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Abstract:
To protect groundwater resources from nitrate contamination, Montana and several other states have
recently promulgated, or are considering promulgation of, regulations that require removal of nitrogen
from domestic wastewater treated on-site. Fluidyne, Inc., a firm in Bozeman, Montana, has designed an
on-site wastewater treatment system to provide enhanced nitrogen removal. The system utilizes a
trickling filter to nitrify ammonia to nitrate. The goal of the project was to perform a detailed process
analysis and performance/cost optimization of the Fluidyne, Inc. system. Because nitrification is the
most sensitive process in nitrogen removal, the studies focused on optimizing nitrification.

Four laboratory scale systems were constructed and operated to evaluate the effect of changing design
configurations and operation conditions on process performance. The results showed smaller packing
media and media with internal porosity resulted in slightly higher nitrification due to increased
residence time and specific surface area. However, excessive biofilm growth on the smaller packing
media (3/8-inch) increases the likelihood the media will plug. The results also showed that a higher
hydraulic loading rate resulted in acceptable nitrogen removal at room temperature but led to active
nitrification through the entire column (30 inches). In the filters loaded at a lower hydraulic loading
rate, observable nitrification was limited to the upper 18 inches and it appears nitrification rates are
ammonia limited below this depth.

Several conclusions were drawn from the study. The system studied is capable of achieving between 65
and 75 percent total nitrogen removal under the conditions tested. Factors that control hydraulic
residence time, such as media size, internal porosity, and hydraulic loading rate are most critical to
nitrification efficiency. Operation at the higher hydraulic loading rate tested would result in a
significant decrease in total nitrogen removal at low temperatures encountered in field application. In
addition to enhanced nitrogen removal, organic carbon removal improved significantly with operation
of the trickling filter as compared to operation of the septic tank alone. 
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ABSTRACT

xii'

To protect groundwater resources from nitrate contamination, Montana and several 

other states have recently promulgated, or are considering promulgation of, regulations 

that require removal of nitrogen from domestic wastewater treated on-site. Fluidyne, Inc., 

a firm in Bozeman, Montana, has designed an on-site wastewater treatment system to 

provide enhanced nitrogen removal. The system utilizes a trickling filter to nitrify 

ammonia to nitrate. The goal of the project was to perform a detailed process analysis 

and performance/cost optimization of the Fluidyne, Inc. system. Because nitrification is 

the most sensitive process in nitrogen removal, the studies focused on optimizing 

nitrification.

Four laboratory scale systems were constructed and operated to evaluate the effect of 

changing design configurations and operation conditions on process performance. The 

results showed smaller packing media and media with internal porosity resulted in 

slightly higher nitrification due to increased residence time and specific surface area. 

However, excessive biofilm growth on the smaller packing media (3/8-inch) increases the 

likelihood the media will plug. The results also showed that, a higher hydraulic loading 

rate resulted in acceptable nitrogen removal at room temperature but led to active 

nitrification through the entire column (30 inches). In the filters loaded at a lower 

hydraulic loading rate, observable nitrification was limited to the upper 18 inches and it 

appears nitrification rates are ammonia limited below this depth.

Several conclusions were drawn from the study. The system studied is capable of 

achieving between 65 and 75 percent total nitrogen removal under the conditions tested. 

Factors that control hydraulic residence time, such as media size, internal porosity, and 

hydraulic loading rate are most critical to nitrification efficiency. Operation at the higher 

hydraulic loading rate tested would result in a significant decrease in total nitrogen 

removal at low temperatures encountered in field application. In addition to enhanced 

nitrogen removal, organic carbon removal improved significantly with operation of the 

trickling filter as compared to operation of the septic tank alone.
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INTRODUCTION

Nitrogen removal from wastewater collected and treated by off-site wastewater 

treatment, systems has been an area of research for many years. Removal of nitrogen by 

on-site treatment systems has only recently become an area of concern. Development in 

rural areas has often led to relatively dense housing for which no treated water supply or 

sanitary sewer systems have been supplied. Wastewater is treated on-site, most 

commonly by a septic tank, and is disposed of on-site, through a drainfield. Water is 

supplied through groundwater wells, often on the homeowners’ property. Treated 

wastewater disposed of through drainfields infiltrates the soil column and recharges the 

shallowest aquifer. Often the shallow aquifer is the source for neighboring homeowners 

drinking water supply wells or is hydraulically connected to the aquifer supplying the 

drinking water wells. This can result in a completed pathway for nitrogen from the 

treated wastewater to neighboring drinking water sources.

