicating that
secondary clarification would not be needed for this reactor scheme. The combined
observed yield was consistently around 0.2 (mg-VSS/mg-COD consumed) or less.
However, the evaluation of separate anoxic and aerobic yields was inconsistent when
averaging data over 5 days, because of the recycle of biomass from the aerobic reactor
back to the anoxic reactor.

The kinetic parameters, q'y.x nr and K’y gy were calculated by plotting
nitrification rates as a function of ammonia concentration. These coefficients were
calculated by using separate segments within the media under less than optimal
conditions. It was determined that analyzing the whole system rather than segments
would be better suited for kinetic parameter analysis. However, there was not enough
collected data to achieve this. Thus, ranges identifying further influent biodegradable
COD loadings were recommended for later research to better a complete kinetic

parameter evaluation.
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CHAPTER 1. INTRODUCTION

Wastewater treatment plant effluents have been a major source of the nutrients,
nitrogen and phosphorus, entering surface waters. These nutrients have contributed
substantially to the degradation of water quality and the deterioration of fisheries. To
limit wastewater nutrient discharges, increasingly stringent effluent standards have been
enacted requiring extensive upgrading of conventional wastewater treatment plants.
Upgrading often means construction of larger wastewater treatment facilities creating a
problem where land is not readily available. The economic impact of upgrading plants is
also of concern. In an effort to minimize the land and economic impacts of upgrading
wastewater treatment plants, more innovative means of wastewater treatment are being
explored and implemented.

One such method consists of operating aerated biofilters. This compact process
combines aeration and clarification in one unit by using different types of media for both
filtration and biofilm attachment. The most recognizable and understood aerated biofilter
is the Biocarbone downflow process. Biocarbone aerated filters have been used for ten
years on primary settled influents and more than one hundred plants are operating in
Europe, North America and Japan (Adachi and Fuchu, 1991).

To further increase performance and simplify operation of the aerated biofilter, a
new upflow biofilter system has been recently developed (Rogalla and Bourbigot, 1990).

This process uses floating media consisting of polystyrene beads known as Biostyr media.



~The upflow design on the floating media integrates both an aerated and a non-aerated
zone to remove nitrogen completely in one compact unit. Lower air requirements,
simplified backwashing, lower reactor volumes, less odor and resistance to shock
loadings are all proposed as advantages of the Biostyr process over the Biocarbone
process.

A variety of pilot tests have been performed to define the limits of upflow
biofilters treating different wastewaters at low temperatures (Rogalla, Franci and
Rambaud, 1992). Demonstration plants have been implemented in the cities of Paris and
Rambouillet, France. Also, an industrial scale pilot plant was installed at the sewage
treatment plant of Nyborg, Denmark in 1992 to verify under what conditions the upflow
biofilter could achieve very low nitrogen residuals. The results from these three plants
proved the upflow biofilter process to be a very efficient technique for removing nitrogen
and carbon from wastewater in accordance with European Guidelines. As a result,
several large plants have been constructed throughout Europe and success has been
reported. However, the limits of upflow biofilters has yet to be investigated in the United
States. Also, extensive examination of varying the organic strength of the influent to
these reactors has yet to be explored.

The objective of this research was to investigate upflow filters using Biostyr media
by varying the organic strength of the influent. Using initial conditions wherein the
effluent characteristics met satisfactory standards, the systems were overloaded in terms

of carbon and nitrogen loadings to determine the limits of the Biostyr process. The



purpose of varying the organic strength of the influent and overloading the reactors was to
obtain more detailed knowledge of how upflow biofilters react over a larger range of
carbon and nitrogen loadings than previously reported, thus improving the scientific and
engineering understanding of a process that's relatively new in the United States.
The specific objectives of this research were to:
1) Identify the conditions and ranges over which the system would nitrify and
denitrify relative to the influent COD at a temperature of 12°C.
2) Identify the nitrification, denitrification, and COD uptake rates in terms of
the volume of media and location in the tanks.
3) Identify the frequency of backwashing and the sludge yield of the separate
stages.

4) Investigate kinetic parameter analysis.



CHAPTER 2. LITERATURE REVIEW

ACTIVATED SLUDGE

The activated sludge process was first introduced in 1914 and today is the most
widely used process for biological wastewater treatment (Arden and Lockett, 1914). Four
factors are customary in defining the activated sludge process: First, a flocculant slurry of
microorganisms is suspended in solution to remove soluble and particulate matter from
the influent. Second, a secondary clarifier is used for sedimentation to remove the
produced organisms from the flow stream to produce an effluent that is low in suspended
solids. Third, settled biomass solids from the clarifier are removed and recycled back to
the bioreactor to increase the biomass concentration and to stimulate biodegradation.
Finally, excess solids are wasted to control the mean cell residence time (MCRT).

Activated sludge basins are typically open tank reactors equipped with mechanical
devices to transfer oxygen and to provide adequate mixing conditions to ensure
suspension of the microorganisms. Typical devices include diffused air (coarse and fine
bubble), jet aerators, submerged turbine aerators, and fixed or floating mechanical
aerators. If the aeration device does not provide adequate mixing, mechanical mixers are
used.

The secondary clarifier provides separation of the flocculant biomass and
thickened settled solids for return to the basin. Typical secondary clarifiers are either
circular or rectangular however, the configuration has less impact on process performance

than the reactor configuration as long as the clarifier is sized properly. The clarifier
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typically contains an overflow weir and effluent collection launder and a settled solids
collection device.

Due to the long history of the activated sludge process, a great number of named
configurations exist. In the 1980's, increasing demand for the removal of nitrogen and
phosphorus from wastewater (biological nutrient removal) brought about the BNR
process. BNR places selector zones (anaerobic and anoxic) in front of the aerobic zone.
The anaerobic zone permits the growth of bacteria such as Acinetobacter which are
responsible for phosphorus removal. The anoxic zone permits the heterotrophic growth
of bacteria such as Pseudomonas and Flavobacterium which are responsible for the
removal of nitrates and nitrites (NOx) in a process known as denitrification. The
wastewater is recycled from the aerobic tank where nitrification has produced the NOx
for the anoxic zone (Randall ez al., 1992).

It has been well established that using anaerobic and anoxic zones reduces the
need for oxygen in the aerobic zone due to the COD removal that is accomplished by
denitrification and phosphorus removal (Randall et al., 1992). A 20% reduction in
aeration demand can be achieved by the incorporation of an anoxic zone (Dold et al.,
1987). Other advantages of BNR include reduced chemical addition, reduction of the
amount of sludge wasted, and one half of the alkalinity is restored during denitrification

which is lost during nitrification.



NITRIFICATION AND DENITRIFICATION
Nitrification and denitrification simultaneously remove nitrogen from wastewater.
Nitrification is the process of oxidizing ammonium-N to nitrite-N and nitrate-N (Randall
et al., 1992). Nitrosomonas is the chief bacterium involved in oxidizing ammonia-N to
nitrite-N. Nitrobacter is responsible for oxidizing nitrite-N to nitrate-N. The two step
nitrification process is expressed as followed:
2NH," + 30, ==> 2NO, +4H" + 2H,0 2.1
2NO, + O, ==>2NOy; 2.2
Nitrification takes place in an aerobic reactor where oxygen serves as the electron
donor. Denitrification takes place without the presence of oxygen in anoxic reactors
where carbon is needed to reduce the nitrates and nitrites to nitrogen gas. The nitrogen
gas is then released into the atmosphere. The two step reaction using methanol as the
carbon source is expressed as follows:
6NO; + 2CH,0H ==> 6NO, + 2CO, + 4H,0 2.3
6NO, + 3CH,0H ==> 3N, + 3CO, + 3H,0 + 60H" 24
The activated sludge process is capable of producing an effluent that is low in
total nitrogen and phosphorus. However, due to space and monetary constraints, there is
a great demand for treatment processes that are compact and less expensive (Rogalla et

al., 1991).



