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ABSTRACT

Aeration is a major part of the operation cost in biological aerated filtration (BAF)
systems for wastewater treatment. This thesis investigated the effect of reducing aeration
at the City of Windsor’s Lou Romano Water Reclamation Plant to find the lowest
possible airflow while maintaining a satisfactory ammonia and biological oxygen demand
(BOD) in the BAF effluent. A series of tests were conducted at different airflows in cell
#7 at the plant to find the lowest possible airflow while maintaining a satisfactory
ammonia and biological oxygen demand (BOD) in the BAF effluent. Profiles of
temperature, dissolved oxygen, pH, BOD, ammonia and nitrate concentration were
measured along the height of the cell and at different time intervals during filtration, at air
flow rates varying from 1300 to 1700 m*/h per cell. This study found that the BOD and

ammonium removal were satisfactory at 1300 m’/h airflow rate.
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CHAPTER ONE
INTRODUCTION

1.1 General

A wastewater treatment plant is a facility designed to remove contaminants from
wastewater originating from different sources such as households, industries and surface
runoff. Different types of treatment systems are available depending upon the influent
characteristics of the wastewater and the desired effluent characteristics of the facility.
Historically, wastewater treatment consisted of simple screening followed by settling of
the solids. However, fine particulate matter and dissolved organic matter are not
efficiently removed by these processes. If not removed from the wastewater, this organic
matter degrades in the receiving water body, such as a lake or river, and in so doing
consumes oxygen. In fact, biological oxygen demand (BOD) is a measure of organic
matter in wastewater and a criterion for wastewater effluents. To remove BOD,
secondary treatment is added, which is typically a process where the wastewater is
aerated to accelerate the decay process and consume the organic matter. The activated
sludge process is the conventional secondary treatment process. But this method requires
a large treatment area and it works very slowly during high inflow into the system. More
recently, regulators of municipal discharges have imposed maximum ammonia
concentration limits which cannot be achieved simply by using activated sludge as the

secondary treatment.

1.2 Biological aerated filter (BAF)
1.2.1 Overview

Biological aerated filter (BAF) is one of the newest secondary treatment methods. It is
able to remove nitrogen (ammonia) as well as organic matter. BAFs are submerged,
aerated, fixed-film reactors where biological organisms are used to remove organic
matter and ammonia, and suspended solids (SS) are filtered out by granular media. The
first commercial full scale BAF was in operation in Soissons, France in 1982 (Wang et
al., 2009). After that, a large number of BAF systems were introduced in Europe, Japan
and North America.



The granular media is submerged in the reactor and fed wastewater after removal of some
solids by primary settling (clarifying). Treated wastewater enters the BAF at the top or
the bottom depending upon the design of the plant. Air is diffused upward through
granular media during operation. Coarse or fine media is used to facilitate microbial
growth in the system. The air promotes the growth of biomass in the voids of the media
by providing the required oxygen for the organisms. Simultaneous SS and nitrogen
removal can be obtained with upflow BAF reactors. The head loss increases in the media
as biomass grows on the granular media and influent SS is trapped. A level of maximum
allowable head loss is determined, and after that backwash is required to return the
system again to original working condition. A series of air scour and treated water flushes

occur during this backwash process.

Backwash

| BAF - ¢
Plant S Effluent t0
. ystem
Influent Headworks Pri Pumplng Treated disinfection
- » rimary Station | — Water
Clarifier

Process

Air

Air Scour /8\ Backwash

Water

Figure 1.1: Typical BAF wastewater treatment plant

BAF has the following advantages over a conventional activated sludge process:

e no secondary clarifier is required which is cost efficient,
e it requires relatively less space,
o relatively less operator attention is required,

o the BAF can be in operation over a wide range of temperatures and loadings, and



o rapid startup of the system is possible.

However, sufficient knowledge and strong operational control is required by the plant

operator. Poor control can cause failure of the whole system.
1.2.2 Degrémont Bofor® (Degrémont Inc., 1991)

Biofor® is the trademark of an upflow single-stage biological aerated filter system
introduced by Degrémont Inc. The single stage configuration provides the highest air
flow where the highest amount of pollutant is present. The Biofor® installation mainly

consists of:

e a set of parallel identical cells made of concrete. They are rectangular pits with
approximately 140 m” surface area and 6 m of water depth. The number of cells in
the plant depends upon the design loading.

e amechanical setup in the pit for wastewater entrance equipped with a screen.

e aset of diffusers for air flow provided by blowers.

e prefabricated perforated slabs to support the media.

e for the collection of treated and wash water from the reactor, two front mounted
surface sloping weirs are installed. These weirs are protected by a material trap to
eliminate turbulence during the washing cycle.

e a water collection trough to take away the treated water which is common to four
parallel cells and a common backwash water collection trough to take the wash
water back to the primary clarifiers.

e the media used by Degrémont Inc. is named “Biolite”. Two types are available-
Biolite® 2.7, which are 2.5-2.9 mm in diameter, and Biolite® 3.5, which are 3.2-

3.8 mm in diameter. It is a clay-like, baked granular material.

The BAF operation mainly consists of two cycles: a treatment (filtration) cycle and a

washing cycle.

In the treatment cycle, primary treated wastewater is introduced into the cell through the

feeding channels in the bottom of the reactors. A continuous upflow of process air is



introduced concurrently when the cell is in use. Treated water overflows into the trough

and is sent for disinfection.

In the washing cycle, treated water is used to wash the media when either the maximum
allowable head loss is achieved or the maximum filter duration has elapsed. During wash
the air flow rate is the same as the filtration phase but the water flow rate is almost thrice
the normal value. A couple of wash cycles are performed in about 40 minutes. A strong
backwash is used once every two weeks, in which double the airflow is used and the
water flow rate is about six times normal. Around 10-15 % of the treated water is used for
the wash cycle. Then the cell is ready to filter, but if the wastewater flow rate is low it
enters “standby” mode. In this mode process airflow is required for 5 minutes per hour in
order to give the required oxygen to keep the microorganisms active for future use (called

oxygenation).

Treated
Water

Process
(Oxygenation)

Wash Water

Loosening '
Raw Water
(Scour)
Air

Figure 1.2: BIOFOR" BAF (adapted from Degrémont Inc., 1991)

1.2.3 Lou Romano Water Reclamation Plant (LRWRP)

West Windsor Pollution Control Plant was first introduced in 1969. Until 2007, it used
chemical precipitation and flocculation in the primary clarifier to obtain an enhanced
primary treatment of wastewater. In 1990, the City of Windsor began a pilot study to find

the best possible secondary treatment facility. In phase one, four alternatives: biological



trickling filter, rotating biological contractors (RBC), biological aerated filter and
modified activated sludge process (ASP) were tested to find the best choice for the City.
In phase two, a BAF and a modified ASP were studied further. Phase two started in 2002
and it was concluded that the modified ASP had a comparatively higher cost. Then two
types of BAF systems: Biostar® (Biostar Systems Ltd.) and Biofor® (Degrémont Inc.)
were tested for the City of Windsor and better results were obtained with the Biofor®
system. The secondary treatment expansion started in 2003 by using Biofor® technology
and was completed in 2007. The BAF consists of 16 cells, which is the second largest
such system in Canada, after Quebec City (52 cells). At present, the plant has an ultimate
capacity of 227 MLD. The plant receives wastewater from South Windsor, a combined

riverfront interceptor sewer and wastewater from the Town of La Salle.

The surface area for each BAF cell is 140 m* with 5.94 m water depth. The settled media
height is 3.9 m. The process airflow is variable between 1300 m’/h and 1900 m’/h per
cell. Biolite® 2.7 media was used in the LRWRP BAF. The average water velocity is 6
m/h for each cell, with a 21 ML/d average treatment capacity. Figure 1.3 shows the
LRWRP BAF in operation.

1.3 Objectives

It was observed that the BAF effluent water had a high dissolved oxygen (DO)
concentration (>5 mg/L). In a conventional ASP, the water leaving secondary treatment
has no more than about 2 mg/L DO, because the biological consumption of the organic
matter has been completed at this point. It was felt that the high DO in the BAF effluent
was unnecessary, and reducing it could save energy and money through lower aeration
blower use. The objective of the current study was to find the effects of reduced aeration

in the BAF at LRWRP.



Figure 1.3: LRWRP BAF cell # 7 in various modes of operation: a) filtration, showing
the treated water flowing into the catchment trough; b) backwash, showing the lowered
water depth and the wash water entering the wash water trough; c) in standby with

oxygenation; and d) in standby without oxygenation showing the sampling ports

1.4 Scope

The scope of this study included finding:

e the BOD and DO values at various height in the cell, under different aeration

rates,



the nitrogen (ammonium and nitrate) values throughout the cell at different
heights under different aeration rates,
the nitrogen mass balance in the cell, and

the re-aeration coefficient.



CHAPTER TWO
REVIEW OF LITERATURE
2.1 General

BAF‘s are aerated, fixed, granular, immersed filter beds which carry out two
simultaneous functions: organic matter transformation by the biomass which grows on
the granular media and suspended particles retention through the same media (Pujol et
al., 1992). The focus on BAF has increased significantly by researchers because of its
lower consumption of energy and chemicals. In wastewater treatment plants, reduction of
space, aeration operation energy and use of chemicals, are the three main factors where a

huge cost savings can be possible.
2.2. Nitrogen conversion in BAF

Ammonium ions can be removed from the system in several ways. The common method
is to remove nitrogen by nitrification which is a two step process where ionized ammonia
is oxidized first to nitrite (NOz_) and then nitrite is oxidized to nitrate (NOs).
Nitrosomonas and Nitrosospira oxidize ionized ammonia (ammonia) to nitrite while

Nitrobactor and Nitrospira do the rest (Gerardi, 2006).

Nitrosomonas and Nitrosospira

NO, +2H + energy

v

NH," + 1.50,

Nitrobactor and Nitrospira

v

N027+ 0.50, NO37+ energy

In this process, nitrification is used as a prime method to remove ammonia by converting
it to nitrate in the water. This requires a high aeration rate to supply sufficient oxygen and
maintain sufficient energy needs in the system. Moreover, as nitrifying bacteria can
gather very little energy from the nitrification process, their bacterial growth and
reproduction is relatively low. Only 0.06 kg of nitrifying bacteria can be produced from

every kg of ammonia nitrification (Gerardi, 2006). Another limitation in this process is



that nitrifying bacteria are only active and reproduce between 5°C and 40°C. The best
nitrification rate occurs at 30 C but it almost stops below 5 C. Free ammonia loading in
the range of 1-5 mg/d/m’ inhibits selective oxidization and the inhibition highly depends
on ammonia concentration and pH, temperature, DO limit, and growth rate of ammonium

oxidizers over nitrite oxidizers (Truk and Mavinic, 1989).

The second approach is simultaneous nitrification and denitrification in the system. In
this case, aeration energy and chemical use can be reduced effectively as ammonium and
nitrite act as electron donor and acceptor respectively (Han et al., 2001). Denitrifying
bacteria are facultative anaerobic bacteria which use nitrite and nitrate for degradation of

CBOD.

Facultative anaerobic bacteria

6NO; + SCH;0H » 3N,+5C0,+ 60H

Accidental denitrification due to an accidental anoxic condition can happen with poorly
settling solids in the BAF. This is referred as “clumping” or “dark sludge rising”
(Gerardi, 2006). Within the sludge blanket, facultative anaerobic bacteria use nitrite ions
to degrade CBOD which produces N, gas. Many of these gases are taken by floc particles

and cause buoyancy of the solids, and thus solids rise to the surface.

In a biological aerated filter, nitrogen removal is always economical if ammonia can be
nitrified to nitrite and then denitrified in one process. Oxygenation can be reduced 25 %
and electron donor requirements are 40 % less. Moreover, the denitrification rates with
nitrite ions are usually 1.5-2.0 times faster than with nitrate ions (Abeling & Seyfried
1992). Normally, nitrite accumulation studies are performed by controlling different
factors, such as free ammonia concentration, which depends on pH and temperature,
dissolved oxygen (DO) concentration (Kuai & Verstraete, 1998, Turk & Mavinic, 1989)
and the presence of heterotrophic nitrifiers in the system (Rhee et al., 1997). Around 1.0-
5.0 mg/L of NHj inhibited from nitrite oxidation (So-Hyun et al., 2000). A recent study

revealed that, greater than 95 % ammonium removal was possible (up to 2 kg NH;-N m’



3/d) and 60 % of it accumulated as NO, -N when oxygen was limited to 17 mm/s
superficial air velocity in the BAF (So-Hyun et al., 2000).

Denitrification in the BAF can be significantly affected if a high concentration of
suspended solids (SS) is present in the effluent. That is why BAF is commonly applied
after primary treatment in municipal wastewater systems (Payraudeau et al., 2000,
Gilmore et al.,, 1999). Improper treatment of SS can reduce BAF performance by
affecting the mass transfer of oxygen and substrates into the biofilm (Westerman, 2000).
The presence of sufficient carbon accelerates denitrification during the nitrogen removal
process (Henze, 1991). In most of the cases researchers proposed a nitrification-

denitrification process as a two or more stage BAF system (Hong-Duck et al., 2008).

Han et al. (2001) studied the autotrophic nitrification and denitrification characteristics of
an upflow biological aerated filter. Their objective was to study the efficiency of a BAF
with porous media for nitrification and investigate the possibility of simultaneous
nitrification and denitrification without added organic carbon when the oxygen was
limited. A laboratory scale upflow BAF with porous polyurethane based media was used
to carry out the nitrification of wastewater. The macro-pores had both aerobic and
anaerobic zones. The wastewater was loaded at a rate of 1.8 kg NH;/m’/d. They found
that DO concentration increased with height (from the bottom) when the ammonia
loading was increased and the nitrification rate increased. This was because air and
wastewater were both introduced concurrently at the bottom. The average values of
loading measured at the bottom were 0.7-1.0, 1.4-1.8 and 1.8-2.5 mg/d/m’ at superficial
air velocities of 0.1, 0.2 and 0.3 cm/s, respectively. They were able to achieve 90 %
nitrification efficiency as compared to 80-90 % efficiency achieved by Pujol et al. (1994).
They found that N was unbalanced in the system and so tried to estimate the nitrogen loss
in the system by calculating the total mass balance of NH; -N, NO; -N, NO; -N and
nitrogen converted to biomass. The estimated loss was low at lower loadings, but around
40 % NH;'-N was lost at higher loadings. They hypothesized that simultaneous
nitrification and denitrification were happening in the system in the anoxic micro-zones

in the centre of sludge floc or in the inner part of the bioflim near the media.

10



In the LRWRP, total ammonia is tested twice a week which gives approximately 120 data
points for 2009. Overall, 76 % ammonia removal was achieved with an air flow rate of

1300 m*/h to 1700 m’/h per cell (LRWRP plant data, 2009).

Media height is one of the controlling factors which influence the efficiency and capital
cost of a biological aerated filter (BAF). An experimental study was done by Hu and
Wang (2005) to find the optimum media height for carbon oxidation and nitrification in a
down-flow aerated filter. The change of organic carbon content and ammonia
concentration was observed in order to find the distribution of heterotrophic and
nitrifying populations with different levels of media height. A cylindrical bio-filter of 2.8
m height and 0.15 m outside diameter was installed in the lab where raw domestic
wastewater with two different levels of loading were used to feed the BAF containing a 2
m depth of ceramic media of 2-5 mm diameter. A Plexiglas reactor with 10 sampling
ports at intervals of 200 mm in height was used. Filter backwashing was carried out with
clean water and air from the bottom of the filter for 15-20 minutes. A steady-state

operation was obtained by feeding a stream of constant quality into the reactor.

Their experiment revealed the effect of media height on suspended solids (SS) removal,
COD removal, DO concentration, NH4 -N concentration, and organic and ammonia
volume loading in the BAF. Most of the SS were removed by the upper 600 mm of
media. The middle and bottom part had very little effect on SS removal. The highest
increment of COD removal was found on the top 600-800 mm of media height. The
activity and quantity of biomass was higher at the top of the filter, so degradation
capacity was also high in the first 600-800 mm of media. The DO concentration was
highest around 800 mm from the top for both levels of loading. From 0-800 mm in
height, the DO concentration was decided by the organic concentration in the sewage. As
the organic concentration decreased gradually along the flow direction the oxygen
consumption decreased. After 1.0-1.5 m from the top, the DO concentration depended on
bubble residence time in the media. The longer the bubble residence time, the higher was
the DO concentration. Near the bottom of the column where aeration started, the bubble
residence was low, which caused a lower DO concentration. The NH,-N removal rate

was also higher at 400-800 mm from the top with a maximum of 96.4 % removal at 800

11



mm height. The NH;'-N removal efficiency was greatly influenced by the DO
concentration, with the DO concentration increasing after a lag of about 400 mm, the
removal efficiency increased at the top 1.0 m of the bio filter. This study concluded that
around 80-90 % efficiency could be achieved within the first 1.0 m of media height of the

proposed bio filter. Efficiency was higher for higher organic influent loading.