Nitrate ' contamination of groundwater can cause the infant disorder 

methemoglobenemia. Additionally, recharge of surface water by nitrate contaminated 

groundwater can lead to eutrophication and subsequent degradation of surface water 

quality. Ammonia is of concern in water because of its toxicity to fish and oxygen 

demand" on receiving waters (Zhang and Bishop, 1996). To protect groundwater 

resources from nitrate contamination, Montana and several other states, have recently 

promulgated, or are considering promulgation of, regulations that require removal of 

nitrogen from domestic wastewater treated on-site.
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Typical septic tank/drainfield systems do not provide significant nitrogen removal. 

The non-degradation rule implemented by the Montana Department of Environmental 

Quality requires that estimated nitrate concentrations in groundwater be below 5 mg/L 

NO3-N at the end of a mixing zone. E  this cannot be achieved due to site-specific 

wastewater discharge or hydrogeologic conditions, enhanced nitrogen removal, referred 

to as level 2 treatment, is required. Level 2 treatment requires that the on-site wastewater 

treatment system removes 60% of the total nitrogen or that the system effluent does not 

result in greater than 7.5 mg/L NO3-N at the end of the mixing zone (Montana 

Department of Environmental Quality, 1996).

Fluidyne, Inc., of Bozeman, MT has invented an on-site biological wastewater 

treatment system that achieves greater than 60% removal of nitrogen from domestic 

wastewater based on field monitoring (Buis et ah, 1997). The purpose of this project was 

to evaluate and optimize the Fluidyne system.

Goals and Objectives

The goal of the project was to perform a detailed process analysis and 

performance/cost optimization of the Fluidyne, Inc. D-Nite system. The main objectives 

of this project were to:

o Perform laboratory studies to evaluate critical steps in process 

performance;

o Vary operating parameters to evaluate their effect on process performance;
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Use performance data to develop an empirical model of system 

performance;

Use the results of the laboratory studies to suggest alternative design 

configurations and operating conditions that will allow consistent 

performance at reduced operating and installation costs.
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BACKGROUND

Nitrogen Removal in Wastewater Treatment Systems

Nitrogen is typically present in. two forms in domestic wastewater, ammonia and 

organic nitrogen. Organic nitrogen is reduced to ammonia in anaerobic environments 

such as septic tanks through the process of ammonification. In conventional on-site 

treatment systems, the ammonia can be oxidized to nitrate in the drainfield. This process, 

referred to as nitrification, carried out by Nitrosomonas and Nitrobacter and other 

bacteria, requires oxygen. The nitrate can then. travel through the soil column to 

groundwater. Denitrification, the reduction of nitrate to nitrogen gas, requires an 

anaerobic environment and significant concentrations of organic carbon. Because these 

conditions are not typically present in the drainfield or soil column, significant 

denitrification of effluent from a conventional on-site treatment system is unlikely to 

occur.

Wastewater treatment plants typically remove nitrogen by first nitrifying ammonia to 

nitrate in an aerobic process and then denitrifying the wastewater with an anaerobic 

process. Similarly, the Fluidyne, Inc. system facilitates nitrogen removal through 

biological nitrification (conversion of ammonia to nitrate) in an aerobic fixed-film reactor 

that is essentially a trickling filter (also referred to as the D-Nite unit) followed by 

denitrification (conversion of nitrate to nitrogen gas) in the septic tank (Figure I).
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Figure I. Schematic of FIuidyne, Inc., on-site wastewater treatment system.