FIXED FILM

Biological fixed film reactors offer several potential advantages over conventional
activated sludge processes. Advantages include simple operation, compact reactors (i.€.,
reduced land area requirements) and high efficiency even during shock loads (Bacquet et
al, 1991). Fixed film processes were introduced in the late 19th century with the
development of rock media trickling filters (Harremoes, 1982) . They were used heavily
in the 1940's and 1950's. However, due to the development of more stringent effluent
requirements, their use declined. In the 1960's, the development of plastic media for
trickling filters proved to be an adequate means of wastewater treatment. Using plastic
media proved to be less energy intensive sparking a new interest in fixed film biological
processes (Grady, 1983). In the early 1970's, rotating biological contactors (RBC's)
emerged. The major concern after the development of trickling filters and RBC's was the
lack of effluent clarity, even if a sedimentation tank was used at a latter stage of the
treatment process (Fuchu and Nakamura, 1988). As a result, in the late 1970's aerated
biofilters were developed using submerged packed media, serving the purpose of
biodegradation along with filtration.

The common objective of using media for fixed film processes is to provide a
support means by which high concentrations of biomass can grow creating a biofilm. A
successful media is one that provides a high specific surface area, good holding capacity,
and does not allow overgrowth of biofilms. The goal is to allow nutrients to penetrate the

deeper layers of the biofilm, thus creating a compact and efficient means of



biodegradation (Lessel, 1991). A good biofilm is very stable when treating shock loads
because the large amount of biomass that has accumulated on the media improves the cell
retention time of the system. Thus, mixed liquor concentrations are not increased
allowing normal operation of the secondary clarifier. The large amount of fixed biomass

in the system also reduces sludge handling.

TRICKLING FILTERS

The trickling filter works as a heterogeneous bioreactor in which the biomass is
fixed on the filter media. Wastewater flows downward and trickles over the packing
surface allowing a progressive colonization of microorganisms to form slime layers
(Pearson, 1965). Organic material from the wastewater is adsorbed onto the slime layers
or biofilm. In the outer portions of the biofilm (0.1 to 0.2 mm), the organic material is
degraded by aerobic microorganisms. As these organisms grow, the thickness of the
biofilm increases, and the diffused oxygen is consumed before it can penetrate the full
depth of the biofilm. Anaerobic bacteria consequently form near the surface of the media.
As the biofilm population grows, the slime layer increases in thickness until nutrients are
not able to reach the surface of the media. As a result, the biofilm structure becomes
weak and is sloughed off by the liquid flow. A new biofilm then begins to grow. This
process known as "sloughing", is a function of the organic and hydraulic loading on the

filter.



Trickling filter media usually consists of plastic material designed in round,
square, and other shapes with depths varying from 14 to 40 ft. Due to the random
packing arrangement, the wastewater is directed along preferential flow paths responsible
for a partial wetting of the media. The non-wetted zones in the trickling filter are not
colonized and do not contribute to the biodegradation of the organic matter. This partial
wetting consequently limits the performance of the trickling filter (Crine et al., 1990).

The trickling filter was introduced at the end of the 19th century in Great Britain
and is one of the oldest forms of fixed film technology for biological wastewater
treatment. It derived from primitive wastewater disposal where sewage periodically was
spread over sandy ground at intervals, allowing the sand to dry between the dosing
periods. Later, the sand was replaced by stones, but the operation remained the same.
The limitations of these early contact filters included high incidences of clogging which
required long rest periods which limited the amount of organic loading. This led to the
introduction of the first trickling filter which combined stone-packed filters with aeration
(Gujer and Boller, 1986).

Stone-packed trickling filters were used until the 1950's when more stringent
effluent requirements proved to be beyond the capacity of the standard designs. As a
result, in 1960, the introduction of plastic media was seen. The advantages of using
plastic media included a higher specific surface area, lighter weight design, higher

stability at shock loads, and reduced energy requirements.



The trickling filter was used in the United States throughout the 1960's but again
fell victim to higher effluent requirements in the 1970's. They again reappeared in the
1980's with the development of the Trickling Filter/Solids Contact (TF/SC) process
which uses physical and biological flocculation features to transform the poor quality of
the trickling filter effluent into an effluent equal to the best activated sludge process
(Parker et al., 1990). In 1988, the Biofilm-Controlled Nitrifying Trickling Filter
(BCNTF) process was developed and was deemed to render even higher rate operation
and less cost associated with nitrification as compared to the activated sludge process.

Trickling filters used for COD removal gained a poor reputation in the 1970's in
the U.S. because they typically could not meet the federally mandated monthly average
treatment levels of 30 mg/L for both BOD, and SS except at low loadings (Gujer and
Boller, 1986). The poor effluent quality was due to the high level of dispersed solids
present in the trickling filter underflow. The introduction of an aerated solids contact
tank and a flocculation clarifier (TF/SC) after the trickling filter allows these dispersed
solids to flocculate ensuring their removal in the secondary clarifier. Solids are recycled
from the clarifier back to the aerated solids contact tank to develop a suspended growth
culture for added biodegradation of pollutants. A nitrifying trickling filter (NTF) is then
added downstream of the clarifier to oxidize ammonia. The process is capable of
producing an effluent of 10 mg/L for both BOD, and SS. However, this process has been

criticized that its operation has become too difficult (Matasci et al., 1986).
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The BCNTF process simultaneously removes COD and SS along with ammonia
supposedly lowering the cost and operational difficulties associated with the TF/SC
process. To achieve this simultaneous reaction, the total organic loading has to be
reduced so that nitrification can exist. However, Parker et al., found that it was actually

less expensive to use a nitrifying filter at the end of the TF/SC process.

ROTATING BIOLOGICAL CONTACTORS (RBC'S)

The rotating biological contactor was first developed in the 1930's however, they
were not used commercially until the 1960's (Antonie et al., 1974). An RBC unit consists
of several circular disks made of polyethylene or polyvinyl chloride, closely spaced and
mounted on a rotating drive shaft. Microorganisms collect on the disks and form biofilms
as the disks rotate, partially submerged, in the wastewater. The slow rotation of the disks
sequentially exposes the biofilm to the wastewater and the atmosphere thus allowing
adsorption of both substarte and O,. Rotation also provides the mechanism for both
removing excess solids from the disks by shearing action and maintaining the sloughed
solids in suspension so they can be transported from the unit to a clarifier. Rapid
microorganism growth is reported to occur on the disks (Sen, 1995). The biofilm can
reach a thickness of up to 3mm. Full scale RBC's can have disks up to 12 ft. in diameter
mounted on 16 in. shafts. Rotation speeds range between 1 and 2 RPM for large and

small discs, respectively.
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RBC design has presented a number of problems for design engineers (Smith and
Brandy, 1982). Smith and Brandy summarized the design problems in a keynote address

to the First International Conference on Fixed-Film Biological Processes:

The present state-of-knowledge is such that there is no single best design
procedure or set of relationships that are universally applicable. No well-defined
theory of RBC design and operation is accepted by all RBC manufacturers.
Activated sludge, trickling filters and most other wastewater treatment processes
may be designed and constructed without significant dependence upon equipment
proprietors. This is not the case with RBC technology. Design engineers who
have selected RBC technology are extremely dependent upon proprietors' design
curves. The situation is compounded by the fact that each manufacturer has a
different approach to media fabrication, configuration, shaft attachment and shaft
design. There exist many conflicting stories and opinions as to the suitability of

the alternative equipment for even conventional applications.