Lemoine et al. (2006) did an extensive study to find the amount of aeration for a
simultaneous nitrification and denitrification system by using an internal model approach.
They ran a pilot plant where two identical reactor columns (30 cm diameter and 5 m in
height) were used with polystyrene bead media. They used city of Maisons-Laffitte
wastewater directly as feed after passing it through the primary settler. Continuous
monitoring was conducted for DO, temperature, NH;"-N and NO; -N for inlet and outlet.
The loading varied between 0.3-0.6 kg NH, -N/d/m’. A calculation of the ammonium
load to be eliminated resulted in an estimation of the air flow velocity to be applied and
this was controlled dynamically. A retroactive loop corrected this prediction in order to
reach exactly the desired set point. This approach was carried out and tests were
continued at the pilot plant scale for a period of 18 months. They found that a poorly
adaptive control system can cause a strong decrease in treatment efficiency. Overall

nitrification efficiency for different types of BAF is given in Table 1.
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Table 2.1: Nitrification efficiency for different types of BAF

Air Ammonium Ammonia
BAF Type oc removal
veloci .
v Loading efficiency
Upflow-laboratory scale 3
61.2 m/h 2.0 kg/d/m 95 %
(Hyun et al.,2000)
Four stage-laboratory ‘ 3
12 L/min 1.04 kg/d/m 96 %
scale(Hong et al.,2008)
Downflow-laboratory
scale (Harris et 6 m/h 0.41 kg/d/m’ >90 %
al.,1996)
Downflow-laboratory
scale (Stensel et 6 m/h 0.41 kg/d/m’ 88 %
al.,1988)
Downflow-pilot plant, 3
_ NA 1.68 kg/d/m 55 %
(Pujol et al.,1992)
Upflow-pilot plant,
NA 1.84 kg/d/m’ 58 %
(Pujol et al.,1992)
Downflw-laboratory
scale (Hu and Wang 0.24 m/h | 0.3-0.55 kg/d/m’ >80 %
,2005)
LRWRP 6 m/h 0.3 kg/d/m’ 76 %
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2.3 Aeration and oxygen transfer efficiency

The classic theory of oxygen transfer can be applied to the oxygen movement from the
sparged gas to the biomass through dissolution into the bulk liquid. Here, the driving
force is the DO gradient between the two phases which causes the oxygen transfer (Harris
et al, 1996). A number of models can be found which predict the movement between the
two phases, of which the most common is the two-film theory by Lewis and Whitman
(1924). This method considers diffusion of oxygen through both gas and liquid film
layers at the interface. The oxygen mass transfer coefficient, Ky,, is used to find the
oxygen transfer rate (OTR) through the system. The OTR is calculated using Equation
2.1 (Harris et al, 1996).

OTR =dC/dt=0Ky, (BC*-C)-Im [Eqn. 2.1]

where,

OTR = oxygen transfer rate.

dC/dt = the rate of change of oxygen concentration.

C* = saturated oxygen concentration.

C = dissolved oxygen concentration in water.

Ky, = oxygen transfer coefficient.

o = wastewater Kj , to clean water Ky , ratio.

B = wastewater to clean water oxygen concentration ratio.

I'm = continuous removal of DO from the liquid by microorganisms.

An approach to find the volumetric re-aeration coefficient, K, is described in the current
study in the Results and Discussion section. K, is dependent upon several factors such as
temperature, the depth of aeration, bubble size and mass air flow rate (Fujie et al., 1992).
This applies to a suspended growth system but a BAF is an attached growth system.
Recent studies by Canziani (1988) and Reibar and Stensel (1985) found that K, can be
computed for the BAF system if a factor of 2.0 to 2.5 is applied to K, obtained by using

conventional aeration calculations. Oxygen transfer efficiency (OTE) can be increased by
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increasing the bubble detention time, number of bubbles, and distance travelled (Fujie et

al., 1992).

The city of San Diego, California has a BAF plant at the Point Loma wastewater
treatment plant. An experimental study was conducted by Stenstrom et al. (2008) to find
the oxygen transfer efficiency in a pilot plant at this location. Two types of media-
Biofor” and Biostyr® were used in two 4 m high columns with 4 sampling ports in the
Biofor® and 6 in the Biostyr”. Both of them were down-flow BAF reactors. An off-gas
testing method was used to measure the oxygen transfer efficiency. This technique is
based on performing an oxygen content measurement on the off-gas stream leaving the
top of the reactor. A mass balance between the air feeding line and the off gas was
performed. Submerged hoods of 2.5 m” area were used to obtain oxygen transfer rates at
different heights. DO and COD concentrations were measured at ports at various heights
and a mass balance was performed to relate the oxygen transfer efficiency to DO and

COD. The mass balance was performed by using Equation 2.2.

OUR = Q [CODy, - CODgyt + DOy - DOyt 4.5 (NH4-Nj, - NH4-Noyi)] - (CODconverted
to cell mass) [Eqn.2.2]

where OUR = oxygen uptake efficiency rate

The result showed that both DO and COD declined in both types of media with
increasing distance travelled. The only deviation was the first point above the feed line in
the Biofor” due to higher COD caused by biosolids. They found a higher OUR than
typically achievable at the same process-water depth with a fine-pore aeration system.
This efficiency was likely due to the higher bubble residence time in the column from
bubble hold-up in the media. Leung et al. (2006) have shown that the mass transfer rates
triple when doubling the gas holdup volume. The OUR calculated by mass balance was
not accurate enough to find the oxygen transfer rate in Biostyr” reactors. The calculated
rate was lower than the actual one. But in the case of Biofor®, the calculations were more
accurate. The oxygen transfer efficiency per metre was better (4-6 %) than typical in a

fine pore aeration system which typically has 3-5 % efficiency. The DO concentration for
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both of the pilot plants decreased with increasing height. At low air flow rate, the DO at

the top was much lower than at the bottom.

The oxygen transfer characteristics in an up-flow BAF were studied by Leung et al.
(2006). The effects of water flow rate, air flow rate, liquid temperature and gas holdup on
the oxygen transfer coefficient were evaluated. The prime concern of the study was to
enable the BAF aeration process to be economically optimized. A 100 mm diameter and
1.3 m high bench scale upflow BAF column was fabricated which had liquid sampling
ports at regular intervals of 51 mm. The column was constructed from two sections of
clear acrylic pipe separated by a flange. The bottom section of the column acted as a
water reservoir, where as the top section had a gravel media below clay media. Two
different sizes of media, 2.7 mm (clay media) and 3.5 mm (gravel media) were used for
the experiment. Dissolved oxygen concentration at each sampling port was determined

with an oxygen probe. The porosity of the clay material was determined volumetrically.
They used several assumptions to determine the oxygen transfer co-efficient:

1. The flow of water through un-fluidized media was a plug flow.
2. pH, porosity, temperature and influent dissolved oxygen concentration
were constant.

3. The entire system was in steady state.

The dependence of Ki, on temperature and gas and liquid velocities was determined by
using empirical equations from Danil and Gulliver (1988) and Alexander and Saha
(1976), respectively. Wastewater and clean water correction factors o and [ were
assumed to be 1.0 because Reiber and Stensel (1985) found the ratio to be almost 1.0 in
the case of a BAF. However, an overall correction factor had to be applied for the BAF.
The experimental results showed that oxygen transfer coefficients increased with both the
liquid and gas velocity. The increase in water temperature resulted in an increase in

oxygen transfer coefficient.
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2.4 Ammonia stripping

Ammonia can be stripped out from the wastewater by controlling factors like pH, air flow
rate and temperature in the system. This approach for ammonia removal is
unconventional and many researchers are now working on it. Stripping of ammonia is
very common in BAF wastewater treatment plants due to aeration but a low amount can

be expected with normal air flow rate and pH below 10.0 (Shpirt, 1981).

Shpirt (1981) tried to find the rate of ammonia removal from wastewater by diffused
aeration. A bench scale reactor column was constructed from a 107 mm diameter
Plexiglass tube with two types of diffusers (course and fine). Tap water with 50-100
mg/L-N as NH4Cl was used as wastewater and the temperature and pH were controlled at
200°C and 11.5, respectively. A model for ammonia desorption was developed by
defining the overall mass transfer coefficient of ammonia transfer as a function of air
loading rate, diffuser submersion, diameter of air bubbles, kinematic coefficient of
viscosity and coefficient of diffusivity. Downing (1958) and Baylay (1967) made an
assumption that the removal rate of gas was directly proportional to air flow rate. But
Shpirt (1981) found that ammonia stripping was largely dependent on the type of diffuser
used in the system: fine bubble aeration was twice as effective as coarse bubble aeration

for ammonia striping from wastewater.
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CHAPTER THREE

MATERIALS AND METHODS

3.1 General

The DO, pH and temperature were measured in the field and ammonium, nitrate, COD in
the laboratory at the University of Windsor. Samples were taken between February, 2010
and July, 2010. The wastewater temperature was an average of 11°C in February and
March, 17°C in April and May and 22°C in June and July. The motivation was to find the
effect of temperature on the properties of wastewater with this variation of temperature in

different times of the year.

The nominal air and water flow rates per cell were recorded from the plant control room
during the sampling. The actual air flow rate depended on the number of cells in
operation, water flow rate in the cell and pressure head in the cell. The nominal air flow
rate was used in the calculations. The nominal airflow varied from 1300 m’/h to 1700
m’/h. The air blower’s controller was set to operate within this range by service provider
Degrémont Technologies Ltd. which limited the lowest nominal airflow to 1300 m®/h.
The water flow rate was calculated from the total inflow in the cells divided by the

number of cells in operation for specific periods of time.

3.2 Sample Collection

Sample collections were performed between 8:00 a.m. and 2:30 p.m. to reduce the
fluctuation in wastewater inflow in the BAF. Moreover, it conformed to the authorized
admissibility into the plant during the working hours. Sampling ports were installed at
(25 %, 50 %, and 75 %) heights from the bottom of cell # 7. For each port, a %2 inch
plastic pipe was placed in a % inch PVC pipes attached to the BAF cell wall by using a
clamp and screw (Figure 1.3d). A Teledyne ISCO auto sampler was used to collect the
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pressure height of the sampling port.

grab samples. The sampler could collect sample at 93-167 mL/min depending on the

Table 3.1: Sampler characteristics

% height of Sampler Required time
the cell (from speed for 250
bottom) ( mL/min) mL(min)
25 93-100 2.5-3.0
50 112-119 2.0-2.5
75 142-167 1.5-2.0

500 mL NALGENER® plastic containers were used to collect the samples, which

conform to the recommended types of container for storing samples for NH,", NOs , and

COD test (APHA et al., 2005).

During the winter, sampling ports were defrosted by using hot water to ensure continuous
flow through the sampling tubes. Plastic caps were used to prevent snow falling in the

sampling ports.
3.3 Field tests
3.3.1 DO and Temperature

A Thermo Scientific Orion 5-Star plus DO/Temperature Meter supplied with a DO probe
was used to measure DO directly in the field. Temperature was recorded at the same time
with the same meter. Samples were drawn into a 500 mL plastic container as described in
Section 3.2 and measured immediately for DO and temperature on the service platform
beside the BAF cell. The sample was not stirred while these parameters were being

measured. The accuracy of the meter =£0.02 mg/L for DO and +0.1°C for Temperature
3.3.2 pH

A Thermo Scientific Orion 5-Star plus pH meter supplied with pH probe was used to
measure pH directly in the field. A buffer pH solution supplied with the meter was used
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to calibrate the probe each day before using in the field. The pH was tested in the
LRWRP Control Room immediately after the DO and temperature were measured for the

samples.
3.4 Laboratory tests
3.4.1 Sample Preservation (APHA et al., 2005)

Collected samples were preserved with 20 % H,SO,4 onsite to reduce the possible loss of
NH;. H,SO4 was added to bring the pH down to 2.0. This essentially stops all the
chemical reactions in the samples and they can be further preserved by refrigerating up to

28 days. Usually the samples were analyzed within 24 hours of the sample collection.

3.4.2 COD (Standard Method 5220, APHA et al., 2005)

Considering the high number of samples to be tested, the closed reflux colorimetric
method (5220 D) was chosen with some modification. The expected range for COD was
from 10 mg/L to 300 mg/L. The motivation for choosing this method from three available
Standard Methods is described in Table 3.2.

Table 3.2: COD test methods, range and suitability to test

Test method Range Suitability
Open Reflux Method (5220 B) 5 mg/L-1000 mg/L precise
Closed Reflux Titrimetric
4 L-4 L ical
Method (5220 C) 0 mg/L-400 mg/ economica
Closed Reflux Colorimetric . .

Method (5220 D) 20 mg/L-400 mg/L economical and convenient
Modified Closed Reflux economical, convenient and

12 mg/L-400 mg/L

Colorimetric Method (5220 D) can measure lower range

3.4.2.1 Principle

Almost all types of wastewater organic materials can be digested in a mixture of chromic

and sulfuric acids. When a sample is refluxed, it is digested and a material having a
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chemical oxygen demand in the sample is oxidized by dichromate ions (Cr20727). In
dichromate Cr’* transforms to Cr’" and both of them absorb in the visible light region.
Cr'" has a high absorption at 420 nm and Cr’" absorbs in the 600 nm regions. When the
COD value is less than 125 mg/L, the decrease in absorption of Cr'" is measured. For a
COD concentration between 100-900 mg/L the increase in Cr’" is measured. In this
research, COD values were between 10-400 mg/L. Therefore, initially the absorptions at
both wavelengths were measured and it no distinct difference was observed between the
lower and higher ranges of COD. The sample dilution technique was used to reduce the
COD of all samples below 125 mg/L and the reduction in Cr’* was used to determine the

COD.

3.4.2.2 Interference and Limitation

The method is suitable for concentrations as low as 25 mg/L, and below that the method
is qualitative rather than quantitative. However, the limit of detection was found to be
lower during actual tests (Section 3.4.2.5).
3.4.2.3 Apparatus and Reagents

a. Apparatus

1. Digestion vessels 20 X 100-mm with TFE-lined screw caps

2. Block heater or similar device to operate at 150 + 2°C, with holes to
accommodate digestion vessels.

3. Spectrophotometer-Cary 50 UV/VIS

4. Centrifuge — Beckman Coulter, Allegra X-15R
b. Reagents

1. Digestion solution, low range:

e 500 mL distilled water

e 1.022 g K,Cr,07, primary standard grade, previously dried at
150°C for 2 hour

e 167 mL concentrated HySO4

e 333 g HgSO4
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e dissolved, cooled to room temperature, and diluted to 1000 mL

with distilled water.

2. Sulfuric acid reagent:

e Ag,SO4, reagent grade, powder
e Concentrated H,SOj at the rate of 5.5 g Ag,SO4/kg H,SO,.
e This took 2-3 days to dissolve.