SSSSif1SIfi', THckling Filter 
SSSSSSS, Nitrification:
SSSSSSS NH1WNO2-N O 1

*
 ̂ Septic Tank
Ammonification: 

Organic N— NH1' 
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Leach
Field

Wastewater flows to the septic tank where solids settle to the bottom forming a sludge 

blanket. Clarified wastewater flows from the septic tank to a dose chamber. A pump 

controlled by a timer doses the clarified wastewater at 15 minute intervals to the trickling 

filter. In this aerobic reactor, ammonia is oxidized to nitrite and then the nitrite is 

oxidized to nitrate by Nitrosomonas and Nitrobacter, respectively. The nitrified effluent 

then flows back to the septic tank via gravity. The septic tank is anaerobic and typically 

contains sufficient dissolved organic carbon for denitrification to occur. In this 

environment, several genera of bacteria oxidize the organic carbon using nitrate as an 

electron acceptor. Ultimately the nitrogen in the nitrate is reduced to nitrogen gas which 

is released to the atmosphere. Recycling the clarified effluent to the biofilm reactor at a



6

sufficient rate leads to significant reduction of total nitrogen. A recycle ratio of three is 

maintained. As additional wastewater enters, the system, clarified wastewater either flows 

to the drainfield by gravity or is pumped from the dose chamber.

Nitrification

Denitrification is not a particularly sensitive process. The two major requirements, an 

abundant organic carbon source and anaerobic conditions, are easily provided in most 

wastewater treatment processes. In the Fluidyne system the septic tank provides the 

required conditions for denitrification. Nitrification, on the other hand, is typically the 

critical process in any nitrogen removing treatment scheme. This is largely because 

nitrifiers are autotrophic organisms that must reduce inorganic carbon to the oxidation 

state of cellular carbon through energy intensive reactions that result in low cell yields 

and maximum specific growth rates (Rittmann and Manem, 1992). In addition, nitrifiers 

are inhibited by many factors including pH, low dissolved oxygen, and many inhibitory 

compounds. Because nitrification is a much more sensitive process,.it was the primary 

focus of the optimization studies.

The oxidation of ammonium to nitrite is performed by a genus of bacterium called 

Nitrosomonas by the general stoichiometry:

NH4+ +1.5 O2 —> NO2 + H2O + 2H

The oxidation of nitrite to nitrate is performed by Nitrobactor and follows the general

stoichiometry:
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N0% + 0.5 O2 —> NO3

Nitrification is described in more detail by the following stoichiometry (U.S. EPA, 

1975):

NHU+ + 1.83 O2 + 1.98 HCO3" -> 0.98 NO3 + 1.04 H2O + 0.021 C5H7NO2 + 1.88 H2CO3 

Oxygen and Air Flow Requirements

As shown by the stoichiometry presented above, approximately 2 moles of oxygen are 

required to oxidize I mole of ammonia. Expressed on a mass basis, 4.6 mg of oxygen are 

required to oxidize each mg of nitrogen. Assuming the trickling filter influent wastewater 

is aerated as it enters the column resulting in 10 mg/L of dissolved oxygen (DO), 

nitrification would be limited oxidation of 2.2 mg N/L. However, oxygen from the air 

space within the trickling filter diffuses into the biofilm and the wastewater allowing for. 

increased oxidation of nitrogen. This requires that the air within the trickling filter be 

exchanged so that oxygen is not depleted: Trickling filters often rely on thermal gradients 

to induce convective flow and provide air exchange. Passing wastewater also displaces 

air, increasing mixing and air exchange. The intermittent dosing of wastewater to the 

trickling filter in the D-Nite system enhances air exchange during the dose and oxygen 

transfer during the quiescent period. The D-Nite systems installed in the field are sealed 

at the bottom, therefore, air exchange is primarily induced by the dosing of wastewater to

the filter.
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Alkalinity and pH effects

As demonstrated in the stoichiometry presented above, nitrification results in the 

release of hydrogen ions which consume alkalinity. Between 6.0 and 7.4 mg as CaCOg of 

alkalinity are consumed for each mg of ammonia oxidized (U.S. EPA, 1975). If 

sufficient alkalinity is not available in the wastewater being treated the buffering capacity 

can be depleted resulting in a decrease in pH. Decreasing the pH below 7 results in a 

decrease in ammonia oxidation rates, however, there is an increase in nitrite oxidation 

rates (Zhang and Bishop, 1996). Szwerinski et. al. observed the maximum nitrite 

oxidation rate in a biofilm when the bulk water pH was 6.7 and the pH at the base of the 

biofilm was 5.8. Below these pH conditions the nitrite oxidation rate decreased. 