Other problems exist with RBC technology. Process failure is often caused by
biological overloading of the RBC media. If organic loading is too high, the biofilm can
become too thick before sloughing off. This thick layer of biomass can reduce the
systems efficiency by filling voids in the media required for oxygenation of the biofilm.
High organic loads can also lead to unbalanced loading of the biomass, causing structural
failure. Other problems include: poor effluent quality, general maintenance headaches,

and the inability to relate scaled down pilot studies to actual full scale plants.
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RBC technology was very promising in the 1960's and is still widely used today.
Introducing O, to the media from the atmosphere can greatly lower the economic burden
of oxygenation. The literature also reports that RBC's can withstand hydraulic and
organic shock loadings absent the problems associated with other secondary treatment
(Murphy and Wilson, 1978). However, Murphy and Wilson report that effluent quality is
rapidly deteriorated when RBC's are presented with shock loads. And the savings
associated with oxygen are offset by the tendency for shaft failure. As a result, the use of

rotating biological contactors for wastewater management is a controversial issue.

INTEGRATED FIXED FILM ACTIVATED SLUDGE (IFAS)

The IFAS process consists of using various types of media and placing them in the
aerobic zone of a conventional activated sludge facility. Several types of media have
been developed for COD removal and simultaneous nitrification and denitrification (Sen,
1995). This media can either be supported by a structure as in Ringlace, or it can be free
floating as in Captor media (Mitta, 1994). The major advantage of the IFAS process is
that upgrading an existing activated sludge plant can be implemented rather easily with
all of the advantages of fixed film technology.

Ringlace is a rope/cord type media constructed of woven threads of
polyvinylidene chloride. This media is installed in frames of aluminum or epoxy coated
steel and spans the entire height of the activated sludge tank. The frames are then placed

in columns of spacing between 5 and 10 cm spanning the entire length of the tank.
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Captor media is small foam cuboids with a porous structure. The pore size can
range from 4 to 20 pores/cm and has dimensions of 25.4 mm x 25.4 mm x 12.5 mm. The
media is placed into activated sludge tanks and is retained in place with the use of
downstream screens. Coarse bubble air scour systems are installed to keep the screens
from clogging. The amount of growth on the media has to be regulated to keep the media
in suspension by using special media squeezing recycle pumps.

Various other types of media are used in the IFAS process. Rigid plastic media
made up of PVC has been used in Maryland (Joppatowne MD WWTP, 1990). Free
floating plastic cylinders have been used by Oldegard ef al. (Oldegard et al., 1993), and
sludge pellets have been employed by Emori et al. (Emori ef al., 1994). These types of
media have all proven to be successful in terms of improving the effluent quality of the
wastewater.

In a pilot plant study conducted by Mitta, various conclusions were drawn after
using Ringlace and Captor media in separate processes (Mitta, 1994). Both types of
media were successful in raising the nitrification rates of the BNR systems. The Captor
media tended to be superior in terms of nitrification over the Ringlace. Addition of both
media types into the aerobic zones of activated sludge processes also improved
denitrification in the anoxic zones. Sludge production was decreased when aerobic
MCRT's were less than 4 days, and both media types increased biomass production
without increasing the solids loading to the secondary clarifier. As a result, full scale

implementation of Ringlace and Captor media is under way in the United States.
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Problems using both Ringlace and Captor media have been observed. Sen et al.,
observed the existence of an excessive growth of worms on Ringlace media (Sen ef al.,
1993). The worms have to be controlled by chlorination and by periodically turning off
the air to the aerobic reactors to kill egg development. Problems with the Captor media
included: finite wear of the sponge cuboids, high maintenance due to screen clogging
and biofilm overgrowth, and the tendency for the media to wash out during high flow
periods (Cox Creek MD WREF, 1994).

BIOLOGICAL AERATED FILTERS (BAF)
BIOCARBONE PROCESS

The Biocarbone process was first implemented in 1982 in Soissons, France
(Meunier et al., 1992). The process consists of a granular media bed, usually of vitrified
or kiln fired clay particles. Primary effluent is passed through the media in a downward
gravity flow pattern. The media bed is supported by an underdrain plate that incorporates
plastic nozzles for collecting the treated wastewater and for distributing backwash water
and air. The air supplied to the media results in aerobic growth. Selection of loading
rates allows the system to either remove carbon alone or remove carbon and nitrify
simultaneously. The media also acts as a filter eliminating the need for a secondary
clarifier. As a result, the space requirements of this BAF technology can be up to five
timesl less than for conventional wastewater treatment systems (Rogalla et al., 1991).

Accumulated solids stored in the media and excess biological growth sheared

from the media are backwashed and removed from the bed typically once a day, or on the
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basis of headloss buildup (Bacquet ef al., 1991). The backwash solids are then either
separately thickened or returned to the head of the plant for thickening with the primary
sludge.

The Biocarbone process originally used granular activated carbon media known as
OTV (Fuchu and Nakamura, 1988). OTV has a low specific gravity of approximately 1.6
allowing for ease of air scouring and backwashing. It is also very porous with a high
surface to volume ratio for enhancing biofilm attachment. However, OTV was found to
be too expensive. As a result, Biodamine and Biodagene, both kiln fired clay particles,
were developed. Biodagene is a spherical shaped media that is less subject to abrasion
versus Biodamine. Biodamine is an angular shaped media. Both have a bulk dry density
of approximately 50 Ib/ft’. Nominal diameters for all Biocarbone media is approximately
2 to 8 mm. The smaller the diameter, the better the effluent quality. However, decreasing
the size of the media lessens the possible amount of solids storage creating a larger
headloss buildup requiring a larger backwash frequency.

The Biocarbone process has been implemented throughout France and the United
States since 1982. As a result, reliable correlations between hydraulic loading rates and
effluent quality are seen throughout the literature. Figure 2.1 illustrates the effluent
quality as a function of the influent COD loading rate (Condren, 1990). Table 2.1
illustrates the influent wastewater characteristics from which the correlations were
developed. The data proves that the Biocarbone process is capable of producing high

quality effluent in terms of COD and TSS.
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Table 2.1: Typical Influent Characteristics,

Biocarbone Aerated Biofilters

PARAMETER RANGE
(mg/L)

COD 100-300
TSS 50-150
TKN 15-30
NH4-N 10-25

(Adapted from Condren, 1990)
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Figure 2.2 illustrates % NH,-N removal as a function of the COD loading rate and
the nitrogen loading rate (Condren, 1990). As shown, nitrification is governed by the
organic loading to the Biocarbone unit. An organic loading of greater than approximately
0.19 to 0.22 Ib COD/{t’/day inhibitis nitrification. This inhibition creates concern for the
Biocarbone process when primary effluent must be nitrified in conjunction with COD
removal. Nitrification of secondary effluent, however, is governed mainly by the TKN
loading rate.