3.4.2.4 Procedure
a. Treatment of samples:

In a 20 x 100 mm Culture tube, 2.5 mL sample, 1.5 mL digestion solution and 3.5 mL
sulfuric acid reagent were taken. A pipette was used to place the correct amount of
sample in the culture tube and the digestion solution was added. The sulfuric acid reagent
was run carefully down the inside of the vessel in such a manner that an acid layer was
formed under the sample-digestion solution layer. The tubes were capped tightly with a
PTF lined cap and inverted several times to mix completely. The tube was digested in
the block heater for up to 2 h, and then cooled to room temperature. A blank (2.5 mL
distilled water instead of sample) was run with every day’s batch of tests. It is critical that
the volume of each component be known and that the total volume was the same for each

reaction vessel.
b. Measurement of dichromate reduction:

To settle the suspended solids, a centrifuge (15 minutes at 3500 rpm) was used to create
an optically clear path through the tube. Absorption was measured for each sample blank
and standard at 420 nm. All samples, blanks, and standards were measured against this
solution. The absorption measurement of an undigested blank containing dichromate,
with reagent water replacing sample, gave the initial dichromate absorption. Any digested
sample, blank, or standard that had a COD value gave a lower absorbance because of the
decrease in dichromate ion. The difference between absorbance of a given digested

sample and the digested blank was a measure of the sample COD.
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c¢. Preparation of calibration curve:

Four standards of potassium hydrogen phthalate solution were used to find the COD
equivalents to cover the 12.5 mg/L-250 mg/L COD range. Standards were digested as
samples and absorbance values were recorded. When standards were run, differences of
digested blank absorbance and digested standard absorbance versus COD values were
plotted for each standard. This calibration curve (Figure 3.1) was used to determine the

COD from the absorbance found for the sample.
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030 R%=0.9942 /
0.25

~~ 7
a
S 020 7
§ 0.15 /
=
< 0.10 /I
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COD

Figure 3.1: Typical COD calibration curve for Test 1

3.4.2.5 Method Detection Level and Uncertainty of the test

According to the Standard Method 1030 C (APHA et al., 2005), if the degrees of freedom
is (7-1) =6, at the 99 % level, the product of 3.14 times the standard deviation (SD) is the
desired method detection level. Two different samples were tested seven times each to
find a method detection level for the test. For COD, the method detection level (MDL)
was determined as 2.4 mg/L (Table 3.3).
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Table 3.3 Method detection level and uncertainty of the COD

Avg. | Uncertainty
MDL of the test
(mg/L) | (F)(mg/L)

COD SD MDL
mgO,/L (mg/L) | (mg/L)

Sample1 | 50.04 | 51.72 | 51.00 | 50.56 | 49.52 | 50.64 | 50.16 | 0.71 2.24

2.44 1.56

Sample 2 | 22.28 | 22.08 | 24.40 | 23.20 | 22.92 | 23.48 | 23.96 | 0.84 2.65

According to the Standard Method, 1030 B (APHA et al., 2005), at 95 % confidence the
degree of uncertainty for the test method is twice the standard deviation (SD). For COD
the uncertainty of the test was + 1.56 mg/L.

3.4.3 NH; (Standard Method 4500-NH;, APHA, 2005)

As a large number of samples were to be tested with a low concentration of ammonia, the
closed ammonia selective electrode method was chosen. The expected range for NH; was
from 0.5 mg/L to 25 mg/L. The motivation for choosing this method from the two main

available standard methods is described in Table 3.4.

Table 3.4: NH; test methods, their range and suitability

Test methods Range Suitability
Titrimetric Method (4500- ~5mo/L recise
NH; C) £ P
Ammonia selective Economical, lower range
electrode method (4500- 0.3 mg/L-1400 mg/L ’ 8%

NH; D) less time consuming

3.4.3.1 Principle

The ammonia electrode uses a hydrophobic (water repelling) gas permeable membrane to
separate a sample solution from the electrode internal solution. Dissolved ammonia in
the sample will pass through the membrane until the partial pressure of ammonia is
equalized. The ammonia gas reacts with the internal filling solution creating an electrical

current which is be proportional to the ammonia nitrogen concentration. This method
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measures the total ammonia in solution, whether it exists as NH; or NH4". So, in this

thesis the term ammonia (NH3) will be used to describe the total ammonia.

3.4.3.2 Interference and Limitation

Mercury and silver interfere by complexion with ammonia. This possibility is removed

by using EDTA solution.

3.4.3.3 Apparatus and Reagents

a. Apparatus

1.

Ammonia selective electrode - A Orion® 9512HPBNWP high performance

ammonia selective electrode.

. pH electrode
. Magnetic stirrer (Thermally insulated)
. TFE coated stirring bar

. Reagents
. Ammonia free distilled water
. NaOH-10N

. NaOH/EDTA solution -10N

400 g NaOH is dissolved in 800 mL water, 45.2 g ethylenediamineteraacetic
acid, tetrasodium salt, tetrahydrate (Na;EDTA4H,O) was added stirred,
dissolved, cooled and diluted to 1000 mL.

. Stock ammonium chloride solution

. 819 g anhydrous NH4Cl (dried at 100°C) was dissolved in water and diluted to

1000 mL.
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3.4.3.4 Procedure
a. Preparation of standards:

A series of standard solutions was prepared covering the concentrations of 1000, 100, 10,

1, and 0.1 mg NH;3-N/L by making decimal dilutions of stock NH4Cl solution with water.
b. Preparation of standard curve:

Exactly 100 mL of each standard solution was placed in a 150-mL beaker. Then the
electrode was immersed in the standard of lowest concentration and mixed with a
magnetic stirrer. The stirring speed was maintained as low as possible to minimize
possible ammonia loss from the solution. The same stirring rate and a temperature of
about 25°C were maintained throughout the calibration and testing procedures. To do
this, 1 mL of 10N NaOH /EDTA solution was added to raise the pH above 11. A stable
millivolt reading in the electrode was recorded. This procedure was repeated for all the
standards, proceeding from lowest to highest concentration. A calibration graph was

plotted as shown in Figure 3.2.
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Figure 3.2: Typical NHj3 calibration curve during Test-1
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¢. Measurement of samples:

The same procedure was followed for samples where 100 mL of sample was added
instead of standard solution in the 150 mL beaker. The NH3-N concentration was

calculated from the calibration curve.

3.4.3.5 Calculation

mg of NH4-N/L =A x B x (100+D)/(100+C)

where:

A = dilution factor=1.0
B = concentration of NH3-N/L, mg/L, from calibration curve,
C = volume of 10N NaOH added to calibration standards, mL, and

D = volume of 10N NaOH added to sample, mL.

3.4.3.6 Method Detection Level and Degree of Uncertainty

For the current analysis, the method detection level (MDL) was calculated to be 0.17
mg/L and the uncertainty was + 0.11 mg/L (Table 3.5).

Table 3.5 Method detection level and uncertainty of the ammonia test

Av Uncertaint

NH;-N SD MDL MDgI: y of the test

mgO,/L (mg/L) | (mg/L) (mg/L) &)

(mg/L)

Sample1 | 2.09 | 2.12 | 2.04 | 205 | 2.09 | 2.15 | 2.13 | 0.04 0.12 017 ol
Sample2 | 5.60 | 5.68 | 563 | 560 | 559 | 554 | 546 | 0.07 0.22 ' '
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3.4.4 NO; (Standard Method 4500-NOs, APHA, 2005)
3.4.4.1 Principle

In the NO; ion electrode method, a selective electrode is used to develop a potential

across an inert membrane which holds in place a water-immiscible liquid ion exchanger.
3.4.4.2 Interference and Limitation

Erratic responses have been noted where pH is not constant between pH 3-9. As the
electrode responds to NO; activity rather than concentration, ionic strength must be kept
constant in all the samples and standards. This problem was minimized by using a buffer

solution. This solution contained:
1. Ag»SO4 to remove Cl_, Br_, I_, Sz_, and CN
2. Sulfamic acid to remove NOz_

3. pH 3.0 acid to eliminate HCO3_ and to maintain a constant pH and ionic

strength
4. Al5(SO4); was added to remove complex organic acids.
3.4.4.3 Apparatus and Reagents
a. Apparatus
1. pH meter (Thermo Scientific Orion 5-Star plus).

2. Combined electrode - a combined double junction half cell and nitrate ion
electrode is required. An Orion 9707BNWP ion plus Sure-Flow electrode was

used.
3. Magnetic stirrer: TFE-coated stirring bar.
b. Reagents

1. Nitrate-free water: distilled water was used
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2. Stock nitrate solution:

Potassium nitrate (KNO;) was dried in an oven at 105°C for 24 hour. Exactly
0.7218 g was dissolved in water and diluted to 1000 mL. Then the solution was
preserved with 2 mL CHClIs. This solution is stable for at least 6 months.

3. Standard nitrate solutions:

1.0, 10.0, and 50.0 mL amounts of stock nitrate solution were diluted to 100 mL
with water to obtain standard solutions of 1.0, 10, and 50 mg NO3_-N/L,

respectively.
4. Buffer solution:

Exactly 17.32 g Aly(SO4)318H20, 3.43 g AgySO4, 1.28 g H3BOs, and 2.52 g
sulfamic acid (H,NSO;H) were dissolved in about 800 mL water. The pH was
adjusted to 3.0 by slowly adding 0.10 N NaOH. Then the solution was diluted to
1000 mL and stored in a dark glass bottle to block any photosynthetic reaction.

5. Sodium hydroxide, NaOH, 0.1N.
3.4.4.4 Procedure
a. Preparation of calibration curve:

Exactly 10.0 mL of 1 mg NO; -N/L standard was transferred to a 50-mL beaker and 10
mL buffer was added. The solution was stirred with a magnetic stirrer. The electrode was
immersed and a millivolt reading was recorded after the reading become stable
(approximately 1 minute). The same procedure was repeated for 10-mg NO; -N/L and
50-mg NO; -N/L standards. Then the measurements are plotted on semi logarithmic

graph paper as shown in Figure 3.6.
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Table 3.6: Sample nitrate calibration chart

ppm nitrate Electrode potential
asN (mV)
0.1 81.3
1 72.1
3 59.2
10 35.6
30 12.3
50 -1
100 -21.2
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Figure 3.3: Typical NOs" Calibration curve during Test-1
b. Measurement of sample:

Exactly 10.0 mL of sample was transferred in to a 50-mL beaker, 10 mL buffer solution
was added, and the mixture stirred for 1 min with a magnetic stirrer. The potential
reading was recorded and the ion concentration with electrode concentration was found
from the calibration curve. Both standards and sample were measured at room

temperature.
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3.4.4.5 Method Detection Level and Degree of Uncertainty

For the current test, the method detection level (MDL) was calculated to be 0.12 mg/L

and the uncertainty was + 0.08 mg/L (Table 3.7).

Table 3.7 Method detection level and uncertainty of the NO;™ test

B, Avg. Uncertainty of
NO; SD MDL | iy, the test (&)
mgO,/L (mg/L) | (mg/L) (mg/L) (mg/L)
Sample1 | 1.49 | 139 | 142 | 1.39 | 145 | 146 | 142 0.04 0.12 012 0.08
Sample2 | 094 | 093 | 0.86 | 0.94 | 0.85 | 0.88 | 0.91 0.04 0.12 ' '
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CHAPTER FOUR

RESULTS AND DISCUSSIONS

4.1 General

LRWRP monitors BODs at various locations in the plant on a semi-weekly basis.
However, the BOD test is a complex and time consuming, especially when a huge
number of samples needs to be analyzed. In order to compare the COD values in this
thesis to LRWRP BOD values, a common practice is to establish a relation between COD
and BOD:s for a specific wastewater (Eckenfelder, and Grau, 1998). The COD tests were
performed on grab samples from cell #7 of the BAF at LRWRP.

Table 4.1: COD and BODs correlation

COD BOD: COD/BOD;
Test Date (mg O,/L) (mg OJ/L) ratio
February 20,2010 130 23 5.65
February 27,2010 178 33 5.39
March 12,2010 210 35 6.00
March 26,2010 170 31 5.48
April 30,2010 172 30 5.73
May 21,2010 160 29 5.52
May 28,2010 156 27 5.78
Average 5.65

An average value of 5.65 was found for the COD to BODs ratio. This value varies from
3.33 to 10.0 for the effluent wastewater (Metcalf and Eddy, 2004). This correlation was

used to calculate the BODs from the measurement of COD.
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4.2 Results

Table 4.2 shows the results of all analyses conducted in the field on different dates at
different depths in the filtration bed. Table 4.3 shows the analyses of the same samples

conducted in the laboratory.

4.3 Analysis
4.3.1 BOD change in cell

Figure 4.1 shows the decrease in BOD at different times of operation as the wastewater
passes through the cell. Initially (0 minute), the concentration profile is flat, because there
is no water flow through the cell. Then from 30 to 120 minutes run time a definite pattern
is observed. Note that BOD concentration decreased more rapidly in the first quarter of

the cell as compared to the rest of the cell.

Also, it is observed that effluent DO is always higher than effluent BOD during filtration
when the nominal airflow was 1700 m’/h. The BOD removal efficiency of the cell
increased with time. After 30 min the effluent BOD is same as the effluent DO, whereas
after 60 minutes, it happened at 82 % height. After 120 minutes the crossover occurs at
75 %. This means that there was sufficient DO in the effluent to oxidize the BOD after it
left the BAF. Actually, there is little oxidation of BOD after the BAF because the bulk of
the heterogeneous bacteria are in the BAF so little decrease in BOD takes place after
BAF. The BOD effluent standard 13 mg/L (CH2M Gore and Storrie Ltd., 1996) was met
by the time the effluent had passed through about 40 % of the height of the BAF so there
was no need for further oxidation. In effect, there was always an excess of DO in the

secondary effluent with respect to oxidization of BOD.
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Table-4.2: Test results parameters- measured in the field

Cell7 Height (from bottom) | Nominal Air | Water flow/cell pH Temperature DO
(m) Flow/cell (m’/h) (ML/d) 0 (mg/L)
Test 0 |30] 60 120 0 30| 60 {120 | 0 | 30 | 60 (120
Number | P min | min| min | min | min | min | min | min |min | min |min| min
0.00 20.71 7.89]17.64|7.65|7.65| 102 | 104 | 11.2 | 11.8 |5.62| 8.64|7.27|8.23
1.49 20.71 7.2617.8917.94] 8.33| 10.1 | 10.6 | 11.6 | 11.4 |6.32| 8.51]7.98]9.01
1 Feb-14-2010 2.97 1700 20.71 7.6217.88]7.7217.85] 10.5 | 103 | 11.1 | 11.8 |7.23| 8.14]7.45]9.06
4.46 20.71 7.2918.03]17.78] 7.86| 10.6 | 11.1 | 11.2 | 11.8 [6.23]| 8.69]7.62]|8.57
5.94 20.71 7.3817.69]7.65]|7.67| 105 | 11.4 | 11.7 | 11.9 [6.25] 8.11]7.35]8.88
0.00 20.14 7.66|74217421 742 12.1 | 12.1 | 12.5] 13.8 |6.56| 6.987.21]6.80
1.49 20.14 7.0317.66|7.71]| 8.10| 11.9 | 124 | 12.5| 12.2 |6.44| 7.39]7.04]|6.77
2 Feb-20,2010 2.97 1700 20.14 7.3917.65|749]7.62| 11.9 | 12.1 | 12.7 | 12.4 16.68| 8.10]8.08]| 7.93
4.46 20.14 7.06|7.80]7.55]7.63| 12.0 | 123 | 129 | 12.8 [6.40] 7.90]7.71]|8.14
5.94 20.14 7.15|7.46|742| 744 12.1 | 129 129 | 13.0 [6.92] 8.04]8.11]|6.47
0.00 20.29 7.8517.78|7.8317.85| 13.1 | 13.1 | 13.5| 13.8 |16.79| 7.40|7.75]|7.39
1.49 20.29 7.7318.0318.12 8.53| 139 | 134 | 13.5| 13.2 |16.67| 7.81]7.58]|7.36
3 Feb-27,2010 2.97 1700 20.29 7.9718.02]17.90] 8.05| 139 | 13.1 | 13.7 | 13.4 |16.91]| 8.52]8.62|8.52
4.46 20.29 7.6918.1717.96] 8.06( 13.0 | 13.3 | 13.9 | 13.8 [6.63] 8.32]8.25|8.73
5.94 20.29 7.21]17.8317.8317.87| 13.1 | 139 | 13.9 | 14.0 | 7.15| 8.46(8.65]|7.06
0.00 21.00 7.2517.18|7.2317.25| 129 | 13.1 | 13.1 | 13.0 |6.68| 7.29]7.64|7.28
1.49 21.00 7.1317.4317.521793| 129 | 13.1 | 13.1 | 13.0 |6.56| 7.70|7.47|7.25
4 Mar-12,2010 2.97 1700 21.00 73717421730 745 129 | 13.1 | 13.1 | 13.0 [6.80] 8.41 |8.51]8.41
4.46 21.00 7.0917.57|17.36| 746 13.0 | 13.1 | 13.0 | 12.9 [6.52] 8.21]8.14]8.62
5.94 21.00 6.6117.2317.231727| 129 | 13.1 | 13.0 | 12.9 |7.04| 8.35]8.54|8.95
0.00 19.50 7.0417.03]17.0217.04] 11.8 | 120 | 12.0 | 11.9 |6.57| 7.187.53]|7.17
1.49 19.50 711172217311 7.72] 11.8 | 12.0 | 12.0 | 11.9 |6.45| 7.59]7.36]7.14
5 Mar-26,2010 2.97 1700 19.50 7.1617.2117.09] 724 11.8 | 12.0 | 12.0 | 11.9 |6.69]| 8.30(8.40] 8.30
4.46 19.50 7.2317.36]7.15]725| 11.9 1 12.0]| 11.9| 11.8 [6.41] 8.10]8.03]8.51
5.94 19.50 7.0517.02]7.0217.06| 11.8 | 120 | 11.9 | 11.8 |6.93| 8.248.43|8.84
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Table-4.2 (continued): Test results- parameters measured in the field