Nitrifiers are strongly inhibited at a pH of approximately 5.5 (Szwerinski, et. al., 1986).

Diffusional resistance to solute transport through bipfilms can result in significantly 

lower pH within the biofilm than in the bulk fluid causing pH inhibited nitrification rates 

that go undetected by monitoring the bulk fluid (Szwerinski, et. al., 1986). Szwerinski, 

et. al: developed a theoretical model to estimate pH effects within biofilms. They 

observed that the model predicted stronger pH effects than were actually observed. One 

factor that resulted in overestimation of pH effects by the model is the presence of 

buffering systems other than the carbonate system, such as phosphate and the biofilm 

itself.

Zhang and Bishop studied the effects of varying bulk alkalinity and pH on nitrification 

within a biofilm. At a bulk ammonia concentration of 5 mg/L NH4-N, alkalinity of 0.6 

milliequivalents per liter (meq/L), and pH of 6.56, nitrification was inhibited but still
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occurred within the film. Further reducing the pH to 5.6 and alkalinity to. 0.07 meq/L 

nearly completely inhibited nitrification, which was limited to the top 50 micrometers of 

the film. The .results indicated that if both pH and alkalinity were very low nitrification 

was greatly inhibited and pH profiles, were not generated within the biofilm. However, if 

pH is neutral (near 7), but alkalinity is very low, nitrification will still occur generating a 

large observed pH gradient within the biofilm.

Temperature

Like most biological processes, nitrification is sensitive to temperature. The optimum 

temperature for growth of Nitrobacter has been reported to be 30oC (Wong Chong and 

Loehr, 1975). It has been found that Nitrosomonas is more temperature sensitive than 

Nitrobacter. The following equation summarizes the effect of temperature on growth 

rates (Grady and Lim, 1980):

M-maxT =  Fmax 15 e[K(T‘15)]

where: FmaxT = maximum growth rate at temperature T

Fmaxis = maximum growth rate at 15°C 

K = 0.095 to 0.12 for Nitrosomonas 

= 0.056 to 0.069 for Nitrobacter

Yamaguchi et. al. (1996) found that complete nitrification in porous media unsaturated 

rapid infiltration systems was obtained after 3 to 5 days at SO0C while taking
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approximately 50 days, at IO0C. The authors also observed that complete nitrification 

required twice the column length at 10°C than was required at 30°C.

Temperature was found to have only modest effects on nitrification rates in pilot-scale 

nitrifying trickling filters studied, by Parker et. al. (1995). The authors observed that 

under warmer conditions the nitrifying biofilms responded more rapidly to changing 

influent conditions than under colder conditions. The authors suggest that the nitrifying 

trickling filters were not as affected by temperature as an activated sludge process 

because nitrification rates in thick biofilms are governed by mass transport resistance 

rather than nitrifier growth rates.

Organic Matter and Competition with Heterotrophs

Organic matter is commonly considered to inhibit nitrification by stimulating growth 

of heterotrophic organisms that compete for oxygen and space with the nitrifiers. The 

effects of both soluble and particulate organic matter on nitrification are important to this 

research because the influent to the nitrifying trickling filters contains both. Soluble 

organic matter will diffuse into the biofilm where it will support growth of heterotrophic 

organisms. Particulate organic material can adhere to the biofilm or be retained by 

mechanical straining in the porous media. Decomposition of the particulate material will 

lead to soluble organics that will support heterotrophic growth in the tricking filters. The 

considerably higher growth rate of heterotrophic organisms can lead to significant 

competitive pressures even when organic carbon concentrations are low (Rittmann and