Equations exist to predict the various effluent concentrations from the Biocarbone
process. Equation 2-5 predicts the effluent ammonia concentration when primary effluent
is used. The equation was derived from an existing plant in Soissons, France by Condren
(Condren, 1990). Equation 2-6 predicts the effluent ammonia concentration when
secondary effluent is used. This equation was derived by Condren using data from a plant

located in Colombes, France . EBCT is the empty bed contact time.

EFF NH,-N (mg/L) = (INF NH,-N)((INF BOD, /0.13(EBCT))"* / .064(EBCT) 2.5

EFF NH,-N (mg/L) = (INF NH,-N) / .060(EBCT) 2.6

In conclusion, the Biocarbone process has been shown to be capable of meeting
stringent effluent COD and TSS requirements when treating both primary and secondary
effluents. Nitrification can be achieved simultaneously as long as the influent COD

remains below 0.22 lbs COD/ft*/day. Denitrification is not achieved using the
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Biocarbone process unless separate anoxic reactors are used and the recycle of nitrates is
employed. There is also a notable odor that is produced by this process and backwashing
is reported as difficult. As a result, a new upflow filter similar to the Biocarbone process
was created in 1990 (Rogalla et al., 1992).

BIOSTYR PROCESS

The Biostyr process was created in 1990 to further increase the performance and
simplify operation of the aerated biofilter (Rogalla ef al., 1992). Upflow biofilter systems
were used for effluent polishing and were shown to be very efficient for nitrogen removal
in the 1980's (Richard and Faup, 1982).

The Biostyr process uses lightweight, polystyrene beads with diameters of 3-5 mm
for biomass attachment and particle retention. The media occupies approximately two
thirds of the length of a long cylinder column. Wastewater is fed through the column in
an upward flow pattern where it contacts the media. The floating beads permit aeration
within the filter allowing the incorporation of an anoxic zone in the lower one third of the
filter and an aerobic zone in the upper two thirds of the filter. Nitrates are recycled from
the top of the filter back to the anoxic zone. The anoxic zone removes the bulk of the
carbon content through denitrification, thus permitting maximum autotrophic growth
within the aerobic zone for nitrification. The final effluent is then removed from the top
of the column.

The Biostyr media is not fluidised but is compacted into a filter bed by the

upflow. Filtration is carried out in the direction of media compression leading to very low
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effluent suspended solids. Literature values for effluent suspended solids have been
reported as low as 10 mg/L, eliminating the need for secondary clarifiers (Rogalla et al.,
1990). Daily counter-current backwashing removes the excess biomass and retained
suspended solids. The backwashing procedure is greatly simplified using upflow
biofilters because the excess sludge is removed in the direction of gravity. Also, only
clean water is in contact with the atmosphere, whereas primary effluent and backwash
sludges remain enclosed in the bottom part of the reactor, thus decreasing the amount of
odor present.

The industrial scale Biostyr column has a surface area of 22 m’, and the filter
media has a height of 3 m. The anoxic zone height is 1 m and the aerobic zone height is 2
m. The wastewater flow through the filter is approximately 1000 m*/day. The volumetric
loading rate is 15.2 m*/m*/day.

Preliminary research has been conducted on the Biostyr process in Europe.
Industrial size demonstration plants have been implemented in the cities of Paris and
Rambouillet, France. Goncalves et al.(1992), researched the ability of the Biostyr process
to simultaneously nitrify, denitrify, and to remove phosphorus. Table 2.2 shows the mean
concentrations of the wastewater used for this research. Alton P-1 was added to the
process to remove phosphorus and 200% recycle was used.

Goncalves et al.(1992), showed effluent qualities of COD, NH;-N, NO,-N, and
PO,-P to be less than 70 mg/l, 2 mg/L, 15 mg/L, and 2 mg/L, respectively. Nitrification

rates and denitrification rates reached 1 kg/day/m’ at temperatures of 15°C, and no

22



Table 2.2: Mean Concentration of Primary Effluent

for Biostyr Demonstration

PARAMETER) MEAN CONCENTRATION
(mg/L)
coD 480
SUSPENDED SOLIDS 170
NH3-N 50
TKN 62
TOTAL PHOSPHORUS 12

(Goncalves et al., 1992)
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inhibition of nitrification was found. This agrees with published results from Rogalla et
al.(1992), who found nitrification rates of 1 kg/day/m® at COD loadings less than 5

kg/day/m’.

SUMMARY OF RESEARCH NEEDS

The Biostyr process has proven to be an efficient means of wastewater treatment.
Published data has proven that the process is capable of meeting stringent effluent
requirements. However, the limits of the Biostyr process have yet to be investigated in
the United States. Also, extensive examination of varying the organic strength of the
influent to this process has yet to be published. Varying the organic strength of the
influent will allow a better understanding of how the Biostyr process reacts over a larger
range of carbon and nitrogen loadings and will lead to the eventual ability to model the

process.
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CHAPTER 3. METHODS AND MATERIALS

A bench scale pilot plant consisting of two reactors was constructed to investigate
the results of varying the organic strength of influent wastewater to upflow fixed-film
reactors using Biostyr media. The design, operation, materials used and the analytical
procedures followed during the research are presented in this chapter.

BENCH SCALE DESIGN

Figure 3.1 illustrates the two reactors that were constructed in March of 1995.
The original design presented by Rogalla and Bourbigot (1990), integrates both an aerated
and a non-aerated zone to remove nitrogen completely in one compact unit. However, for
the purpose of this research, two separate reactors were used. The reactors were housed
in a well insulated building provided with a thermostat controlled refrigeration and
heating unit to control the temperature within the range of 12 £ 1°C. The reactors were
constructed of clear, cast acrylic tubing with diameters of 6 and 8 inches for the anoxic
aqd aerobic tanks, respectively. Each reactor had 66% of its volume filled with Biostyr
media. The media was 3-5 mm in diameter with a uniformity coefficient of 1.1. The
surface area to volume ratio of the media was 300 ft*/ft. The media was held in place by
using a 1/16" mesh, stainless steel screen at the top of each reactor. Additional volume
was added to each reactor above the screens to limit the possibility of spills due to head
loss. The working volume was defined as the volume up to the point of the screens and
was 10 and 20 L for the anoxic and aerobic tanks, respectively. The actual volume of the

media was 6.6 and 13.3 L for the anoxic and aerobic tanks, repectively. The approximate
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influent flow rate was 185 L/day, resulting in a volumetric loading rate of approximately
9.3 m*/m’/day.

As shown in Figure 3.1, influent was pumped into the anoxic reactor at the bottom
of the tank. The wastewater traveled up through the anoxic tank where it was then piped
into the bottom of the aerobic tank by gravity. The wastewater was then met by
upflowing air and driven through the aerobic tank until it reached the top. The treated
wastewater at the top of the aerobic reactor was then piped into a storage tank used for
backwash. Backwash was performed in a downflow manner allowing excess solids to be
removed by opening a valve at the bottom of each tank. To achieve denitrification in the
anoxic tank, the nitrates at the top of the aerobic tank were recycled at a flow rate of two
times the influent flow rate. Six sampling ports were located throughout the process and
are labeled 1-6. Table 3.1 describes the volume of media for each sampling port and the
abbreviations used throughout this paper.