Cell-7 Height (from bottom) | Nominal Air | Water flow/cell pH Temperature DO

(m) Flow/cell (m’/h) (ML/d) 0 (mg/L)
Test Date 0 |30] 60 |120 0 30| 60 {120 | 0 | 30 | 60 |120
Number min |min| min | min | min | min | min | min |min | min |min| min
0.00 20.86 1.6617.2417.33|7.05| 179 | 17.8 | 18.3 | 18.2 [1.65] 4.253.00| 3.45
1.49 20.86 7.3817.23]7.74| 724 18.6 | 194 | 18.7 | 18.2 |5.05| 4.87(5.30|4.11
6 A pril-16,201( 2.97 1300 20.86 7.0417.2217.26]17.23| 17.1 | 18.0 | 183 | 18.1 [3.87] 4.89 |4.88|4.98
4.46 20.86 7.0417.0417.27]17.38| 179 | 182 | 183 | 18.1 [4.01] 5.00|5.82]5.21
5.94 20.86 7.0517.04|7.03| 7.17| 17.7 | 18.1 | 18.1 | 18.3 |4.80| 4.73 [4.98]|4.48
0.00 20.12 6.9316.92]16.91]| 693| 18.1 | 180 | 18.5| 18.4 |1.54| 4.19(2.62]3.68
1.49 20.12 7.0017.11]17.201 7.61| 18.8 | 19.6 | 18.9 | 18.4 |14.94| 4.81 (4.92|4.34
7 A pril-30,201( 2.97 1400 20.12 7.0517.1016.98] 7.13| 17.3 | 182 | 185 | 18.3 [3.76] 4.83 |4.50]5.21
4.46 20.12 7.1217.25|7.04| 7.14| 18.1 | 184 | 18.5| 18.3 |3.90| 4.94 (5.44|5.44
5.94 20.12 69416911691 695| 179 | 183 | 183 | 18.5 |4.69| 4.67 [4.60|4.71
0.00 19.56 7.3217.3417.00| 7.38| 18.1 | 182 | 17.9 | 18.1 |6.21| 6.23 (5.89]5.27
1.49 19.56 7.11]17.15|7.1517.00] 183 | 183 | 18.2 | 18.3 |5.87| 6.34(5.04]|5.35
8 May-14,2010 2.97 1450 19.56 72217271730 7.78 | 179 | 184 | 182 | 18.1 [5.11] 6.765.19|5.67
4.46 19.56 73417241743 7.87| 18.1 | 18.1 | 18.2 | 18.2|5.23| 6.13(5.32]|5.76
5.94 19.56 7.1317.1417.09]| 728 182 | 184 | 17.9 | 18.1 |6.02| 6.03 [5.98]6.17
0.00 19.44 6.8216.8116.69]| 6.71| 189 | 18.8 | 19.3 | 19.2 |2.96| 4.39(3.15|4.41
1.49 19.44 6.8917.0016.98] 7.39] 19.6 | 204 | 19.7 | 19.2 |15.59] 5.01 [5.45]5.07
9 May-21,2010 2.97 1450 19.44 6.9416.88]6.76| 691 18.1 | 19.0 | 19.3 | 19.1 [4.41] 5.035.03|5.94
4.46 19.44 7.0117.03]16.821 692| 189 | 19.2 | 19.3 | 19.1 |4.55| 5.14(5.97]|6.17
5.94 19.44 6.8316.6916.69| 6.73| 18.7 | 19.1 | 19.1 | 19.3 |5.34| 4.87 (5.13|5.44
0.00 20.63 6.90]16.8916.77]| 6.79] 20.1 | 219 | 21.4 | 21.3 |2.79| 4.15 [4.54]5.80
1.49 20.63 6.97]7.08]7.06| 747 21.4 | 22.5 | 21.8 | 21.9 |5.42| 4.84 (6.84]|6.46
10 |May-28,201( 2.97 1450 20.63 7.0216.96|6.84]1 699 21.6 | 229 | 219 | 22.2 [4.24] 4.7616.42|7.33
4.46 20.63 7.0917.11]16.90| 7.00| 22.0 | 233 | 22.4 | 22.2 |14.38| 4.97(7.36|7.56
5.94 20.63 6.91]6.77|6.77]| 6.81| 22.8 | 233 | 22.5| 22.4 |5.17| 4.76 6.52] 6.83
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Table-4.2 (continued): Test results- parameters measured in the field

Cell7 Height (from bottom) |  Nominal Air | Water flow/cell pH Temperature DO

(m) Flow/cell (m’/h) (ML/d) (C) (mg/L)
Test Date 0 [30] 60 (120] O 30| 60 (120 | 0 | 30 | 60120
Number min | min | min | min | min | min | min | min |min| min |min| min
0.00 19.21 7.08]17.30]7.18| 7.23| 189 | 20.7 | 20.2 | 20.1 |5.89| 5.125.54]5.90
1.49 19.21 715174917471 791] 202 | 21.3 | 20.6 | 20.7 |5.92| 5.4415.72|6.23
11 June-10,2010 2.97 1600 19.21 7.2017.37|7.25]1 743 20.4 | 21.7 | 20.7 | 21.0 |6.04| 5.535.91]6.43
4.46 19.21 7.27(7.521731|7.44] 20.8 | 22.1 | 21.2 | 21.0 | 6.18] 5.63]6.21|6.91
5.94 19.21 7.09(7.18] 7.18 [ 7.25] 21.6 | 22.1 | 21.3 | 21.2 |16.26] 5.97]6.52|7.03
0.00 21.22 7.19174117.29]1 734 17.8 | 19.6 | 19.1 | 19.0 |5.98]| 5.27]5.72|6.13
1.49 21.22 7.2617.60] 748 7.42] 19.1 | 20.2 | 19.5 | 19.6 |6.01| 5.59]5.90] 6.46
12 PJune-18,201( 2.97 1600 21.22 7.31(7.48]17.36(7.44| 19.3 ]120.6 | 19.6 | 19.9 |6.13] 5.68]6.09] 6.66
4.46 21.22 7.38(7.4317.42(7.45] 19.7 | 21.0 | 20.1 | 19.9 |6.27| 5.7816.39]|7.14
5.94 21.22 7.2017.2917.29( 7.36| 20.5 | 21.0 | 20.2 | 20.1 |6.35] 6.12]6.70]7.26
0.00 19.86 7.19174117.29]1 734 17.8 | 19.6 | 19.1 | 19.0 |5.98] 5.27]5.72|6.13
1.49 19.86 7.2617.60] 748 742 19.1 | 20.2 | 19.5 | 19.6 |6.01]| 5.59]5.90] 6.46
13 PJune-25,201( 2.97 1300 19.86 7.31(7.48]17.36(7.44| 19.3 1 20.6 | 19.6 | 19.9 |6.13] 5.68]6.09] 6.66
4.46 19.86 7.38(7.4317.42(7.45] 19.7 | 21.0 | 20.1 | 19.9 |6.27| 5.7816.39]7.14
5.94 19.86 7.2017.2917.29( 7.36| 20.5 | 21.0 | 20.2 | 20.1 |6.35] 6.12]6.70]7.26
0.00 20.00 7.3517.49]7.58] 7.30| 239 | 24.1 | 24.4 | 24.8 |4.56| 4.394.23|4.45
1.49 20.00 73817481749 749 23.5 | 24.6 | 24.5 | 24.9 |5.25| 4.674.39]4.76
14 |July-20,2010 2.97 1600 20.00 7.2917.47)7.51| 748 | 23.1 | 24.5 | 24.6 | 24.8 |4.67| 4.89]4.88]4.98
4.46 20.00 7.2917.2917.52(7.63| 24.3 | 24.5| 24.7 | 24.9 |14.36] 5.14]5.27|5.21
5.94 20.00 7.3017.29]7.28| 742 243 | 244 | 24.6 | 24.9 |4.43]| 5.73]5.82|5.37
0.00 19.45 7.4217.5317.68] 7.82| 21.8 | 22.6 | 22.1 | 22.0 | 6.09] 5.5916.04]| 6.24
1.49 19.45 7.4917.7217.871 790 22.1 | 22.2 | 22.5 | 22.6 |6.12| 5.91]6.22]|6.57
15 July-23,2010 2.97 1300 19.45 7.5417.6017.75(7.92| 22.3 | 22.6 | 22.6 | 22.9 |6.24] 6.00]6.41]6.77
4.46 19.45 7.61(7.55|7.81[7.93] 22.7 |1 22.0| 22.1 | 21.9 |16.38] 6.10]6.71]|7.25
5.94 19.45 7431741]7.68] 7.84| 22.5 | 22.0 | 22.2 | 22.1 |6.46| 6.44]7.02|7.37
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Table-4.2 (continued): Test results- parameters measured in the field

Nominal Air

Cell-7 Height (from bottom) Water flow/cell pH Temperature DO

(m) Flow/cell (m’/h) (ML/d) 0 (mg/L)
Test Date 0 [30] 60 (120] O 30| 60 (120 ) 0 | 30 | 60120
Number min | min| min | min | min | min | min | min |min | min [min| min
0.00 21.22 7.30(7.4117.56(7.70| 22.9 | 23.7 | 23.2 | 23.1 |4.94| 5.45]5.90]6.10
1.49 21.22 7.37(7.60|7.75(7.78| 23.2 | 23.3 | 23.6 | 23.7 14.97] 5.77|6.08| 6.43
16 |July-30,2010 2.97 1300 21.22 7.42(7.48]|7.63(7.80| 23.4 | 23.7| 23.7 | 24.0 |15.09] 5.86|6.27]| 6.63
4.46 21.22 7.49(7.4317.69(7.81| 23.8 | 23.1 | 23.2 | 23.0 |5.23] 5.96]6.57|7.11
5.94 21.22 7.3117.2917.56(7.72| 23.6 | 23.1 | 23.3 | 23.2 15.31] 6.30]6.88] 7.23
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Table-4.3: Test results- parameters measured in the laboratory

Cell-7 Height (from bottom) NH3-N NOs3-N COD BODs -calculated
(m) (mg/L) (mg/L) (mg/L) (mg/L)
Test Date 0 30 ] 60 120 ] O 30| 60 | 120 0 30 60 120 0 30 60 | 120
Number min | min | min | min | min | min (| min | min | min | min min min | min | min | min | min
0.00 20 51|49 62| 06 07| 08 0.8 120 203 208 200 21 | 36 37 35
1.49 1.7 44 | 44 | 48 | 09| 0.7 ] 1.0 0.9 98 80 74 40 17 | 14 13 7
1 Feb-14-2010 2.97 151393542 (07]09] 12 1.2 97 40 51 34 17 7 9 6
4.46 1.7 1 323332 13]10] 18 1.8 96 24 19 23 17 3
5.94 141251213006 06] 06 1.0 84 17 21 18 15 3 4 3
0.00 311 83166 90| 06] 06| 06 0.6 111 266 252 224 20 | 47 45 40
1.49 231 50| 41| 56| 07]06] 08 0.9 109 73 63 50 19 | 13 11 9
2 Feb-20,2010 2.97 68| 41|32 50| 13]13] 07 1.0 111 51 46 35 20 9 8 6
4.46 491 39 13.0] 28] 08] 11| 0.6 1.4 111 52 32 50 20 9 6 9
5.94 3412925123107 11] 19 2.0 107 39 25 30 19 7 4 5
0.00 351108) 97 | 150| 06| 0.6 | 0.6 0.6 129 208 211 226 23 | 37 37 40
1.49 26 6561|941 07]06] 08 0.9 117 91 99 93 21 16 18 17
3 Feb-27,2010 297 351 53|48 84| 13|13 07 1.0 118 74 68 57 21 13 12 10
4.46 55151441 46| 08| 1.1 | 0.6 1.4 109 65 61 44 19 | 11 11 8
5.94 381 38|38 44|07 11] 18 1.9 144 49 38 28 26 9 7 5
0.00 331101 f13.6|141| 07 0.7 ] 0.7 0.7 142 221 224 240 251 39 40 42
1.49 241 6.1 | 57 ] 88 | 08| 0.7 ] 08 1.0 130 105 112 107 23 19 20 19
4 Mar-12,2010 297 3315045 79| 14]14] 08 1.1 132 88 81 70 23 16 14 12
4.46 52| 48 | 42| 44| 09| 12| 07 1.5 122 78 74 47 22 | 14 13 8
5.94 36| 3535|4008 12] 21 22 158 63 51 42 28 | 11 9 7
0.00 46| 13711811189 09 ] 0.8 | 0.8 0.8 152 215 217 229 27 | 38 38 41
1.49 341 83| 78 1119 09| 09| 1.0 1.1 142 122 128 124 251 22 23 22
5 Mar-26,2010 2.97 461 691 621107 151 15| 09 1.2 144 109 104 95 25 19 18 17
4.46 711 66| 58| 60| 10| 13] 08 1.5 136 101 98 100 24 | 18 17 18
5.94 5049149 57|09 1.3 ] 20 2.0 164 89 80 72 29 | 16 14 13
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Table-4.3 (continued): Test results- parameters measured in the laboratory

Cell-7 Height (from bottom) NH3-N NOs3-N COD BODs -calculated
(m) (mg/L) (mg/L) (mg/L) (mg/L)

Test Date 0 30 | 60 |120] O 30 | 60 120 0 30 60 120 0 30 60 (120
Number min | min | min | min | min | min | min | min | min | min min min | min | min | min | min
0.00 66 | 113138142 09 ] 09| 09 0.9 216 232 219 228 38 | 41 39 40

1.49 381 69| 87| 64| 1009 1.1 1.1 204 177 194 186 36 | 31 34 33

6 A pril-16,201( 2.97 441 32 |1 41 45 16| 15| 1.0 1.3 223 136 146 123 39 | 24 26 22
4.46 90 28 | 26 | 34 | 1.1 | 1.3 ] 09 1.6 211 88 104 64 37 16 18 11

5.94 5912526 (31| 10f14] 21 2.1 159 36 29 27 28 6 5 5

0.00 58193 (111|114 1.0 1.0 | 1.0 1.0 194 207 197 204 34| 37 35 36

1.49 491 84 1104 79 | 1.1 1 1.0 | 1.2 1.2 184 162 176 169 33 1 29 31 30

7 A pril-30,201 2.97 56| 4253571716 1.1 1.4 200 128 136 117 35| 23 24 21
4.46 761 26 | 25| 32| 12]14] 10 1.7 190 88 101 68 34 16 18 12

5.94 52124 (25129 11| 15] 22 2.2 147 45 38 37 26 8 7 7

0.00 571 90 [106| 105 0.8 | 0.8 | 0.8 0.8 129 144 132 140 23 | 26 23 25

1.49 321 55166 | 47| 09]08] 10 0.7 118 93 109 101 21 17 19 18

8 May-14,201( 2.97 38125131 32| 10]10] 09 0.8 136 55 65 43 24 1 10 11 8
4.46 78122119 25| 10]09] 08 1.0 125 47 25 32 22 8 4 6

5.94 S1 119192310909 14 1.4 76 14 15 21 14 3 3 4

0.00 53 88 [10.7[ 110 09| 08 | 0.9 0.8 185 198 188 195 33 | 35 33 35

1.49 451 79199 741091 09| 1.0 1.1 176 155 168 161 31| 27 30 29

9 May-21,201( 2.97 521 38 (48 [ 52 | 15| 14| 1.0 1.2 191 122 130 111 341 22 23 20

4.46 71123 (22|28 10| 13] 09 1.5 182 77 77 45 32 14 14 8

5.94 471201211 26| 09] 13| 19 1.9 140 29 24 22 25 5 4

0.00 78 | 126 [ 143 | 133 | 0.8 | 0.7 | 0.7 0.7 180 186 199 225 32 | 33 35 40

1.49 651113132 89| 08 ] 0.7 ] 08 0.9 169 135 176 215 30 | 24 31 38

10  |May-28,201( 2.97 751 52 62| 62| 13|12 08 1.0 186 97 132 176 33 17 23 31
4.46 105 31 (2732109 11| 07 1.2 176 45 70 117 31 8 12 21