Manem, 1992).
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Parker et. al. (1995) observed a strong influence on nitrification rates by suspended 

solids in trickling filters utilizing crossflow plastic media. Figueroa and Silverstein 

(1992) studied the effects of both soluble and particulate organic matter on nitrification 

by rotating biological contactors. It was found that total BOD5 was a better indicator of 

nitrification inhibition than soluble BOD5. The authors suggest that particulate organic 

matter may contribute to inhibition of nitrification by mechanically interfering with 

oxygen transfer. However, the identical inhibition observed due to particulate and 

soluble BOD led the authors to conclude that competition with heterotrophic bacteria was 

the primary cause for nitrification inhibition.

Rittmann and Manem (1992) proposed a multi-species biofilm model. The 

competition for space within a biofilm can result in an uneven distribution of species 

within film. Because of their higher maximum growth rate, heterotrophs will tend to 

dominate the outer region of the biofilm while the nitrifiers will reside within the film, 

closer to the substratum. The result is that substrates for the nitrifiers (i.e. ammonia, 

oxygen, and carbon dioxide) must diffuse through the biofilm and mass transport 

resistance can inhibit the rate of growth. In addition, oxygen diffusing through the film 

can be completely utilized by heterotrophs thereby further inhibiting growth of nitrifiers. 

The nitrifiers do have one advantage in residing closer to the substratum; detachment of 

biofilm will tend to preferentially remove heterotrophs residing near the surface of the 

film.

Zhang and Bishop (1995 and 1996) observed preferential growth of nitrifiers within a 

heterotrophic/autotrophic biofilm. While heterotrophs did not significantly change in
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density, the density of nitrifiers increased deeper into the film. At an influent COD 

concentration of 170 mg/L the heterotrophs were always present in numbers 4 to 5 orders 

of magnitude greater than nitrifiers. The authors speculated that heterotrophic growth 

dominated until the organic substrate was significantly depleted and then autotrophs 

could compete! The authors also demonstrated competition between nitrifiers and 

heterotrophs for oxygen within a biofilm and showed that the presence of ah organic 

substrate (glucose) did not inhibit nitrifier growth directly. When heterotrophs had 

reached their maximum respiration rate additional glucose did not result in additional 

oxygen consumption by heterotrophs and therefore nitrification was not inhibited.

It is commonly thought, that growth of heterotrophic organisms inhibits growth of 

nitrifiers through competition for space and oxygen within biofilms. However, Blanc et. 

al. (1986), found that the activity of Nitrobacter can be enhanced by growth of 

heterotrophic organisms. The authors hypothesized that heterotrophic bacteria secreted 

an activating compound that enhanced the kinetics of Nitrobacter growth. When non- 

sterile feed containing an organic carbon source was introduced to the attached growth 

reactors containing Nitrobacter grown on sterile feed the rate of nitrite oxidation 

increased appreciably. The authors determined that the increased rate must have been the 

result of the introduction of an organic carbon source or the heterotrophs. The authors 

allowed heterotrophic bacteria to ferment sodium acetate and then filtered the medium to 

obtain a sterile fermentation filtrate. It was demonstrated that the filtrate increased the 

growth rate and cell production of Nitrobacter when included as 10 percent in the growth 

media. Further tests determined that the activating substance was released during the
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growth stage of heterotrophic fermentation. This research indicates that in the absence of 

oxygen, or space limitations heterotrophic growth and organic matter may actually 

enhance nitrification rather than limit it.

Nitrification Rates

th e  order of the reaction rate for nitrification is generally considered to be zero order 

if ammonia concentrations are greater than 3 to 5 mg/L NH4-N in the bulk fluid and the 

reaction is limited by oxygen transfer. Below 3 to 5 mg/L NH4-N the reaction rate is 

controlled by ammonia concentration and follows Monod kinetics, assuming oxygen is 

not limiting (Parker, et al., 1989 and Parker, et al., 1995). Nitrification rates were 

determined for incremental depths within nitrifying trickling filters that were packed with 

cross-flow plastic media (specific surface area of 140 m2/m3). Nitrification rates ranging 

from 290 to 440 grams nitrogen/m3/day were observed for a filter loaded at 2 gpm/ft2 (1.4 

LZm2Zsec) (Parker, et al., 1989). In another study using cross-flow media, nitrification 

rates of from 140 to 370 grams nitrogen/m3/day were observed for a filter loaded at 1.0 

gpm/ft2 (Parker, et al., 1995). In both studies the authors did not calculate the nitrification 

rates if the ammonia concentration in the bulk fluid was less than 5 mg/L NH4-N.