Valves were installed along the tanks for backwashing and sampling. Barbed
extensions were installed to enable connection of tubing for recycle and continuous flow
from the anoxic tank through the aerobic tank to the backwash storage tank. Tapered
pipe-threaded holes were drilled into the tanks to install the valves, sampling ports and
barbed extensions. The holes were sealed using silicone to prevent leakage. The influent
and recycle flows were controlled using Cole Parmer Masterflex peristaltic pumps with
multiple heads. The aerobic reactor was aerated using compressed air released through

fine bubble stone diffusers.
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BENCH SCALE OPERATION

The raw sewage used during this research was received from a main sanitary
sewer of the Blacksburg-VPI Sanitation Authority. The sewage was pumped directly
from the sewer using a submersible pump and then stored in the pilot plant building for
24 hours before it was pumped into the system. The storage tanks served as primary
settling devices and allowed the sewage temperature to equilibrate to the operating
temperature of 12°C. The settled sludge in the storage tanks was siphoned back into the
sewer to avoid excess sludge accumulation, anaerobic activity and COD consumption.
Sodium acetate, urea, potassium phosphate and sodium bicarbonate were added to the
raw sewage during the filling operation to increase the COD, ammonia, phosphorus and
alkalinity content of the sewage.

On certain days with heavy rainfall, the wastewater drawn from the sewer was
lower in strength because of infiltration. The sewage strength also changed considerably
during certain times of the year, depending on whether or not the students were on
campus. Therefore the sewage strength was measured at regular intervals and the
supplemental chemical doses were added to maintain fairly uniform concentrations of
COD and TKN.

Backwashing was performed using a submersible pump that was placed into the
backwash storage container. This storage container was filled with approximately 40 L of
the effluent from the top of the aerobic tank. The backwash water was introduced at the

top of each reactor creating a downflow flush through the media. A valve at the bottom
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of each tank was opened in order for the excess solids to be removed witﬁout the removal
of the floating Biostyr media. Backwashing was performed when head losses reached a
level that was indicative of clogging. Head loss was analyzed by observing the liquid
levels in the flow lines connecting the reactors.

STEADY STATE MODES

Three separate modes that vary the organic strength of the influent at an operating
temperature of 12°C were used for this research. The three modes were:

1) Using secondary effluent (SE) from the clarifier of an IFAS process using

Captor media (Sen, 1995);

2) Using 50% IFAS secondary effluent, and 50% settled raw sewage (primary

effluent);

3) Using 100% primary effluent (PE);

3A) Using 100% primary effluent with lowered COD loadings to
optimize performance.

In the event of effluent ammonium-N concentrations below 10 mg/L, additional
data was obtained following ammonia and COD spiking of the influent to test the systems
ability to withstand shock loadings. Steady state was considered to be achieved when the
effluent ammonium-N concentrations did not change considerably over time.

The secondary effluent was treated by the IFAS sponge media process with an
MCRT of 1.0 days. At this low MCRT, the sponge media was not able to nitrify but was

able to remove carbon. Thus, the secondary effluent had high ammonium-N
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concentrations of approximately 45 mg/L and very low COD concentrations of
approximately 120 mg/L.
ANALYTICAL PROCEDURES

The laboratory analysis was conducted within 24 hours of sample collection and
filtration. The remainder of the sample was then frozen. If a particular analysis had to be
repeated, the frozen sample was completely thawed by immersing the sample bottle in
warm water. The analytical procedures for laboratory analyses are shown in Table 3.2.
Samples were analyzed at the Virginia Tech Environmental Engineering Lab in
accordance with Standard methods for the Examination of Water and Wastewater (1992).

Table 3.3 illustrates the tests performed at different locations along the tanks for
each mode. The tests were performed every other day until five sets of consistent data
were achieved. The five sets were then averaged to give a final profile for each mode.
The time frame for data collection is located in Appendix A.

During sampling days, the backwash removed from each reactor was emptied into
a 30 L container. The container was then shaken vigorously and 25 ml of sample were
drawn from the container. The purpose of shaking the container was to adequately
achieve a representative average of the backwash total and volatile suspended solids
removed. The average nitrogen contained in the volatile solids of the backwash was
analyzed periodically by TKN analysis and averaged around 12% organic + ammonia

nitrogen for each tank.
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TABLE 3.2: LABORATORY ANALYTICAL PROCEDURES

(VSS)

TEST FILTERED STANDARD COMMENTS
METHOD
CHEMICAL OXYGEN NO 5220 C CLOSED USED .02 N FAS
DEMAND REFLUX
(cob) TITRIMETRIC
METHOD
SOLUBLE COD YES SAME AS COD USED .02 N FAS
(SCOD)
AMMONIUM-N YES 4500 NH3 E AMMONIA SELECTIVE
ELECTRODE USING
ACCUMET pH METER 10;
FISHER 13-620-504 AMMONIA
ELECTRODE B
SOLUBLE KJELDAHL ||  YES 4500 Norg B MICRO LABCONCO DIGESTER
NITROGEN KJELDAHL METHOD
(SKN)
TOTAL KJELDAHL NO SAME AS SKN LABCONCO DIGESTER
NITROGEN
(TKN)
TNITRITE NITROGEN YES ION DIONEX 2010i
| (NO2N) CHROMATOGRAPH || DIONEX 4270 INTEGRATOR
NITRATE NITROGEN YES ION DIONEX 2010i
(NO3N) CHROMATOGRAPH || DIONEX 4270 INTEGRATOR
TOTAL SUSPENDED 2540 D THELCO 105 C OVEN
SOLIDS METTLER H10 BALANCE
(TSS)
VOLATILE 2540 E FISHER ISOTEMP MUFFLE
SUSPENDED FURNACE 550 SERIES
SOLIDS




TABLE 3.3 MATRIX OF TESTS PERFORMED

SAMPLE | SCOD | COD | NHsN SKN TKN NO2N | NOsN | TSS | VSS
PE X X
SE X X X X X X X X X
ANX1 X X X X
ANX2 X X X X
ANX3 X X X X X X X
AER1 X X X X
AER2 X X X X
AER3 X X X X X X X X
ANX BW X X
AER BW X X

BW = BACKWASH




CALCULATIONS

To compare each Mode, biodegradable COD values were calculated. Mode 1
COD values of the influent were relatively low, leading to the assumption that nearly all
of the biodegradeable COD had been previously removed. Any remaining
biodegradeable COD would have been removed during Mode 1 treatment. Thus,
biodegradable COD was calculated by subtracting the SCOD value of the effluent
concentration (33 mg/L) obtained during Mode 1 from the corresponding CODin and
SCOD values from all of the Modes.

The COD uptake rate [(COD,j) (kg/day/m*)] was calculated in terms of the media
that occupied each segment. Equation 3.1 shows how this term was calculated. It was
assumed that most of the COD was in the soluble form once it left segment 1. The term
3Q was the combination of the influent flow (1Q) and the recycle flow (2Q). The term M
was the amount of volume occupied by the media in each segment.

COD; = (COD,, - SCOD,;) x 3Q/M) 31

The observed yield [(Yobs)(mg VSS/mg COD consumed)] was calculated for
both the anoxic and aerobic tanks for each Mode using Equation 3.2. The term Qj,, was
the average amount of backwash removed daily. The term X, was the average
concentration of the volatile suspended solids in the backwash. The term COD,, -
COD,;; was the COD consumed in each tank.

Yobs = (Quy X Xgy) / [(COD,, - CODy,;) x 3Q] 3.2

34



The amount of nitrogen wasted [(N, ) (mg-N/L)] with the backwash was calculated
for each segment using Equation 3.3. It was assumed that nitrogen was removed in the
backwash at the same rate from each of the segments within a given reactor. The average
amount of organic and ammonia nitrogen in the VSS was 12%.