5.94 691 27|26 | 29|08 11| 16 1.5 127 26 7 40 23 5 1 7
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Table-4.3 (continued): Test results- parameters measured in the laboratory

Cell-7 Height (from bottom) NH3-N NOs3-N COD BODs -calculated
(m) (mg/L) (mg/L) (mg/L) (mg/L)

Test Date 0 30 ] 60 120 ] O 30 | 60 120 0 30 60 120 0 30 60 | 120
Number min | min | min | min | min | min | min | min | min | min min min | min | min [ min | min
0.00 1251 1371152 13.1| 0.8 | 0.8 | 0.8 0.7 182 183 200 225 32| 32 35 40

1.49 1151 11511331107 1.2 | 1.1 1.2 1.3 165 136 122 146 29| 24 22 26

11 {June-10,2010 2.97 1121 501 751 63 ] 19| 1.8 | 1.6 1.4 181 100 102 110 32 18 18 19
4.46 108 22 129 27125122 20 1.8 171 51 79 55 30 9 14 10

5.94 1201 201 20| 1.8 | 1.7 122 23 2.3 126 34 21 53 22 6 4 9

0.00 911 88190 771 09]09] 09 0.8 216 218 237 264 38 | 39 42 47

1.49 84| 741 79| 63 | 13| 12| 14 1.4 198 166 151 178 351 29 27 31

12 [June-18,2010 2.97 81| 32144 372120 18 1.6 216 127 129 138 38 | 22 23 24
4.46 791 14| 17| 16| 27|24 22 2.0 204 73 104 78 36 13 18 14

5.94 87| 12| 12 13| 18| 24| 26 2.5 155 54 40 75 27 10 7 13

0.00 91| 88190 | 771 09]09] 09 0.8 216 218 237 264 38 | 39 42 47

1.49 84| 741 79| 63 | 13|12 14 1.4 198 166 151 178 351 29 27 31

13 June-25,201(Q 2.97 81| 32|44 372120 1.8 1.6 216 127 129 138 38 | 22 23 24
4.46 791 14| 17| 16| 27|24 22 2.0 204 73 104 78 36 13 18 14

5.94 871 12112 13| 18| 24| 26 2.5 155 54 40 25 27 10 7 4

0.00 57111011421 146 0.8 | 0.8 | 1.0 0.9 225 240 228 237 40 | 43 40 42

1.49 321 67|89 66 [ 09| 08] 1.1 1.2 214 188 204 196 38 | 33 36 35

14 |July-20,2010 2.97 381 31 (42| 45| 14| 15] 1.1 1.4 232 149 159 136 41 | 26 28 24
4.46 78 27126 35| 10| 13| 1.0 1.7 221 103 118 80 39 18 21 14

5.94 511241261 32 |09] 13| 22 2.3 171 54 47 45 30 10 8 8

0.00 84| 751 68 59| 08 ] 07| 0.7 0.6 184 186 203 229 33 | 33 36 41

1.49 78 1 631 60| 48 | 1.1 | 1.0 ] 1.1 1.0 166 136 122 147 29 | 24 22 26

15 |July-23,2010 2.97 7512734 28 | 18| 16| 14 1.1 183 99 101 109 32 17 18 19

4.46 731 12| 13| 12[24]20] 1.8 1.4 173 48 77 52 31 8 14 9

5.94 81| 121 12| 12| 16|20 21 1.9 126 30 16 29 22 5 3 5
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Table-4.3 (continued): Test results- parameters measured in the laboratory

Cell-7 Height (from bottom) NHz-N NOs3-N COD BOD:s -calculated
(m) (mg/L) (mg/L) (mg/L) (mg/L)

Test Date 0 30 ] 60 |120] O 30 | 60 120 0 30 60 120 0 30 60 | 120
Number min | min | min | min | min | min | min | min | min | min min min | min | min | min | min

0.00 89| 791 711 611 08| 07| 0.7 0.6 190 192 211 239 34| 34 37 42

1.49 821 66 | 63| 50| 1.2 | 1.0 ] 1.1 1.0 171 139 124 151 30 | 25 22 27

16  [July-30,2010 297 791 28 35129 19| 17] 15 1.2 190 99 101 110 341 17 18 19

4.46 771 13|14 13 [26]21] 19 1.5 178 44 75 48 32 8 13 9

5.94 851 12|12 12 17|21 22 2.0 127 24 9 25 23 4 2 4
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Figure 4.1: BOD profile (triangles) and DO profile (circles) in cell # 7 at 1700 m® /h
nominal air flow rate at a) 0 min., b) 30 min., ¢) 60 min., d) 120 min
Figure 4.2 shows that in the filtration mode at an airflow rate of 1300 m’/h the BOD
concentration decreased at a constant rate throughout the cell in contrast to 1700m’/h
(Figure 4.1), where the decreased in BOD in the cell was mainly in the first quarter.
Because of the lower oxygen input, the biomass probably oxidized the organic matter at a
lower rate. In fact the rate of BOD oxidation may be limited by the available oxygen, (as

opposed to organic matter) leading to a constant rate of oxidation throughout the depth of

the cell.
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Figure 4.2: BOD profile (triangles) and DO profile (circles) in cell # 7 at 1300 m’/h
nominal air flow rate at a) 0 min, b) 30 min, c¢) 60 min, d) 120 min
Figure 4.3 compares BOD profiles at 120 min for various airflow rates. Profiles at 120
minutes are shown because they more closely resemble the steady-state filter condition

which occurred during the bulk of the filter runtime.

The average inflow BODs for the BAF was 40 mg/L whereas the outflow BODs was
around 7 mg/L after 120 minutes during the filtration, regardless of the airflow rate. This
shows that the cells were removing 88 % of the BOD, independent of nominal airflow. A

characteristic change in removal of BOD with respect to the depth of the cell was
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expected and demonstrated by the tests. For the 1700 m*/h nominal air flow rate, 75 % of
the BOD was removed within the 1* 50 % of the cell and the overall removal efficiency
was 82.5 %. With the decrease of nominal air flow rate to 1300 m’/h this characteristic
had changed and around 70 % removal efficiency was achieved within the first 50 % of
the cell. For 1600 m*/h and 1450 m’/h nominal flow an average of 80 % and 82.5 %
removal efficiency were achieved respectfully. For the lowest nominal airflow of 1300
m’/h, around 88.5 % removal efficiency was found and this is interestingly higher than at

the highest amount of nominal airflow in the cell.

—

H =& 1300 m3/h

8 == 1450 m3/h
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Figure 4.3: Average BOD profile in cell # 7 at different nominal air flow rates at 120
minutes after startup

4.3.2 N change in cell

Figures 4.4 and 4.5 show the nitrogen profiles in the BAF cell at high and low airflow
rates, respectfully. After the start of filtration (after 0 minute), there is a decrease in NH,"
and increase in NOj™ throughout the cell. In most cases ammonium nitrogen removal is

essentially complete (up to required effluent compliance limit 2.2 mg/L) by the 75 %
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height of the cell. At times less than 120 minutes, the greatest nitrification took place in
the first 25 % of the cell.
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Figure 4.4: NHj; (circles) and NOs™ (triangles) change in cell # 7 at 1700 m’/h nominal air
flow rates at a) 0 min., b) 30 min., ¢) 60 min., d) 120 min
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Figure 4.5: NH; (circles) and NO;™ (triangles) change in cell # 7 at 1300 m’/h nominal
air flow rate at a) 0 min., b) 30 min., ¢) 60 min., d) 120 min.

Figure 4.6 compares the total ammonia profile at 120 minutes for various aeration levels.
Again 120 minutes was chosen because it was closer to the steady state filtration
condition. The average inflow NH," for the BAF is 11 mg/L whereas the outflow was
around 2.5 mg/L after 120 minutes of filtration. This indicates that the cells were
effective in NH;" removal and it was independent of nominal airflow rate. In all the
cases, around 83.3 % NH,4 removal efficiency was achieved. There was no characteristic

change in removal of NH," in respect to the depth of the cell. For 1700 m*/h nominal air
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flow rate, 58 % NH," was removed within the 50 % of the cell height whereas the overall
removal efficiency was 89 %. For 1600 m’/h and 1450 m’/h nominal airflow rates, an
average of 83.3 % removal efficiency was achieved. For the lowest nominal airflow of
1300 m3/h, around 82.3 % removal efficiency was achieved, with 58 % removal

occurring in the first half of the cell.
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Figure 4.6: Average total NH; profiles in cell # 7 at different nominal air flow rates at
120 min after startup
For LRWRP, the compliance limit for unionized ammonia is 0.1 mg/L (CH2M Gore and
Storrie Ltd., 1996). Considering the worst case scenario, temperature (25°C) and pH
(8.0), the ratio of unionized to total ammonia is 1:12.5 (Thomann and Mueller, 1987). So
the compliance limit should be around 2.2 mg/L for total NH3. The system is in the range

of the compliance limit even at the lower aeration rate.

Figure 4.7 shows the profiles of nitrate in the BAF under varying airflow rates at 120

minutes. There is no trend with respect to the change of the profile as aeration is



increased. Average BAF influent NO;™ is 0.8 mg-N/L which increases to 2 mg/L in the

effluent. There is no trend for the total nitrate produced as a function of aeration.
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Figure 4.7: Average NOs™ profile in cell # 7 at different nominal air flow rates at 120
minutes after startup

4.4 Discussions

4.4.1 Fate of NH,"

Removal of NH  is one of the important regulatory criteria for LRWRP. This is
achieved by two ways. First the carbonaceous bacteria use a small portion as a nutrient
source. If a plant has a large number of filamentous bacteria, this value will be lower.
Some filamentous bacteria grow quite well in a nutrient deficient environment and do not
consume nutrients quite the same as the floc forming bacteria (Gerardi, 2006). The
second way to remove ammonia is through nitrification. In a BAF, nitrification is the
primary method to remove ammonia from wastewater. Nitrification is a process where
1onized ammonia (NH4+) 1s oxidized into NO, and NO, is oxidized to NO;3 in water.

There should be a balance in the total N in the system, for this process.
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In LRWRP, the BAF characteristics shows that this balance is not achieved when one
considers only nitrification. On average, the NH;" decrease in the BAF was 10 mg-N/L
whereas the effluent NO;™ was only 1.2 mg/L-N higher than the influent. This means
nitrification can only account for 12 % of ammonia loss. The loss of the other 88 % is not
taken into account. This is very unusual and indicates that NH;" was being converted to

other forms rather than NOj3™ and/or the system was loosing nitrogen in some other way.

Effluent Characteristics

Influent Characteristics

BOD = 40 mg/L BOD = 5 mg/L
Total ammonia =12 mg-N/L BAF Total ammonia =2 mg-N/L
Nitrate = 0.8 mg-N/L Nitrate =2 mg-N/L

Figure 4.8: Influent and effluent characteristics of BAF
The possible causes for this nitrogen imbalance were analyzed.

The first possible cause may be that NH," was being stripped out from the cell due to
aeration. The worst case scenario was assumed and the total amount of ammonia stripped

per day was calculated. The assumptions were:

e Total influent ammonia was NH;
e All the air bubbles were saturated with NH3; when they left the BAF.

e Water temperature was 20°C.

Average NHj3 inflow =12 mg/L
Average water flow rate per cell =21 ML/d
Maximum nominal airflow =1700 m*/h

Loading of ammonia =21 ML/d x 12 NH;'-N mg/L
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=21x 10° L/d x 12x10° NH;"-N g/L

=252000 NH4"-N g/d

Average NHj inflow =12 mg/L-N

_ 17 mgNH3
14mgN

= 14.6 mg /L -NHj;

X 12 mg /L-NH3;

14.6 mgNH3
10000 100mg H20
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Figure 4.9: NH; Solubility in water (Adopted from Cooper and Alley, 1994)

-3
So, the partial pressure of NH;(mm Hg) at 20°C is (Figure-4.9) = %

mmHg

=1.216 x 10 mm Hg

From the ideal gas law, PV=nRT
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L2I6XI0_ T8 1700 m3/h ¥1000 —

Hg

PV 760 8 )

Therefore, n=—= . =1.13 x 10? mol/h
RT 0.8205 2505293 K

m =nMW =1.13 x 10 mol/h x 14 g/mole = 0.158 NH,"-N g/h

Loss of ammonia = 0.158 NH;"-N g/h = 3.80 g/d

.. . 3.80 g/dx100 ¢
Thus, under the worst condition the total loss of ammonia would be = #Og/d/o

=1.51x 107 %
This is very low as compared to the total NH," loading and thus negligible. Therefore,

ammonia stripping would not be the main reason for the loss of 88 % of ammonia.

The second possible cause may be the presence of a high amount of suspended solids in
the influent samples. If ammonia is attached to the solids, filtration in the BAF, which
removes the suspended solids, would also remove a significant amount of ammonia
without producing nitrates. On two different days, centrifuging (15 minutes, 3500 rpm)

was performed to remove the suspended solids from the samples (Table 4.4) to see if SS

made a difference in the N balance.

Table 4.4: Ammonia nitrogen measurement before and after the SS were separated by
centrifuging for tests #12 and #13

Total NH,-N(mg/L)- Total NH;-N(mg/L)-in
e supernatant after
Test before centrifuging ifusi
Number Date centrifuging
0 30 60 120 0 30 60 120
min. | min. | min. | min. | min. | min. | min. min.

126 | 137|153 [ 131 | 125 | 137 [ 152 | 13.1
115121134 [ 108 | 115 | 115 [ 133 | 107
12 June- 1T s 0 75 [ 63 [112] 50 | 75 6.3
18.2010 . . . . . . . .
108 22 | 29 27 108] 22|29 | 27
120 20 | 20 | 19 | 120] 20 | 20 1.8
91 | 89 [ 90 | 77 | 91 | 88 | 9.0 77
84 | 74 | 79 | 63 | 84 | 74 | 79 6.3
14 July- e T 33 [ aa [ 37 [ 81 [ 32 | a4 | 37
202010 |8 . . . . . . .
79 |15 |17 16e ]| 79| 14| 17 1.6
87 12121387 | 12] 12 13
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No significant change in NH, -N concentration was found between before and after the
suspended solids was removed. Therefore, not a significant amount of NH; was

associated with SS.

The LRWRP 2009 plant data for Total Kjeldahl N, N o, (calculated from TKN minus
NHs3), NH; and NOs is summarized in Figure 4.10 and the same trend of unbalanced —N
is found in the system. For 2009 the average influent NH; was 10.19 mg/L whereas
effluent was 4.56 mg/L and influent NO; was 1.03 mg/L; whereas the effluent was 3.73
mg/L; and influent NO;™ was 1.03 mg/L. Clearly, the change in NH; was greater than the
change in NOs” due to nitrification. LRWRP has been testing (NOs™ +NO;") after removal
of suspended solids and their results show the same trend as these. Therefore, this is

unlikely to be the cause for such a high loss of NH3-N in the system.

20
18 | 17.24
16 -
14 - 6.5
12 - 74
4 O 10.19
= — .
‘é" 10 A B BAF inflow
8 - BAF outflow
6.03
6 - 56
3.73
41 45
2 - - 103
) -
TKN Norg NH3 NO3 + NO2

Figure 4.10: Average nitrogen level on BAF (adapted from LRWRP lab data)

The third possible cause is that NH3 was being converted to NO;’, and NO,  and not to
NOj". This is unlikely to happen in the BAF as the DO was always higher than 5.0 mg/L
due to high aeration in the system. So enough oxygen was always present to convert NO;’
to NOs". In addition, LRWRP measured NO, +NOj" in their analysis (Figure 4.10) and

the imbalance existed even though NO,™ was taken into account.
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The fourth possible cause is that NH4" is being converted to soluble N, which is quite
unlikely in a biological aerated filtration system. Figure 4.10 also indicates a reduction in
organic nitrogen in the system. So production of N, should not be the possible cause of

loosing ammonia nitrogen.

The fifth possible cause is that NO; was converted to Nyg) (de-nitrification).
Denitrification is the use of nitrate or nitrite by facultative anaerobic bacteria for the

degradation of soluble CBOD (Gerardi, 2006).

Facultative anaerobic bacteria

6NO; +5CH;0H > 3N, +5C0,+60H [Eqn. 4.2]

Denitrification needs anoxic conditions and a carbon source to grow denitrifying bacteria

and there are four conditions under which denitrification can occur in the treatment plant:

1. the presence of an abundant and active population of facultative anaerobic

denitrifying bacteria

2. the presence of nitrite or nitrate

3. the absence of free molecular oxygen or the presence of an oxygen gradient
4. the presence of soluble CBOD.