Ammonia Adsorption

The classic biofilm uptake model relies on substrate utilization, typically in a 

biologically mediated reaction, to generate concentration gradients that drive diffusion of 

the substrate from the bulk fluid into the biofilm. Sorption of substrate into the biofilm or
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substratum is typically not considered. The classic model also involves a system that is 

continuously loaded. Because it is intermittently loaded, the trickling filter varies from 

the classic model. Immediately following a dose, significant displacement and mixing of 

fluid occurs. This is followed by a quiescent period with relatively little fluid flow. 

During this period, oxygen can diffuse from the unsaturated void space in the column into 

the biofilm. Because the period of active flow is relatively short, the period for reaction 

driven diffusion is limited. During the quiescent period there is sufficient time for 

reaction driven diffusion between the biofilm and the liquid layer that forms on the 

media. However, this limits the volume of liquid that is subjected to the “classical” 

diffusion-reaction model.

If adsorption of ammonium by the biofilm or substratum is significant then adsorption 

driven diffusion may also be occurring during the period of liquid displacement following 

the dose. This non-reaction driven component of diffusion would result from 

concentration gradients between sites where sorption occurs and the bulk fluid. As the 

sorption sites are occupied the driving force for sorption driven diffusion diminishes. 

However, during the quiescent period between doses, activity by nitrifying organisms in 

the biofilm consumes ammonium causing continued diffusion from the liquid layer 

around the film as well as from sorption sites within the film and the substratum. 

Therefore, the sorption' sites become available and will again drive the sorption 

component of diffusion during the subsequent post-dose liquid transfer period.

The reaction/diffusion/sorption model described above is only valid if adsorption of 

ammonium by the biofilm and/or the substratum is significant and reversible. If it is not
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reversible then desorption of ammonium during the quiescent period will not free 

sorption sites and eventually the sorption sites will become saturated, eliminating 

sorption-driven diffusion.

The effects of ammonia adsorption by media used to support biofilm growth have not 

been widely researched. While studying nitrification in rapid infiltration systems, 

Yamaguchi et. al. (1996) did observe decreases in ammonia concentrations but no 

corresponding increases in nitrate or nitrite concentrations during the first 3 to 4 days of 

operation of soil columns. By day 5 nitrification had begun and the nitrate-nitrogen 

concentrations increased beyond the influent ammonia concentration as the adsorbed 

ammonia was nitrified. By day 7 the column influent ammonia-nitrogen and effleunt 

nitrate-nitrogen were equal.

As observed by Yamaguchi et. al. (1996), equilibrium will eventually be reached for a 

system that is continuously loaded. Adsorption and desorption of ammonia to and from 

the media will be equal and consideration of adsorption in process performance is not 

required at steady state. For processes that are not continually loaded the dynamics of 

ammonia adsorption and desorption become significant. Absorption of ammonia onto the 

support media while fresh wastewater is applied to the system can provide a source of 

ammonia after the ammonia in the biofilm and bulk fluid (or liquid film) is utilized. This 

' could result in desorption of ammonia from the support media into the biofilm. As this 

occurs sites become available for adsorption of ammonia as the next dose of wastewater 

is applied and the process repeats itself. The end result may be increased ammonia
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oxidation as compared to oxidation on a media that is not capable of adsorbing ammonia 

or as compared to systems that operate continuously rather than cyclically.
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EXPERIMENTAL DESIGN

The effects of changing operational parameters and trickling filter packing media 

characteristics were monitored through long-term process performance studies. The 

process performance studies were performed in pilot-scale treatment systems that were 

constructed for this project. The pilot-scale systems were operated in the laboratory for 

extended periods to allow development of a nitrifying biofilm in the trickling filter 

columns. The systems were operated until “steady-state” conditions were reached as 

determined by observation of effluent nitrogen species data. Monitoring of system 

effluent was used to determine when they exhibited steady-state behavior and to evaluate 

system performance. All studies described below and in the results in discussion are 

laboratory studies, no field studies are discussed.