N, =(COD,, - SCOD;;) x Yobs x 0.12 33

The nitrification rate [(Ng) (kg/day/m’)] was calculated for each segment using
Equation 3.4. It was assumed that most of the TKN fraction was converted to ammonia
after segment 1.

Ny = [(TKN,, - NH;-Ny;p) - N, ] x 3Q/M) | 34

The denitrification rate [(D) (kg/day/m®)] was calculated for each segment using
Equation 3.5. The term [(TKN, - NH;-Ng;;) - N;] is the amount of TKN oxidized to
nitrate and nitrite (NOx). This term was added to the NOx value entering the segment to
obtain the total amount of nitrogen removed.

D, = [[(TKN - NH;-Ng,p) - N ] + NOx-N; - NOx-N_;;] x BGQ/M) 3.5

To obtain maximum growth rates and half saturation constants along with

regression analyses, the software package SYSTAT was used.
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CHAPTER 4. RESULTS
The results of the tests conducted on the Biostyr process for COD uptake,

nitrification, and denitrification are presented in this chapter. COD, NH,-N, and NOx-N
profiles along the length of the reactors are presented. Denitrification and nitrification
rates are calculated and are plotted as a function of influent biodegradable COD. The
kinetic coefficients q'y,x yr and K's yr are calculated. Sludge production and effluent
TSS are calculated and are plotted as a function of influent biodegradable COD. Yield
coefficients are determined for each separate mode and reactor and for the combined
biofilter system.
UPFLOW BIOFILTER DATA ANALYSIS

Three separate modes that varied the organic strength of the influent at an
operating temperature of 12°C were used for this research. The three modes are discussed
in Chapter 3. Mode 3 was examined further by lowering the influent carbon
concentration to achieve optimal denitrification and nitrification (Mode 3A). Tables
4.‘1-4.4 list the data averaged over 5 days for each mode along with the standard
deviations. The results of each individual day of testing are presented in Appendix A.
The influent was spiked with additional TKN for Mode 1 and TKN and COD separately
for Mode 3A. The spiked data is presented in Appendix B.

Table 4.5 lists the average nitrification, denitrification and biodegradable COD
uptake rates for the whole process as related to the influent biodegradable COD. Table
4.5 also lists the average sludge produced and effluent total suspended solids. Table 4.6

lists nitrification, denitrification, and COD uptake rates for each segment and each Mode.
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COD ANALYSIS

Figure 4.1 illustrates the biodegradable COD concentrations as a function of the
volume of media. As shown, COD removal was greatest in the influent section (bottom)
of the aerobic biofilter. Biodegradable COD was calculated and plotted to enable
comparisons of each Mode's COD profile. Each Mode proved capable of removing most
of the biodegradable COD as evidenced by residual biodegradable COD concentrations of
9 mg/L and lower.

Figures 4.2 and 4.3 illustrate the COD uptake rates as a function of the volume of
media. The rates are in terms of the volume occupied by the Biostyr media, which has a
surface area to volume ratio of approximately 300 ft/ft’. As shown, COD uptake rates
were greatest in the influent section of both the anoxic and aerobic biofilters. The rates
then decreased along the length of the media. Mode 3A demonstrated the highest
removal rate in the anoxic reactor, which was 9.9 kg/day/m’. Mode 3 demonstrated the
highest removal rate in the aerobic reactor, which was 11.3 kg/day/m’.

Figure 4.4 illustrates the COD uptake rate (COD,, kg/day/m’) as a function of
the biodegradable COD loadings (CODy,; o.p» &/day) for the aerobic reactor. Regression
analysis yielded an R? value of 0.97 for the linear relationship between COD uptake rates
and biodegradable COD loading. This relationship was shown to be true for loadings
below 80 g/day. Equation 4.1 shows this relationship.

COD,, = 0.133(CODy0  oa0) 4.1
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NITRIFICATION

Figure 4.5 illustrates ammonia concentrations as a function of the volume of
media. Ammonia oxidation was most prominent in the influent section of the aerobic
reactor for each Mode. Mode 1 and Mode 3A oxidized most of the NH,-N present in the
influent with ammonia residuals of 0.7 and 3.2 mg/L, respectively. Modes 2 and 3 had
residual ammonia values of 13.6 and 23.4 mg/L, respectively. The anoxic tank removed
small amounts of ammonia for Modes 1, 2 and 3.

Figure 4.6 shows the nitrification rates as a function of the volume of media in the
aerobic biofilter. Nitrification rates decreased along the length of the aerobic reactor for
each Mode. Modes 3A and 1 had the highest nitrification rates observed in the influent
section of the aerobic reactor, which were 0.99 and 0.79 kg/day/m’, respectively.

Figure 4.7 shows the nitrification rates of the aerobic biofilter as a function of the
biodegradable COD entering the reactor. Mode 3A had the highest aerobic biofilter
nitrification rate, which was 0.80 kg/day/m®. As COD loading increased above 29 g/day,
the observed nitrification rates dropped steadily indicating a correlation between reduced
nitrification and COD loading. Modes 2 and 3 nitrification rates were 0.50 and 0.35
kg/day/m’, respectively. The nitrification rate for Mode 1 was 0.50 kg/day/m’; however,
the aerobic biofilter in this case was ammonia limited, as evidenced by the spiked data,
and the maximum nitrification rate was not observed over the 5 day sampling period.

Figure 4.8 illustrates the nitrification rates in the aerobic biofilter as a function of

ammonia concentration using data from Modes 1 and 3A. A Monod type curve was
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obtained. A nonlinear regression was performed on the data using SYSTAT and the
maximum nitrification rate, q',x > Was found to be 1.29 kg/m’/day and the half
saturation constant, K's ,,;, was found to be 7.0 mg/L. The R? value for this regression
was 0.97.

DENITRIFICATION

Figure 4.9 illustrates NOx-N concentrations as a function of the volume of media.
NOx-N values consisted of mainly nitrate-N. Nitrite-N values were customarily below
1.0 mg/L. Modes 2, 3 and 3A all showed NOx-N removal in the anoxic tank with anoxic
residuals of 0.5, 0.5 and 0.2 mg/L, respectively. Mode 1 NOx-N values increased along
the length of both the anoxic and aerobic tanks. Effluent NOx-N values were greatest for
Mode 1 and smallest for Mode 3 at 34.3 and 5.2 mg/L, respectively.

Figure 4.10 illustrates denitrification rates in terms of the volume of media for the
anoxic reactor. Denitrification rates decreased along the length of the anoxic reactor for
each Mode with the exception of Mode 1. Observed denitrification rates were minimal in
the anoxic tank for Mode 1. Mode 3A and Mode 2 had the highest denitrification rates in
the first section of the anoxic tank, which were 2.7 and 2.2 kg/day/m’, respectively.

Figure 4.11 illustrates and compares the denitrification and nitrification rates over
the entire system for each Mode as a function of influent biodegradable COD loading.
Nitrification was greatest for Modes 1 and 3A at influent biodegradable COD loadings
below 50 g/day. Small amounts of denitrification occurred for Mode 1 where the influent

biodegradable COD loading was 15.7 g/day. Denitrification rates were enhanced as the
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influent biodegradable COD loadings were increased but dropped as nitrification rates
decreased. Mode 3A proved to be optimum for combined nitrification and denitrification,
i.e., at influent biodegradable COD loadings of 50 g/day or 7.5 kg/day/m’.