In wastewater treatment plants, the presence of denitrifying bacteria is very common.
They can enter the system in fecal waste or in groundwater. They are capable of using
free molecular oxygen, nitrates, and nitrites to degrade CBOD for gaining energy and
carbon. They are floc formers and reproduce very quickly in the system. Denitrifying

bacteria represent around 80 % of total floc forming bacteria in a system (Gerardi, 2006).

The high rate of aeration in the BAF indicates that there should be free oxygen present in
the system. If this were an activated sludge system, it is unlikely that there would be a
zone where free molecules of oxygen are absent. But an oxygen gradient is quite possible
in the system. An oxygen gradient happens in flock particle when the flock is >150 um
(Gerardi, 2006). Normally in floc particles, dissolved oxygen and nitrates diffuse to the
core. Denitrifying bacteria take the dissolved oxygen to degrade CBOD. But when the
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dissolved oxygen is no longer available through the floc, the denitrifying bacteria start to
use nitrate instead of dissolved oxygen. So denitrification can happen when particulate
matter is present even in the presence of enough DO in the system. There could also be
an oxygen gradient between the bulk liquid and the surface of the granular medium, i.e.
across the biofilm. Denitrification has been reported in a BAF causing more than 40 % of
the total ammonia loss (Han et al.,, 2001). Moreover Degrémont also reported

denitrification in their BIOFOR® (Degrémont, 1991).

The sixth possible cause for the imbalance is nitrogen used in cell synthesis. In order to
determine if this is a plausible cause, a calculation was performed which took into
account the growth of biomass resulting from the consumption of COD in the BAF
(Appendix A). The calculations were performed four times, once for each month

February to April, using LRWRP laboratory data averaged over the whole month.

The following calculations were performed separately for the inflow and outflow of the
BAF. LRWRP SS values were converted to VSS by multiplying a factor of 0.79 (Metcalf
and Eddy, 2004) which is the highest ratio of VSS/SS reported for typical composition of
untreated domestic wastewater. The nitrogen content of the VSS was then calculated
assuming the molecular formula for biomass is CsH7;NO,. The CBOD reported by
LRWRP was converted to COD using 5.65 (Table 4.1). This CBOD is from unfiltered
samples (Drca, 2010). The total N is the sum of the nitrogen in the VSS plus the TKN
and (NO; + NOy).

Then the decrease in COD between the inflow and the outflow was multiplied by the
yield (0.39 g VSS/g COD; Metcalf and Eddy, 2004), and by the nitrogen content of VSS
(12.4%) to get the N fixed in the biomass. The difference in total N between inflow and
outflow was compared to the N fixed in the biomass. Any difference would be the

nitrogen lost as Ny(g).

Appendix A shows that the calculated fixed nitrogen were sometimes greater and
sometimes less than the difference in total nitrogen, meaning that the observed nitrogen

difference could be entirely due to N fixed in the biomass.
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4.5 Modeling
4.5.1 Regression

From the analysis of BAF results, it was not clear whether air flow rate was a statistically
significant factor for the performance of the BAF. The performance (measured as BOD
and ammonia removal after 120 minutes of operation) was correlated to input parameters,
such as BOD and NHj loading, nominal airflow, water flow rate, pH and temperature.
These parameters and their calculated values are listed in Table 4.5.
BOD load removal was calculated by the formula:
BODgem = (CBODjy- CBODgyi) Q [Eqn. 4.3]

where,

BODgem =BOD load removal (kg/d)

CBOD ;= Influent CBOD (mg/L)

CBOD,=Effluent CBOD (mg/L)

Q= Water flow rate (ML/d)

The ammonia load removal was calculated in a similar manner.
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Table 4.5 BAF performance characteristics after 120 minutes of filtration

Air Flow Water flow BOD;s Load NH; Load |%BODs Load| %NH; Load Air Temp BOD NH3 BOD NH3
Date ( m3/hr) /Cell Eliminated Eliminated | Eliminated | Eliminated | Flow/Water oC Load Load conc. Conc. pH
(ML/d) (kg/d) (kg/d) (kg/d) (kg/d) Flow (kg/d) | (Kg/d) | (mg/L) [ (mg/L)
Apri-16,2010| 1300 20.9 742 231 88.1 78.1 1.50 11.1 842.1 295.7 40.4 14.2 7.05
June-25,2010 1300 19.9 841 127 90.6 82.7 1.57 22.2 927.5 153.3 46.7 7.7 7.34
July-23,2010 1300 19.5 690 91 87.3 79.9 1.60 232 789.8 113.9 40.6 5.9 7.82
July-30,2010 1300 21.2 803 104 89.4 80.0 1.47 224 898.2 130.3 42.3 6.1 7.70
Apri-30,2010| 1400 20.1 594 170 81.7 74.4 1.67 21.2 726.9 229.3 36.1 114 6.93
May-14,2010| 1450 19.6 414 161 85.2 78.5 1.78 18.6 486.2 204.8 24.9 10.5 7.38
May-21,2010| 1450 19.4 594 163 88.5 76.5 1.79 18.1 671.6 213.2 34.5 11.0 6.71
May-28,2010| 1450 20.6 674 215 82.2 78.1 1.69 18.1 820.0 275.1 39.8 13.3 6.79
June-10,2010 1600 19.2 586 216 76.7 86.2 2.00 18.0 764.5 250.8 39.8 13.1 7.23
June-18,2010 1600 21.2 711 136 71.7 82.7 1.81 17.1 991.0 163.8 46.7 7.7 7.34
July-20,2010 1600 20.0 677 228 80.9 78.3 1.92 18.9 837.2 291.3 41.9 14.6 7.30
Feb-14-2010| 1700 20.7 668 67 91.0 52.0 1.97 10.2 734.4 128.6 35.5 6.2 7.65
Feb-20,2010 1700 20.1 691 135 86.4 74.4 2.03 12.1 799.5 180.9 39.7 9.0 7.42
Feb-27,2010 1700 20.3 711 217 87.5 71.0 2.01 13.1 812.2 304.8 40.0 15.0 7.85
Mar-12,2010 1700 21.0 735 213 82.6 71.6 1.94 12.9 890.2 297.1 42.4 14.1 7.25
Mar-26,2010 1700 19.5 543 258 68.6 70.0 2.09 20.1 791.5 368.2 40.6 18.9 7.04
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Figure 4.11 shows the output for the regression analysis where all parameters were
correlated to BOD removal. It can be seen that none of the parameters are statistically
significant (p<0.05) although together they can predict 92 % of the variability in the BOD

load removal.

General Regression Analysis: BOD5 Load Removal
Regression Equation

BOD5 Load Removal(kg/d)-120 = -2947.77 + 1.50078 Air Flow rate(
m3/hr) +159.347 Water flow /Cell(ML/d) - 1483.19 Air Flow/Water Flow -
5.60977 Temp O0OC - 6.30492 BOD Load (kg/d)-120 min + 140.064 BOD
conc.(mg/L) + 54.5364 pH Coefficients

Term Coef SE Coef Temp. P
Constant -2947.77 4476.91 -0.65844 0.529
Air Flow R.( m3/hr) 1.50 1.94 0.77216 0.462
Water flow /Cell(ML/d) 159.35 221.75 0.71858 0.493
Air Flow/Water Flow -1483.19 1636.79 -0.90615 0.391
Temp OC -5.61 3.90 -1.43749 0.189
BOD Load (kg/d)-120 min -6.30 4.05 -1.55618 0.158
BOD conc. (mg/L) 140.06 80.16 1.74721 0.119
pH 54_54 31.56 1.72791 0.122

Summary of Model

S = 40.1475 R-Sq = 91.97% R-Sq(adj) = 84.94%
PRESS = 146485 R-Sq(pred) = 8.73%

Figure 4.11: Minitab output of BOD load removal regressed against BAF performance

characteristics

A backward regression was performed to determine the important variables. In this
method, the input parameter with the highest p value is removed and the regression is re-
run. Then again the highest p value parameter is removed and the regression is run. This
is repeated until all remaining variables are significant (p<0.05). Figure 4.12 shows the
backward regression process. The significant variables remaining after the process were:

air flow and water flow ratio, temperature and BOD concentration.
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Stepwise Regression: BOD5 Load Removal
Backward elimination Alpha-to-Remove: 0.05

Response is BOD5 Load Removal (kg/d)-120 on 7 predictors, with N = 16

Step 1 2 3 4 5
Constant -2947.8 263.3 178.2 170.2 611.5
Air Flow R.( m3/hr) 1.5 2.4

T-Value 0.77 1.59

P-Value 0.462 0.146

Water flow /Cell(ML/d) 159

T-Value 0.72

P-Value 0.493

Air Flow/Water Flow -1483 -2220 -247 -240 -236
T-Value -0.91 -1.79 -3.49 -4.21 -3.66
P-vValue 0.391 0.107 0.006 0.001 0.003
Temp OC -5.6 -6.3 -8.6 -8.2 -8.5
T-Value -1.44 -1.72 -2.38 -3.02 -2.78
P-Value 0.189 0.119 0.038 0.012 0.017
BOD Load (kg/d)-120 min -6.30 -4.09 -0.10

T-Value -1.56 -1.60 -0.18

P-Value 0.158 0.144 0.861

BOD conc. (mg/L) 140.1 96.4 17.5 15.4 16.0
T-Value 1.75 1.90 1.42 7.50 6.94
P-Value 0.119 0.090 0.186 0.000 0.000
pH 55 54 65 64
T-Value 1.73 1.76 2.01 2.09
P-Value 0.122 0.113 0.073 0.060

S 40.1 39.1 41.9 40.1 45.3
R-Sq 91.97 91.45 89.04 89.00 84.63
R-Sq(adj) 84.94 85.75 83.56 85.00 80.78
Mallows Cp 8.0 6.5 6.9 4.9 7.3

Figure 4.12: Minitab output of BOD load removal backward regressed against BAF

performance characteristics

This left three independent input variables which explain 85 % of the variability in BOD

removal. The predictive model for BOD removal becomes:
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BOD removal = 611.5-236 air/water flow -8.5 temp +16.0 BOD concentration.
[Eqn. 4.4]

Reactions are not normally a linear function of temperature, so a better model can be
created using a non linear function for temperature. The negative coefficient in front of
air/ water flow shows that BOD removal is reduced with higher airflow rate which means
a higher BOD removal is possible with lower airflow rate

A similar approach was used to find a predictive model for the NH; removal. Figure 4.13
shows that when the all input variables are regressed against NH3 removal, there were no

significant variables, but 97 % of the variation could be explained.

General Regression Analysis: NH3 Load Removal

Regression Equation

NH3 Load Removal(kg/d)-120 m = -2652.01 - 2.50468 Air Flow Rate (
m3/hr) +131.746 Water flow /Cell(ML/d) + 2151.13Air Flow/Water Flow +
2.04932 Temp O0OC +6.14121 NH3 Load(Kg/d)120 min - 111.176 NH3 Conc.
(mg/L) - 13.1511 pH

Coefficients

Term Coef SE Coef T P
Constant -2652.01 1480.34 -1.79149 0.111
Air Flow R.( m3/hr) -2.50 1.26 -1.98765 0.082
Water flow /Cell(ML/d) 131.75 71.52 1.84222 0.103
Air Flow/Water Flow 2151.13 1094.72 1.96501 0.085
Temp OC 2.05 1.46 1.40616 0.197
NH3 Load(Kg/d)120 min 6.14 3.04 2.02115 0.078
NH3 Conc. (mg/L) -111.18 62.38 -1.78220 0.113
pH -13.15 12.27 -1.07142 0.315
Summary of Model

S = 12.9066 R-Sq = 97.26% R-Sq(adj) = 94.86%

PRESS = 9040.31 R-Sq(pred) = 81.39%

Figure 4.13: Minitab output of NH; load removal regressed against BAF performance

characteristics
So a backward regression was performed and as a result (Figure 4.14), the only

significant variable was NH3 loading. The following model explains 97 % variability in

the NH; removal.
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NHj; load removal = 7.120 + 0.727 NH; load removal [Eqn. 4.5]

Stepwise Regression: NH3 Load Removal
Backward elimination. Alpha-to-Remove: 0.05
Response is NH3 Load Removal(kg/d)-120 m on 7 predictors, with N =16

Step 1 2 3 4 5
6 7

Constant -2652.01 -2326.75 -1585.22 -741.57 65.19
66.82 7.120

Air Flow R.( m3/hr) -2.505 -2.140 -1.477 -0.625 -0.097
-0.045

T-Value -1.99 -1.75 -1.33 -0.93 -1.40
-2.05

P-Value 0.082 0.114 0.214 0.373 0.187
0.061

Water flow /Cell(ML/d) 132 112 80 40

T-Value 1.84 1.61 1.22 0.79

P-Value 0.103 0.142 0.250 0.447

Air Flow/Water Flow 2151 1824 1230 494 45
T-Value 1.97 1.72 1.29 0.86 0.79
P-Value 0.085 0.119 0.227 0.406 0.444
Temp OC 2.0 1.7

T-Value 1.41 1.19

P-Value 0.197 0.264

NH3 Load(Kg/d)120 min 6.141 5.192 2.961 0.743 0.758
0.765 0.727

T-Value 2.02 1.77 1.29 13.84 15.50
16.10 15.12

P-Value 0.078 0.110 0.227 0.000 0.000
0.000 0.000

NH3 Conc. (mg/L) -111 -91 -46

T-Value -1.78 -1.52 -0.96

P-value 0.113 0.163 0.358

pH -13

T-Value -1.07

P-Value 0.315

S 12.9 13.0 13.3 13.2 13.0
12.8 14.2

R-Sq 97.26 96.86 96.37 96.03 95.81
95.59 94.16

R-Sq(adj) 94 .86 94.77 94 .55 94 .59 94.76
94.91 93.74

Mallows Cp 8.0 7.1 6.6 5.6 4.2
2.9 5.0

Figure 4.14: Minitab output of NH; load removal backward Regressed against BAF

performance characteristics
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It is noticed that air flow rate and air/water flow ratio are not significant variables
effecting NHs removal. This could mean that the BAF had sufficient oxygen for NH; and
reducing airflow rate to 1300 m’/h did not adversely effect NH; consumption.
Theoretically, NH3 elimination requires oxygen in the conversion to NO,". Therefore at
some lower aeration rate NH; elimination should be effected. It would be useful to test

the BAF at aeration rates below 1300 m’/h.

Figure 4.15 shows the effect of BOD loading on BOD elimination. From this graph, it
can be seen that the lowest airflow rate achieved the highest BOD removal, even though
the BOD loading for these points is quite high. If % BOD removal is considered, it is
observed that lower airflow was 89-91 % efficient in removing BOD load (Figure 4.16).

With the airflow rate of 1300 m’/h it is showing the highest average removal efficiency.

900
=
2 800
= /- X
g 700 i
2z ./M(
éE‘ 600 x #1300 m3/h
T 500 o 1450 m3/h
=)
= 400 X 1600 m3/h
) M 1700 m3/h
2 300 o

400 500 600 700 800 900 1000

BOD Loading (kg/d)

Figure 4.15: BOD load removal vs. BOD loading at different air flow rates120 minutes

after start of filtration
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Figure 4.16: % BOD load removal vs. BOD loading at different air flow rates 120

minutes after start of filtration

For different air/water flow ratios in the cell, Figure 4.17 shows a better BOD load
removal at 1300 m’/h, This is again an indication that lower air flow rate was more

efficient in BOD removal.

__ 900
2 2
B 800 o
= . -
£ e
: 0 o . .
o
S 600 - #1300m3/h
= [ |
g 500 A 1450 m3/h
§ 200 A % 1600 m3/h
©
§ 300 m1700 m3/h
8 1.4 1.5 1.6 1.7 1.8 1.9 2 2.1
o
Air Flow/Water Flow

Figure 4.17 BOD load Removal vs. Air/Water Flow at different air flow rates 120

minutes after start of filtration

For NH," load removal, 1700 m’/h nominal airflow seems to result in the most NH,"

removal (Figure 4.18) but the highest load removal corresponds to the highest loading. At
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moderate loads, the NH," load removal is no different than at 1300 m’/h. In fact the %
NH," removal is essentially the same as 1300 m’/h air flow rate and all these are superior
to the case at 1700 m’/h. For optimum removal efficiency of both NH; and BOD, 1300
m’/h should be the nominal airflow for the system. The BAF control system can currently
be set to a minimum of 1300 m’/h, which is a limitation of the current study. In fact, a

lower value of airflow should be explored.