Two primary long-term experimental runs were performed using the pilot-scale 

systems. The first, hereafter referred to as experiment I, was performed to compare the 

effects of different packing media size, shape, and composition on performance of the 

nitrifying reactor. The second, hereafter referred to as experiment'2, evaluated the use of 

a porous packing media and the effects of increasing the hydraulic loading rate to the 

trickling filter. Further details on the experimental stages are provided below.
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Pilot-Scale System Design

Four complete treatment systems, including scaled trickling filter columns and septic 

tanks, were constructed and fed by a common feed tank. A typical lab systems is shown 

in Figure 2. Table I summarizes the volumes of the system components and the flow 

rates. The column diameter was selected to utilize the smallest possible diameter while 

maintaining an average media diameter to column diameter of at least eight. Eight-inch 

columns were selected allowing study of packing media up to I -inch in average diameter. 

The columns were constructed of 5 6-inch long sections of 8-inch diameter sewer and 

drain pipe joined by couplings. Construction of the columns in sections provided access 

to the media for sampling and observation. A sample port was installed at the base of 

each 6-inch section to allow sampling of the column profile. An endcap fitted with 3A- 

inch hose barb was used as the underdrain. Holes were drilled into the side of the end cap 

to allow air flow through the column. Air flow through the column was passive, relying 

on convective flow and enhanced by dosing of the wastewater which displaces some of 

the air in the column as the dose passes.

The scale factors for experiment I were developed by taking the ratio of the lab-scale 

column cross-sectional area (0.35 ft2) to the area of the full-scale trickling filters (32 ft2). 

The scale factors developed were then applied to the volume of the septic tank and the 

flow rates to size the rest of the system. For experiment 2 hydraulic loading rates were 

doubled to two of the trickling filters. To maintain the recycle ratio of three, the septic 

and dose tank volumes were also doubled, as was the influent flow rate.
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Figure 2. Schematic of laboratory-scale treatment system.

Inverted end cap 
drilled to distribute flow

Trickling filter

Profile sample ports6" sections of 
media. 8” in —  

diameter (typical) 8” diameter 
couplings (typical)

Ventilation 
holes X  .

End cap fitted with 
hose barb

Dose
chamber

Septic tank ^

Feed tank

To drain

Table I. System component volumes and flow rates.

Low rate High rate

Laboratory- Field-scale Laboratory- Field-scale 
scale scale

Feed flow rate 11.5 ml/minute 400 gpd 23.0 ml/minute 400 gpd

Hydraulic 
loading rate

0.027 gpm/ft2 0.027 gpm/ft2 0.054 gpm/ft2 0.054 gpm/ft2

Trickling filter 
area

0.35 ft2 32 ft2 0.35 ft2 16 ft2

Septic volume 11 gallons 1,000 gallons 22 gallons 1,000 gallons

Dose chamber 
volume

1.45 gallons 130 gallons 2.90 gallons 130 gallons

Plastic garbage cans were used as feed tanks and submersible pumps were utilized to 

mix the feed tanks and keep solids suspended. The feed lines were plumbed to a 33- 

gallon tank during both experimental stages. A 40-gallon tank was plumbed to the 33-
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gallon tank through a siphon tube causing the tank levels to fall simultaneously. The feed 

was transferred at a constant flow rate from the feed tanks to the septic tanks by peristaltic 

pumps.