Figure 4.12 illustrates the denitrification rate as a function of NOx-N entering the
biofilter segments for Modes 2, 3 and 3A. Denitrification rates were very low when
NOx-N concentrations were below 2 mg/L, indicating NOx-N limitation. Above NOx-N
concentrations of 2 mg/L, denitrification rates increased steadily. The maximum
denitrification rate was not determined because of the lack of data for conditions where
both COD and NOx-N concentrations were not limiting.

Figure 4.13 illustrates the amount of biodegradable COD consumed as a function
of the denitrification rate when sufficient COD was present. A linear relationship was
developed with an R? value of 0.93. The slope of the line was found to be 4.3, meaning
for every mg/L of nitrate lost in the anoxic reactor, an average of 4.3 mg/l of COD was
consumed.

SLUDGE PRODUCED, EFFLUENT SS, AND YIELD COEFFICIENTS

Figure 4.14 illustrates the sludge produced and effluent total suspended solids as a
function of influent biodegradable COD. The effluent total suspended solids and sludge
produced increased as the influent biodegradable COD increased. Effluent total
suspended solids ranged from 6.0 to 18.0 mg/L. and was mostly biomass. The sludge
removed in the backwash ranged from 2.6 to 15.2 g/day. The amount of nitrogen in the

sludge averaged around 12% which consisted of organic and ammonia nitrogen.
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Figure 4.15 illustrates the apparent yield observed in both the anoxic and aerobic
tanks for each Mode. Backwashing was not performed on the aerobic tank of Mode 1 due
to the consistency of effluent ammonia values and the lack of any considerable headloss.
Anoxic observed yields ranged from 0.222 to 0.370 (mg-VSS/mg-COD consumed).
Apparent aerobic observed yields ranged from 0.112 to 0.156 (mg-VSS/ mg-COD
consumed). Standard deviations of the VSS concentrations in the backwash ranged from
+130 to £234 mg/L.

Figure 4.16 compares the observed sludge yields of the combined biofilter system
for the different operating Modes. The results were more consistent for the combined
biofilter system than for the anoxic and aerobic biofilters analyzed separately. The
observed yield was greatest during Mode 3A with a value of 0.214 (mg-VSS/ mg-COD
consumed). Modes 1, 2 and 3 observed yields averaged 0.170 (mg-VSS/ mg-COD
consumed) with very little variation.

SPIKED DATA

Mode 1 was spiked with additional TKN. Mode 3A was spiked with additional
TKN and COD separately. The data is presented in Appendix B.

Mode 1 spiked data indicated that the aerobic biofilter could nitrify up to 13.0 g
TKN/day which was 6.3 g TKN/day more than it oxidized during normal operation.
Mode 3A spiked data indicated that separate increases in either TKN or COD resulted in
ammonia breakthrough in the effluent. Nitrification and denitrification rates remained

approximately the same for both spiked conditions of Mode 3A.
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CHAPTER 5. DISCUSSION

Analysis of the results of each experimental Mode in terms of nitrification,
denitrification, COD uptake, effluent TSS, sludge produced, and yield coefficients are
discussed in this Chapter. Kinetic coefficients are also discussed along with ways for
improving kinetic parameter analysis.

EFFECT OF COD LOADING ON NITRIFICATION

Figure 5.1 illustrates the effect of COD loading on nitrification for the aerobic
biofilter. COD loading resulted in reduced nitrification for the aerobic biofilter when the
biodegradable COD loading rate was 2.2 kg/day/m’ or greater. Below this value, TKN
limited nitrification, as evidenced by an observed increase in the rate of nitrification when
spiking with additional TKN as shown in Figure 5.1. Reduced nitrification could have
been due to a proliferation of heterotrophic organisms growing on the outer layers of the
biomass on the media, thus reducing oxygen transport to the inner layers of the biofilm
where autotrophic organisms have been shown to grow.

An effort was made to increase the nitrification rate by increased backwashing. It
was thought that more backwashing would slough off the outer layers of the biomass,
thus allowing greater oxygen transport to the inner layers. However, increased
backwashing did not stimulate the performance. In fact, increasing the backwashing rate
could have been responsible for lowering the SRT (sludge age) of the aerobic biofilter,
thus reducing nitrification rates also. However, no data was collected to determine the

sludge age of the system.
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MODE ANALYSIS

Mode 1 nitrification was limited by TKN as evidenced by the spiked data in
Appendix B. Nitrification rates for the whole system were capable of reaching total
values of 18.8 g TKN/day which corresponds to 0.94 kg/day/m’ in terms of the total
media in the anoxic and aerobic reactors. The total volume of media in both the anoxic
and aerobic reactors (20 L) was used for this calculation because a substantial amount of
nitrification was achieved in the anoxic biofilter for Mode 1. This nitrification in the
anoxic biofilter was probably due to the recycle of highly oxygenated water from the top
of the aerobic reactor. DO concentrations in the effluent were consistently measured
above 10 mg/L. Spiked data indicated that the aerobic biofilter was capable of oxidizing
13.0 g TKN/day which corresponds to 0.98 kg/day/m’ in terms of the total media in the
aerobic reactor.

Mode 1 denitrification was limited by the low values of biodegradable COD.
Biodegradable COD loadings to the anoxic tank for Mode 1 averaged 4.3 kg/day/m’. To
achieve complete denitrification using this secondary effluent, additional COD would
have to be added.

Nitrification rates for Modes 2 and 3 were reduced by higher loadings of
biodegradable COD. Modes 2 and 3 denitrification was limited by the smaller amounts
of NOx-N produced as a result of reduced nitrification. This was evidenced by residual

NOx-N values of less than 1.0 mg/L at the top of the anoxic column (Tables 4.2, 4.3).
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Mode 3A was examined to find an optimum point for simultaneous nitrification
and denitrification. Mode 3A nitrification was found to be at its maximum as evidenced
by the spiked data in Appendix B and average effluent ammonia concentrations of 3.2
mg/L. Any addition of TKN or COD separately created breakthrough of ammonia from
the aerobic column. A maximum nitrification rate of 0.99 kg/day/m® was seen for Mode
3A in the first section of the media. The entire aerobic column achieved a nitrification
rate of 0.79 kg/day/m’. Denitrification was again limited by the amount of NOx-N as
evidenced by residual NOx-N values of less than 1.0 mg/L at the top of the anoxic
column (Table 4.4). When biodegradable COD loadings to the anoxic reactor were
greater than 7.5 kg/day/m’, complete denitrification was present.

Each Mode was capable of removing the bulk of the biodegradable COD as
evidenced by low effluent biodegradable COD values. Close to 100% removal efficiency
was shown for each Mode in terms of biodegradable COD. However, there was a
substantial amount of non-biodegradable COD that was present in the effluent.
Non-biodegradable COD concentrations averaged around 50 mg/l in the effluent.

Each Mode proved to adequately retain solids as evidenced by effluent total
suspended solid concentrations of less than 20 mg/L. These low effluent concentrations
indicated that a secondary clarifier would not be needed for the Biostyr process. TSS
values increased as COD loadings increased. This was due to increased biomass
production which broke through the screen at the top of the aerobic column. Excessive

backwashing did not prevent minor breakthrough of the biomass from occurring.
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A linear relationship between influent biodegradable COD and the amount of
sludge produced was evidenced by Figure 4.15. The R? value for this correlation was
0.97 which indicates a very good relationship. On average, for every 5.6 grams of COD

that was loaded to the system per day, 1 gram of sludge was produced per day.