_ 300
£ P
= 250 X [ |
[o\|
T 200
E #1300 m3/h
E g 150
EE 100 T./’}/'/ 1450 m3/h
= B X 1600 m3/h
g 50
g M 1700 m3/h
- 0
z 100 150 200 250 300 350 400

NH; Loading (kg/d)

Figure 4.18: NHj; load removal vs. NHj; at different air flow rates 120 minutes after start

of filtration
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Figure 4.19: % NHj3 load removal vs. Air/Water Flow at different air flow rates after 120

min during filtration
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4.5.2 Calculation of re-aeration coefficient

In the BAF, the average re aeration coefficient was calculated based on a mass balance of
oxygen across the second (25 %-50 %) and third (50 %-75 %) layers of the BAF. First
the saturation concentration of oxygen must have to be calculated, and this required an
correction due to the hydrostatic pressure of depth. Cell number 7 was divided according
to sample collection heights of 0 %, 25 %, 50 %, 75 % and 100 %. Static pressure can be
calculated easily at different heights of the cell. Let, P1, P2, P3, P4 be the static pressures

at 100 %, 75 %, 50 %, and 25 % of the cell heights respectively.

At the top, i.e., at 100 %, the barometric pressure was 760 mm Hg
At 75% P2 = SP + pgh

=760 mm Hg + 1000 kg/m> x 9.81 N/kg x 1.485 m x

=760 mm Hg +1.485 m x 73.6 mm Hg/m

=869 mm Hg
A Z >
75% >
5.94m 0% >
25% >
v

Figure 4.20: Pressure at different heights of the cell

Similarly, P3 =978 mm Hg
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and P4 =1087 mm Hg
Colt (1984) gives the saturation oxygen concentration as
DO*=DO760 (P-Pu20) /(760-Pu20) [Eqn.4.7]
where,
DO* = oxygen saturation concentration at required barometric pressure (from
Table 1 in Colt, 1984), mg/L
DO760= saturation concentration at 760 mm, mg/L
P =Pressure in at depth, mm of Hg
P20 =Vapor pressure of water, mm Hg (from Table 5 in Colt, 1984)

BODout DO out

N H3,0ut T Q out
I

V,C

BOD;, T DO,
NHs i Qi
Figure 4.21: Mass balance of oxygen in a layer of the BAF
Mass balance:
Accumulation =Inflow-Outflow-Oxygen Consumed +Reaeration
V dDO/dt =DOi, Qin ~DOout Qout ~(ABOD+4.3ANH;)Q +K,V(DO'-DO)  [Eqn. 4.8]
where,
V = volume of each layer of cell, L
DO, = DO concentration flowing into the layer, mg/L
Cout= DO concentration flowing out of the layer, mg/L
DO;, = Wastewater inflow rate, L/h
Qou = Wastewater outflow rate, L/h

ABOD = BOD;,-BOD,,; = change in BOD within the layer, mg/L
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ANH; = NH3;, - NHj o = change in NH;3 within the layer, mg-N/L

K. = volumetric re-aeration coefficient, h!

DOg, = Saturated DO (average value between top and bottom of the cell (adjusted
for temperature in the cell), mg/L

DO = DO concentration in the cell = (DOi;+DOgy)/2, mg/L

Here, for each gram of ammonia nitrogen converted, 4.3 grams of O, were utilized when
cell synthesis was considered in the system (Metcalf and eddy, Inc., 2004).
Assuming steady state,
dC/dt=0
i.e., 0= DOi»Qin— DOy Qou—(ABOD+4.3ACOD)Q +K,V(DOg-DO) [Eqn.4.9]
if X1= DO Qin ~DOout Qout (ABOD+4.3ACOD)Q
and X2= V(Cgy-C), then
0=X1+K, X2 =X1+K 200" X2 [Eqn. 4.10]
where, K, 20 = volumetric re-aeration coefficient at 200C,h'1
T=Temperature, °C
0 =temperature correction factor
From Equation 4.9 rearrange and take the log
log (-X1/X2) = log Ka20+ (T-20) log 6 [Eqn. 4.11]
Measured data (Table 4.1 Table 4.2) were used to calculate X1/X2 in the 25 %-50 %
layer and the 50 %-75 % layer through the cell for all the tests date at 30 minutes,
60minutes and 120minutes (Table 4.6). Then log (-X1/X2) values were plotted against T-
20 values (Figure 4.22). In this Figure, a linear equation of y= 0.0451 x+ 1.9134 was
fitted by Excel which gave:
log K,20=1.9134
Ka20=81.92 /hr =1966/d
and log 6 =0.0451
0=1.09
For lakes and rivers, the K, is 0.05/d to 12.2/d and 0 is 1.005 to 1.030 when an average
depth of 1 to 30 feet and velocity of 0.5-1.6 ft/s are used (Thomann and Muller, 1987).
The current study is in a BAF where aeration is promoted by fine-bubble diffusers. This
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would result in a higher re-aeration coefficient than when the oxygen transfer occurs only
at the free surface of a lake or river.
O’ Connor’s formulation (Thomann and Muller, 1987) for the re-aeration coefficient was
used to compare K, and Ky (Ki,) values reported in the literature:
K.=Ki/H [Eqn 4.12]
where K = oxygen transfer coefficient, m/d
H =is average depth for a particular stretch of river, the depth, H, is taken

as the ratio of volume to surface area.
In BAF, the surface area for oxygen transfer is the total surface area of the bubbles.

Finding this value is difficult and requires further study. But with a known value of H, the

oxygen transfer coefficient for the BAF can be calculated.

67



Table 4.6: Determination of Ka value

Csat
Csat at A
indivi inQin outQou A BOD+4.3A
Test Region C 1 760 mm |pHpo|mdMduall gy (ANHS] -V t | CinQin | CourQour | ( i X1 x2  |xuxz| 18 | 120
Number (mg/L) Ha(mg/L) pressure (mg/L) mg/L)| @) (°C) | (mg/h) | (mg/h) NH3)*Q (-X1/X2)
(mg/L)

30 mn-25%-50% 833 11.12 959 | 1274 898 | 0.53 | 35000 |10.60] 179 171 9.85.E+06 -9.85.E+06 | 1.55.E+05 | 63.76 1.80 -9.40

30 mn-50%-75% 8.42 11.20 940 [ 12.83 1.51 | 072 | 35000 |[10.30| 7123 7604 4.03.E+06 -4.03.E+06 | 1.54E+05 | 26.09 1.42 -9.70

1 60 mn-25%-50% 7.72 10.87 | 10.24| 1245 4.04 | 085 | 35000 |11.60| 6603 6165 6.37.E+06 -6.37.E+06 | 1.66.E+05 | 38.42 1.58 -8.40
60 mn-50%-75% 7.57 11.00 991 [ 1259 571 | 024 | 35000 |11.10] 6165 6355 5.58.E+06 -5.58.E+06 | 1.76.E+05 | 31.71 1.50 -8.90

120 mn-25%-50% | 9.04 1092 | 10.11] 1251 1.01 | 0.66 | 35000 |[11.40( 7294 7335 3.12.E+06 -3.12.E+06 | 1.22.E+05 | 25.63 1.41 -8.60

120 mn-50%-75% 8.82 10.82 1038 12.39 203 | 097 35000 |[11.80| 7335 6938 5.02.E+06 -5.02.E+06 | 1.25.E+05 | 40.08 1.60 -8.20

30 mn-25%-50% 7.75 10.67 10.80| 12.23 482 | 0.87 35000 |12.40| 6057 6639 7.02.E+06 -7.02.E+06 | 1.57.E+05 | 44.75 1.65 -7.60

30 mn-50%-75% 8.00 1075 |10.59] 1231 -0.11 | 0.17 | 35000 |12.10] 6639 6475 5.23.E+05 -523.E+05 | L.51.EH05 | 3.47 0.54 -7.90

) 60 mn-25%-50% 7.58 10.65 |10.87| 1220 292 | 0.88 | 35000 [12.50| 6154 7023 5.82.E+06 -5.82.E+06 | 1.62.E+05 | 36.00 1.56 -7.50
60 mn-50%-75% 7.90 10.60 | 11.01| 12.14 244 | 023 | 35000 [12.70| 7023 6701 2.98.E+06 -2.98.E+06 | 1.49.E+05 | 20.01 1.30 -7.30

120 mn-25%-50% | 7.35 1072 | 10.66| 12.28 258 | 0.60 | 35000 [12.20| 5481 6420 4.18.E+06 -4.19.E+06 | 1.73.E+05 | 24.25 1.38 -7.80

120 mn-50%-75% | 8.04 10.67 |10.80| 12.23 =251 | 223 | 35000 |12.40| 6420 6590 5.73.E+06 -5.73.E+06 | 1.47.E+05 | 39.04 1.59 -7.60

30 mn-25%-50% 8.17 1043 | 11.53] 11.95 376 | 1.13 | 35000 [13.40| 6834 7455 7.55.E+06 -7.55.E+06 | 1.33.E+05 | 56.91 1.76 -6.60

30 mn-50%-75% 8.42 10.51 1131 12.04 208 [ 023 | 35000 [13.10| 7455 7280 2.67.E+06 -2.67.E+06 | 1.27.E+05 | 21.10 1.32 -6.90

3 60 mn-25%-50% 8.10 10.41 11.61| 1193 5.44 1.30 35000 |[13.50| 6272 7133 9.12.E+06 -9.12.E+06 | 1.34E+05 | 68.08 1.83 -6.50
60 mn-50%-75% 8.44 10.36 11.76( 11.87 127 | 034 35000 |[13.70| 7133 6827 2.25.E+06 -2.25E+06 | 1.20.E+05 | 18.73 1.27 -6.30

120 mn-25%-50% | 7.94 1048 | 11.38] 12.01 646 | 1.01 | 35000 [13.20| 6964 8062 1.02.E+07 -1.02.E+07 | 1.42.E+05 | 71.74 1.86 -6.80

120 mn-50%-75% | 8.63 1043 | 11.53] 11.95 -0.99 | 3.73 | 35000 |13.40| 8062 8261 1.42.E+07 -1.42.E+07 | L.16.E+05 | 122.20 [ 2.09 -6.60

30 mn-25%-50% 8.06 10.51 1131 12.04 3.76 | 1.07 | 35000 [13.10| 6738 7359 7.30.E+06 -7.30.E+06 | 1.39.E+05 | 52.38 1.72 -6.90

30 mn-50%-75% 831 10.51 1131 12.04 209 [ 021 | 35000 [13.10f 7359 7184 2.63.E+06 -2.63.E+06 | 1.30.E+05 | 20.17 1.30 -6.90

4 60 mn-25%-50% 7.99 10.51 1131 12.04 544 | 122 | 35000 |13.10| 6048 6890 8.65.E+06 -8.65.E+06 | 1.42.E+05 | 61.10 1.79 -6.90
60 mn-50%-75% 833 10.51 1131 12.04 127 | 032 | 35000 |13.10( 6890 6590 2.14.E+06 -2.14E+06 | 1.30.E+05 | 16.47 1.22 -6.90

120 mn-25%-50% | 7.83 10.51 1123 12.04 646 [ 095 | 35000 [13.00( 6733 7811 9.79.E+06 -9.79.E+06 | 1.47.E+05 | 66.49 1.82 -7.00

120 mn-50%-75% 8.52 10.53 11.23] 12.06 -1.28 | 3.51 35000 |13.00] 7811 8006 1.28.E+07 -1.28 E+07 | 1.24.E+05 | 103.35 2.01 -7.00

30 mn-25%-50% 7.95 10.77 1052 1234 2.99 1.42 35000 |12.00] 6603 7221 7.91.E+06 -791L.E+06 | 1.54.E+05 | 51.47 1.71 -8.00

30 mn-50%-75% 8.20 10.77 |10.52| 1234 1.66 | 028 | 35000 [12.00| 7221 7047 2.51.E+06 -2.51.E+06 | 1.45.E+05 | 17.31 1.24 -8.00

5 60 mn-25%-50% 7.88 10.77 |10.52| 1234 433 | 1.63 | 35000 |12.00] 6363 7263 9.80.E+06 -9.80.E+06 | 1.56.E+05 | 62.86 1.80 -8.00
60 mn-50%-75% 822 10.77 1052 1234 1.01 | 043 | 35000 [12.00f 7263 6943 2.46.E+06 -246.E+06 | 1.44.E+05 | 17.06 1.23 -8.00

120 mn-25%-50% | 7.72 1075 |10.59] 1231 523 | 125 | 35000 |12.10] 5819 6765 8.64.E+06 -8.64.E+06 | 1.61.E+05 | 53.82 1.73 -7.90

120 mn-50%-75% | 8.41 1072 |10.66| 1228 | -1.11 | 4.67 | 35000 |12.20| 6765 6936 1.54.E+07 -1.54E+07 | 1.36.E+05 | 113.85 | 2.06 -7.80
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Table 4.6 (continued): Determination of Ka value

Csat
Csat at A
N . 4,
Test Region C 760 mm | PERO individual BOD A NH;3 A% t | CinQin [ CoutQout | (A BOD+4.3A X1 X2 XUX2 log T-20
Number (mg/L) pressure (mg/L) @ (°C) | (mg/h) | (mg/h) NH3)*Q (-X1/X2)
Hg(mg/L) gty | ™D

30 mn-25%-50% 4.88 9.19 1690 10.54 920 | 3.74 35000 |[19.40| 4237 4254 2.20.E+07 -2.20.E+07 | 1.98.E+05 | 111.02 2.05 -0.60

30 mn-50%-75% 4.95 9.45 1548 10.83 10.71 | 0.40 35000 |18.00| 4254 4350 1.08.E+07 -1.08.E+07 | 2.06.E+05 | 52.54 1.72 -2.00

6 60 mn-25%-50% 5.09 9.39 15.78( 10.77 9.03 | 4.60 35000 |18.30| 4556 4195 2.48 E+07 -248.E+07 | 1.99.E+05 | 124.56 2.10 -1.70
60 mn-50%-75% 5.35 9.39 15.78( 10.77 6.95 1.50 35000 |18.30| 4195 5003 1.15.E+07 -1.15.E+07 | 1.90.E+05 | 60.82 1.78 -1.70

120 mn-25%-50% 4.55 9.41 15.68( 10.79 11.16 | 1.96 35000 |18.20| 3387 4104 1.62.E+07 -1.62.E+07 | 2.19.E+05 | 73.92 1.87 -1.80

120 mn-50%-75% 5.10 9.43 15.58( 10.81 10.46 | 1.06 35000 |18.10| 4104 4294 1.24 E+07 -1.24E+07 | 2.00.E+05 | 61.86 1.79 -1.90

30 mn-25%-50% 4.82 9.15 17.11( 10.49 6.07 | 424 35000 |[19.60| 4032 4049 2.04.E+07 -2.04.E+07 | 1.99.E+05 | 102.51 2.01 -0.40

30 mn-50%-75% 4.89 9.41 15.68( 10.79 7.08 1.56 35000 |18.20| 4049 4141 1.16.E+07 -1.16.E+07 | 2.07.E+05 | 55.93 1.75 -1.80

; 60 mn-25%-50% 471 9.28 16.38( 10.64 697 | 5.09 35000 |[18.90| 4157 3803 2.44 E+07 -2.44.E+07 | 2.08.E+05 | 117.45 2.07 -1.10
60 mn-50%-75% 497 9.36 1597 10.73 630 | 2.79 35000 |18.50| 3803 4597 1.55.E+07 -1.55.E+07 | 2.01.E+05 | 76.77 1.89 -1.50

120 mn-25%-50% 4.78 9.37 15.88 10.75 926 | 2.21 35000 |18.40| 3776 4533 1.63.E+07 -1.63.E+07 | 2.09.E+05 | 78.02 1.89 -1.60

120 mn-50%-75% 5.33 9.39 15.78( 10.77 8.67 | 2.53 35000 |18.30| 4533 4733 1.70.E+07 -1.70.E+07 | 1.91.E+05 | 89.23 1.95 -1.70

30 mn-25%-50% 6.55 9.39 15.78( 10.77 6.80 | 2.98 35000 |[18.30| 5167 5509 1.60.E+07 -1.60.E+07 | 1.48.E+05 | 108.20 2.03 -1.70

30 mn-50%-75% 6.45 9.37 15.88( 10.75 1.34 | 032 35000 |18.40| 5509 4996 2.22. E+06 -2.22.E+06 | 1.51.E+05 | 14.73 1.17 -1.60