OBSERVED YIELD COEFFICIENTS

The observed anoxic yield coefficients were found to be higher than the aerobic
yield coefficients. One reason for this was the fact that biomass was being released from
the aerobic reactor and was recycled to the anoxic reactor where it was trapped. Also,
very high standard deviations were present in the sampling of the backwash VSS.
Standard deviations for the backwash VSS reached values as high as £234 mg/L.. This
indicated that five days of data was not sufficient in terms of analyzing separate reactor
yield coefficients. The anoxic and aerobic yield coefficients were used to calculate the
nitrification and denitrification rates (Equations 3.3-3.5); however, their influence on the
total calculation was only between 1-10 %.

Consistent observed yield coefficients were obtained when analyzing the
combined biofilter system (Figure 4.16). The highest observed yield of 0.214
(mg-VSS/mg-COD consumed) was obtained in Mode 3A where simultaneous

denitrification and nitrification was optimal.
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KINETIC COEFFICIENTS

Kinetic coefficients for nitrification as a function of ammonia concentration were
calculated using the segments for the cases when COD loadings were below 2.2
kg/day/m’. The values for ',y r (Maximum growth rate) and K' ; (half saturation
constant) were 1.29 kg/day/m’ and 7.0 mg/L, respectively. The R’> value for this
relationship was 0.97 which indicated a very good correlation. The values were obtained
from Modes 1 and 3A using segments 4-6 in the aerobic column. The reason for using q'
and K', as opposed to q and K, was to indicate that these values were obtained under
conditions where TKN was limiting as in Mode 1. Optimal conditions for this analysis
would have been to operate under conditions where TKN was not limiting. Equation 5.1
shows the equation for the nitrification rate as related to the ammonia concentration when
biodegradable COD loadings were below 2.2 kg/day/m’.

N; = (1.29 x NH,-N)/ (7.0 + NH;-N) 5.1

Kinetic coefficients were intended to be calculated for this process as a function of
COD for each segment. Nitrification as a function of COD in the aerobic column
intuitively should have shown a decrease in nitrification rates as the COD concentration
was increased. This was the case when the whole aerobic column was studied as
evidenced by the smooth curve in Figure 5.1. However, this was not the case when the
data was plotted by segments as evidenced by Figure 5.2. One reason for this scatter
could have been that backwashing in a downflow manner sloughed off the majority of the

attached biomass and any biomass within the interstices of the media at the top of the
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column. The sloughed and interstitial biomass was then relocated at the beginning of the
column. The curve shown on Figure 5.2 is what was expected when analyzing the effect
that COD has on the nitrification rates for each segment.

To adequately determine kinetic coefficients that relate the correlation of COD on
reduced nitrification, the system would need to be studied using the entire aerobic
biofilter when TKN was not limiting. This was done for Modes 2, 3, and 3A, but three
points do not allow an adequate regression analysis. To obtain a good correlation for this
phenomena, at least two more Modes would need to be studied at COD loadings between
Modes 3A and 3 when COD impacted nitrification substantially.

The ability to determine kinetic coefficients relating denitrification to COD was
also not shown for this research as evidenced by Figure 5.3. Figure 5.3 relates
denitrification rates to COD loadings when NOx-N concentrations in the segment were
above 2.0 mg/L (Not NOx-N Limited). The curve shown on Figure 5.3 is what was
expected when analyzing the the effect tht COD has on the denitrification rates for each
segment. To adequately determine these kinetic coefficients, the system would again
need to be modeled by using the entire anoxic biofilter. The COD loadings would need to
be between Modes 1 and 3A, and additional NOx-N would need to be added to ensure
that NOx-N was not limiting. This would also allow an adequate determination of how
much COD is used during denitrification. For this research, an average of 4.3 mg/l of

COD was used per mg/l NOx-N lost.
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Figure 4.4 indicated a relationship between COD uptake rates and biodegradable
COD loadings to each segment for the aerobic reactor. The R? value for this relationship
was 0.97 which indicated a very good correlation. This linear relationship indicated that
the biodegradable COD concentrations were never within maximum substrate levels, thus
maximum COD uptake rates were never achieved. If the system would have been loaded
with even higher amounts of biodegradable COD than the amounts loaded to Mode 3,
eventually, COD uptake would have reached a maximum. However, as evidenced by
Figure 5.1, nitrification would have been minuscule. Hence, maximum growth rates in
terms of COD uptake would never be reached under the conditions of the research if

nitrification was the goal.
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CHAPTER 6. CONCLUSIONS

Nitrification in the aerobic biofilter decreased as a function of the biodegradable
COD loading at loadings of 2.2 kg/day/m®and greater. This reduction was
probably due to a proliferation of heterotrophic growth in the outer layers of the
biomass on the media, thus creating reduced oxygen transport to the inner layers
containing autotrophic growth. Also, the sludge age could have been lowered as
the result of greater biomass loss during backwashing, resulting in the washout of

nitrifiers.

Under the conditions of these experiments, complete denitrification occurred in
the anoxic biofilter when biodegradable COD loadings were above 7.5 kg/day/m’.
Above this value, the performance of the anoxic biofilter was limited by the

available amount of NOx-N.

Simultaneous nitrification and denitrification occurred when influent
biodegradable COD loadings were around 7.5 kg/day/m’ to the anoxic biofilter
and 2.2 kg/day/m’ to the aerobic biofilter (Mode 3A). This loading rate was

concluded to be the optimum point of operation for this reactor scheme.

Total suspended solids of the effluent were always below 20 mg/L indicating that

secondary clarification would not be needed for the Biostyr process.
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The combined system observed yield value averaged 0.18 (mg-VSS/mg-COD
consumed) and variation was small, from 0.166 to 0.214. However, separate
anoxic and aerobic observed yields were very inconsistent due to recycle as
evidenced by very high standard deviations of the solids in the backwash. This
indicated that 5 days of data collection was not adequate in terms of analyzing

the solids in the backwash.

Effluent ammonia residuals were consistently below 1.0 mg/L. when secondary
effluent was treated (Mode 1). This indicated that this reactor scheme was
successful in terms of effluent ammonia polishing. However, to denitrify

secondary effluent, carbon addition would need to be implemented.

The kinetic parameters, q'y,,x nr a0d K's yr Were calculated to be 1.29 kg/day/m’
and 7.0 mg/L, respectively. These coefficients were calculated by using separate
segments within the media where TKN was limiting for part of the data. It was
determined that analyzing the whole system rather than by segments would be
better suited for kinetic parameter analysis. However, there was not enough
collected data to achieve this. Thus, ranges identifying further influent
biodegradable COD loadings were recommended for later research to obtain a

better and more complete kinetic parameter evaluation.
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RECOMMENDATIONS FOR FURTHER RESEARCH

The results of this study indicated that further investigation of the effects of COD
loading on the Biostyr process should be pursued to adequately calculate kinetic

parameters. Based upon these results, the following recommendations are made:

1. Analyze the entire anoxic and aerobic biofilters rather than by separate

segments within the media.

2. Investigate at least two more points between aerobic biodegradable COD
loadings of 2.2 and 5.7 kg/day/m’ to adequately determine the correlation

between higher COD loadings and reduced nitrification.

3. Operate the system at influent biodegradable COD loadings of 7.5
kg/day/m’ with added NOx-N to the anoxic biofilter to identify maximum

denitrification rates.

4. Investigate at least three more points between anoxic biodegradable COD

loadings (influent) of 2.4 and 7.5 kg/day/m’ to adequately determine the

effects of COD limitation on denitrification.
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APPENDIX A

(Data from each day for each Mode)
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