8 60 mn-25%-50% 5.12 9.41 15.68( 10.79 7.80 | 3.53 35000 |18.20| 4154 4277 1.90.E+07 -1.90.E+07 | 1.99.E+05 | 95.42 1.98 -1.80
60 mn-50%-75% 5.26 9.41 15.68( 10.79 7.05 1.15 35000 |18.20| 4277 4385 9.87.E+06 -9.87.E+06 | 1.94E+05 | 50.96 1.71 -1.80

120 mn-25%-50% 5.51 9.39 1578 10.77 10.36 | 145 35000 |18.30| 4505 4775 1.40.E+07 -1.40.E+07 | 1.84.E+05 | 75.97 1.88 -1.70

120 mn-50%-75% 5.72 9.43 15.58( 10.81 1.80 | 0.78 35000 |18.10| 4775 4850 4.34.E+06 -434.E+06 | 1.78.E+05 | 24.36 1.39 -1.90

30 mn-25%-50% 5.02 9.19 17.98( 10.54 582 | 417 35000 |[20.40| 4058 4074 1.92.E+07 -1.92.E+07 | 1.93.E+05 | 99.66 2.00 0.40

30 mn-50%-75% 5.09 9.45 1648 10.84 792 | 148 35000 |[19.00| 4074 4163 1.16.E+07 -1.16.E+07 | 2.01.LE+05 | 57.44 1.76 -1.00

0 60 mn-25%-50% 5.24 9.32 17.22 10.68 6.68 | 5.08 35000 |[19.70| 4514 4167 2.36.E+07 -2.36.E+07 | 1.91.E+05 | 124.02 2.09 -0.30
60 mn-50%-75% 5.50 9.39 16.79( 10.77 9.43 | 2.66 35000 |[19.30| 4167 4945 1.73.E+07 -1.73.E+07 | 1.84.E+05 | 93.74 1.97 -0.70

120 mn-25%-50% 5.51 9.41 16.69( 10.79 8.88 | 2.18 35000 |[19.20| 4179 4896 1.51.E+07 -1.51.E+07 | 1.85.E+05 | 81.39 1.91 -0.80

120 mn-50%-75% 6.06 9.43 16.59( 10.81 11.71 | 243 35000 |[19.10| 4896 5085 1.83.E+07 -1.83.E+07 | 1.67.E+05 | 109.69 2.04 -0.90

30 mn-25%-50% 4.80 8.65 20.45 9.92 6.80 | 6.14 35000 |[22.50| 4160 4092 2.85.E+07 -2.85.E+07 | 1.79.E+05 | 159.20 220 2.50

30 mn-50%-75% 4.87 8.58 20.95 9.84 924 | 2.11 35000 [22.90| 4092 4272 1.57.E+07 -1.57.E+07 | 1.74E+05 | 90.34 1.96 2.90

10 60 mn-25%-50% 6.63 8.76 1843 10.05 780 | 6.97 35000 |[21.80| 5951 5585 3.29.E+07 -3.29.E+07 | 1.20.E+05 | 274.28 2.44 1.80
60 mn-50%-75% 6.89 8.75 18.54( 10.03 11.00 | 3.53 35000 |[21.90| 5585 6403 2.28 E+07 -2.28. E+07 | 1.10.E+05 | 206.92 232 1.90

120 mn-25%-50% 6.90 8.75 18.54( 10.03 695 | 2.71 35000 |[21.90| 5534 6279 1.59.E+07 -1.59.E+07 | 1.10.E+05 | 145.14 2.16 1.90
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Table 4.6 (Continued): Determination of Ka value

Csat
Csat at A
Test . C individual A NH3 A\ t | CinQin | CoutQout | (A BOD+4.3A log
Number Region (mg/L) 760 mm [PH20 pressure BOD (mg/L) L ¢ | gy | (me/h) NHs )*Q X1 X2 -X1/X2 X1/X2) T-20
Hg(mg/L) (mg/L) (mg/L)

30 mn-25%-50% 5.49 8.85 19.00] 10.15 6.34 | 6.54 35000 |[21.30( 4354 4426 2.76. E+07 -2.76.E+07 | 1.63.E+05 | 168.99 2.23 1.30

30 mn-50%-75% 5.58 8.78 19.47] 10.07 8.63 | 2.76 35000 |[21.70| 4426 4506 1.64. E+07 -1.64.E+07 | 1.57.E+05 | 104.24 2.02 1.70

» 60 mn-25%-50% 5.82 9.15 18.20] 10.50 3.59 | 5.80 35000 [20.60( 4609 4762 2.30.E+07 -2.30.E+07 | 1.64.E+05 | 140.31 2.15 0.60
60 mn-50%-75% 6.06 9.13 18.31] 1048 4.12 | 455 35000 [20.70( 4762 5004 1.91.E+07 -1.91L.E+07 | 1.55.E+05 | 123.50 2.09 0.70

120 mn-25%-50% 6.33 9.13 18.31 10.48 649 | 439 35000 [20.70] 5049 5211 2.06.E+07 -2.06.E+07 | 1.45.E+05 | 141.69 2.15 0.70

120 mn-50%-75% 6.67 8.90 18.66| 10.21 9.67 | 3.58 35000 |[21.00] 5211 5600 2.03.E+07 -2.03.E+07 | 1.24.E+05 | 164.08 222 1.00

30 mn-25%-50% 5.59 9.19 17.76] 10.54 6.96 | 0.00 35000 [20.20( 4942 4942 6.15.E+06 -6.15.E+06 | 1.73.E+05 | 35.54 1.55 0.20

30 mn-50%-75% 5.68 9.19 1820] 10.54 9.47 | 0.00 35000 [20.60( 5022 5022 8.37.E+06 -8.37.E+06 | 1.70.E+05 | 49.24 1.69 0.60

12 60 mn-25%-50% 5.90 9.36 17.00] 10.73 3.94 | 0.00 35000 |19.50( 5276 5276 3.52.E+06 -3.52.E+06 | 1.69.E+05 | 20.85 1.32 -0.50
60 mn-50%-75% 6.09 9.34 17.11] 10.71 4.52 | 0.00 35000 |19.60( 5445 5445 4.04.E+06 -4.04E+06 | 1.62.E+05 | 25.01 1.40 -0.40

120 mn-25%-50% | 6.46 9.34 17.11] 10.71 7.12 | 0.00 35000 [19.60( 5712 5712 6.30.E+06 -6.30.E+06 | 1.49.E+05 | 42.38 1.63 -0.40

120 mn-50%-75% | 6.66 9.28 17.43] 10.64 10.62 | 0.00 35000 |[19.90( 5889 5889 9.39.E+06 -9.39.E+06 | 1.39.E+05 | 67.37 1.83 -0.10

30 mn-25%-50% 5.64 9.22 17.76] 10.58 6.96 | 4.19 35000 |[20.20( 4626 4700 2.07.E+07 -2.07.E+07 | 1.73.E+05 | 119.52 2.08 0.20

30 mn-50%-75% 573 9.15 1820 10.50 9.47 1.76 35000 |[20.60| 4700 4783 1.41.E+07 -1.41L.E+07 | 1.67.E+05 | 84.60 1.93 0.60

13 60 mn-25%-50% 6.00 9.36 17.00| 10.73 394 | 343 35000 |[19.50| 4809 4963 1.52.E+07 -1.52.E+07 | 1.66.E+05 | 92.04 1.96 -0.50
60 mn-50%-75% 6.24 9.34 17.11 10.71 452 | 2.69 35000 |[19.60| 4963 5208 1.31.E+07 -1.31L.E+07 | 1.56.E+05 | 83.92 1.92 -0.40

120 mn-25%-50% | 6.56 9.34 17.11] 10.71 7.12 | 2.60 35000 |19.60( 5200 5361 1.47.E+07 -1.47.E+07 | 1.45.E+05 | 101.52 2.01 -0.40

120 mn-50%-75% | 6.90 9.28 17.43] 10.64 10.62 | 2.12 35000 |19.90( 5361 5748 1.59.E+07 -1.59.E+07 | 1.31.E+05 | 121.26 2.08 -0.10

30 mn-25%-50% 478 8.30 2321 953 6.96 | 3.66 35000 |[24.60( 3892 4075 1.89.E+07 -1.89.E+07 | 1.66.E+05 | 113.68 2.06 4.60

30 mn-50%-75% 5.02 8.32 23.07| 955 8.12 | 0.39 35000 [24.50( 4075 4283 8.18.E+06 -8.18.E+06 | 1.59.E+05 | 51.54 1.71 4.50

14 60 mn-25%-50% 4.64 8.32 23.07| 9.55 799 | 4.73 35000 [24.50( 3697 4109 2.39.E+07 -2.39.E+07 | 1.72.E+05 | 138.65 2.14 4.50
60 mn-50%-75% 5.08 8.30 23.21 9.53 722 | 1.54 35000 |[24.60( 4109 4438 1.17.E+07 -1.17.E+07 | 1.56.E+05 | 74.69 1.87 4.60

120 mn-25%-50% | 4.87 8.26 23.63| 948 10.62 | 2.02 35000 |[24.90( 4008 4194 1.62.E+07 -1.62.E+07 | 1.61.E+05 | 100.74 2.00 4.90

120 mn-50%-75% 5.10 8.27 23.48 9.50 9.94 1.09 35000 |[24.80| 4194 4387 1.23.E+07 -1.23.E+07 | 1.54.E+05 | 79.89 1.90 4.80

30 mn-25%-50% 5.96 8.70 20.08 9.98 6.64 | 3.59 35000 |[22.20| 4790 4863 1.79.E+07 -1.79.E+07 | 1.41.E+05 | 127.14 2.10 2.20

30 mn-50%-75% 6.05 8.63 20.57]  9.90 9.03 | 1.51 35000 [22.60( 4863 4944 1.26.E+07 -1.26.E+07 | 1.35.E+05 | 93.30 1.97 2.60

15 60 mn-25%-50% 6.32 8.65 2045 9.92 376 | 2.61 35000 [22.50( 5095 5251 1.23.E+07 -1.23.E+07 | 1.26.E+05 | 97.30 1.99 2.50
60 mn-50%-75% 6.56 8.63 20.57]  9.90 431 | 2.04 35000 [22.60( 5251 5497 1.07.E+07 -1.07.E+07 | 1.17.E+05 | 91.73 1.96 2.60

120 mn-25%-50% | 6.67 8.63 20.57]  9.90 6.79 | 197 35000 [22.60( 5259 5419 1.22.E+07 -1.22.E+07 | 1.13.E+05 | 108.21 2.03 2.60

120 mn-50%-75% | 7.01 8.58 20.95| 9.84 10.12 | 1.61 35000 [22.90( 5419 5803 1.36.E+07 -1.36.E+07 | 9.91.E+04 | 137.51 2.14 2.90

70




Table 4.6 (continued): Determination of Ka value

Csat at . (.:s.at A inOi A BOD+4.3A
N:::blr Region (m;L) 760 mm |PH20 ‘]')‘r‘z:::]“rzl BOD (fn:/lf) (]\j) (né) (fng?h) C(m:/)h)‘ ( NHs )0 X1 X2 |xux2 (-xllo/%(z) T-20
Hig(mg/L) rty |2/

30mn-25%-50% | 582 | 851 |2146] 977 | 713 | 3.77 | 35000 [2330] stz | 5181 207E+07 | -207E+07 | 1.38E+05 | 14931 | 217 | 3.30
30mn-50%-75% | 591 | 845 2199 970 | 971 | 1.58 | 35000 [23.70] si81 | 5270 146E+07 | -146E+07 | 133.E+05 | 110.13 | 204 | 3.70

6 60mn-25%-50% | 3.04 | 846 |2185] 971 | 403 | 625 | 35000 [23.60] 5320 0 27LE+07 | -270E+07 | 234E+05 | 11579 | 206 | 3.60
60mn-50%-75% | 642 | 845 |21.99] 970 | 463 | 214 | 35000 [23.70] sa86 | 5749 12LE07 | -12LE+07 | LISEF05 | 10564 | 202 | 3.70
120mn-25%-50% | 653 | 845 |21.99] 970 | 730 | 207 | 35000 [23.70] se26 | ss01 142E+07 | -142E+07 | LILEF0S | 12809 | 211 | 3.70
120mn-50%-75% | 687 | 840 |2239] 964 | 1088 | 1.68 | 35000 [24.00] sso1 | 6221 1.59.E+07 | -1.59.E+07 | 9.70.E+04 | 16348 | 221 | 4.00
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Figure 4.22: Plot of data fitted to Equation 4.11

72




CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATION

5.1 Conclusions

The following are the conclusions reached after analyzing the results of this research in

the LRWRP BAF:

1. A low nominal airflow rate 1300 m>/hr is sufficient for NH; and BOD removal from

the BAF wastewater.

2. Most of the BOD removal was within first 25 % of the cell at 1700 m’/h nominal air

flow rate, and the removal was constant with depth at 1300 m’/h nominal air flow rate.

3. BOD removal is mainly dependent on airflow to water flow ratio, temperature and
BOD concentration of inflow wastewater in the BAF. With a specific water flow rate the

lower airflow rate gives a better BOD removal efficiency in the BAF.

4. Ammonia removal is independent of airflow in this BAF. Ammonia removal capacity
depends on ammonia loading between 1300 m’/h to 1700 m’/h airflow rate. Most of the
ammonia was removed with in the first 50% for both the 1300 m*/h and 1700 m’/h

nominal airflow rates.

5. The possible causes of the imbalance between ammonia consumed and nitrate

produced are that nitrogen is being fixed in cell biomass, and denitrification.
6. The re-aeration coefficient was 1966/d for the BAF in LRWRP.
5.2 Future recommendation

Further studies be continued at lower nominal airflow rate below 1300m’/h to find the
lowest airflow rate which will provide sufficient ammonia and BOD removal in the BAF.
VSS can be determined by taking a composite sample of the backwash and analyzing that

to confirm the calculated yield in the LRWRP.
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APPENDIX A

Nitrogen mass balance Calculations

Inflow
Month $S (mg/L) VSS N CBOD | COD fromBOD| TKN [ (NO3+NO2) | Soluble-N | Total- N
(mg/L) | (mg/L) | (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) | (mg/L)
February, 2010 25.68 20.33 2.52 30.50 172.33 13.50 0.76 14.26 16.78
March, 2010 33.14 26.23 3.25 31.00 175.15 15.16 1.25 16.41 19.66
April, 2010 29.13 23.06 2.86 30.77 173.85 13.39 1.02 14.41 17.27
May, 2010 40.63 32.17 3.99 34.64 195.73 13.55 0.86 14.41 18.40
outflow
VSS N CBOD | COD fromBOD| TKN [ (NO3+NO2) | Soluble-N | Total-N
Month — 1SSeD] oty | gy ey | gy | ooey | meny | gy | me)
February, 2010 14.87 11.77 1.46 6.80 38.42 5.52 3.70 922 10.68
March, 2010 16.14 12.78 1.58 8.84 49.94 6.01 3.89 9.90 11.48
April, 2010 15.10 11.95 1.48 3.20 18.08 457 4.19 8.76 10.24
May, 2010 17.97 14.22 1.76 5.53 31.26 448 3.78 8.26 10.02
Month A COD (CBOD is with SS) NFixed(CBOD is with SS) ATotal N(CBOD is with SS) N2 (g)
(mg/L) (mg/L) (mg/L) (mg/L)
February, 2010 133.9 6.48 6.10 -0.37
March, 2010 125.2 6.06 8.18 2.12
April, 2010 155.8 7.53 7.03 -0.51
May, 2010 164.5 7.95 8.38 0.42
Where,

N (mg/L)= VSS (mg/L) x 0.124

Soluble N (mg/L) = TKN (mg/L) x (NO3+NO2) (mg/L)

Total N (mg/L) = Soluble N (mg/L) + N (mg/L)

A COD (CBOD is with SS) (mg/L) = COD from BOD (mg/L) - COD from BOD (mg/L)

Nried (CBOD is with SS) (mg/L) = A COD (CBOD is with SS) (mg/L) x 0.124 x Yield
(VSS/COD)

ATotal N (CBOD is with SS) (mg/L) = Total N (mg/L),- Total N (mg/L) out

N (¢ (mg/L) = ATotal N(CBOD is with SS) (mg/L) - Nrixea (CBOD is with SS) (mg/L)

78



Nitrogen content in VSS: amount of nitrogen in cell biomass =g N/g CsH7NO,
=14/ (60+7+14+32)
=0.124
=12.4%

N mass balance in the cell

Nin, T =N fixed T Nout, T +N2

Therefore,

Nin, T-Nout, T = Niixed TN2
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