Eighteen-gallon plastic containers were utilized for the scaled septic tanks for the first 

experimental stage and the low hydraulic loading rate systems during the second 

experimental stage. For the high loading rate systems evaluated during the second 

experimental stage, 33-gallon garbage cans were utilized as pilot-scale septic tanks. The 

containers were plumbed to maintain the liquid level at 41 and 82 liters for the low rate 

and high rate systems, respectively. These volumes correlate to a 1,000-gallon septic 

tank. The volumes were determined based on the scale factors discussed above rather 

than settling properties. Sizing the septic tank based on settling properties may have 

resulted in more representative solids removal through settling. However, rather than 

using actual wastewater, a synthetic feed with different settling properties than 

wastewater was utilized. Sizing the tank based on a scaled volume provided for 

continuity in the mean retention time which is an important parameter when considering 

biological systems. The mean retention time for septic tanks was 59 hours.

For experiment 2 dose chambers were added to each system. The dose chambers were 

added because submersible pumps were used to dose the high rate systems and installing 

the pumps in the septic tank would have resulted in disruption of the solids in the sludge 

layer. Use of the dose chambers also provided more realistic simulation of the full-scale 

systems. The outlets from the dose chambers were plumbed to maintain liquid volumes
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of 1.45 and 2.9 gallons for the high and low rate systems, respectively. These volumes 

correlate to full-scale volumes of 130 gallons.

For experiment I, different packing media were placed in each of the scaled trickling 

filters. All other system parameters were the same for each system. The packing media 

tested were I -inch river rock, 3/8-inch crushed gravel, 3/8-inch pea gravel, and a 3/8-inch 

plastic chip medium. Experiment 2 involved comparison of media with and without 

internal porosity and comparison of performance at different hydraulic loading rates. 

Two columns were packed with I 1A-Inch pumice and the other two with the I -inch 

gravel. Higher hydraulic loading rates were applied to two of the systems, one packed 

with the I -inch gravel and the other packed with pumice!

To evaluate the higher hydraulic loading rate during the second experiment, the dose 

volumes were doubled for two of the systems tested. Some system modifications were 

required because simply increasing the dose volume to a system would increase the 

recycle ratio, and the overall hydraulic loading, but not the nitrogen or organic load. 

Therefore, the volume of the septic tanks and the flow rates to the high loading rate 

systems were doubled. Doubling the dose volume, septic tank volume, and influent flow 

rate served to maintain a recycle ratio of three. This effectively decreased the surface area 

of the trickling filter columns .in relation to the system and resulted in higher nutrient and 

hydraulic loading rates. The dose interval for all systems remained 15 minutes.
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Operating Conditions

The influent conditions were selected to fall in the range typical of a single-family 

residence based on values found in the literature. A synthetic feed consisting of puppy 

chow, ammonium chloride, and calcium carbonate was fed to the septic tanks 

continuously. Puppy chow was chosen to simulate the complex mixture of organics 

present in household wastewater and because the ratio of protein to fat (1.6:1) is similar 

to that observed on domestic wastewater (1.5:1) (Raunkjaer et. al., 1994). The 

concentration of puppy chow was selected to obtain approximately 130 mg/L protein and 

84 mg/L fat. Ammonium chloride was added to the feed to provide approximately 30 

mg/L NH4-N - which is within the range typical for wastewater. The resulting feed had 

an average chemical oxygen demand of 560 mg/L and total Kjeldahl nitrogen (TKN) of 

56 mg N/L. Table 2 demonstrates the analytical results of feed samples.

Table 2. Synthetic feed characteristics.

Experiment Total 
Nitrogen 
(mg N/L)

TKN 
(mg N/L)

Ammonia 
(mg N/L)

Organic 
nitrogen 

■ (mg N/L)

Nitrate 
(mg N/L)

COD
(mg/L)

I 56.9 55.9 27.3 28.6 LI 550

2 54.8 54.8 30.4 24.4 0.0 570

The feed was prepared with tap water supplied by the City of Bozeman, which utilizes ■ 

surface water as its. primary source. Therefore, the alkalinity of the tap water is 

significantly lower than that expected in a household utilizing an on-site wastewater 

treatment system. Such a household is most likely supplied water from a groundwater



23

supply well. Alkalinity of groundwater is typically higher than that of surface waters, 

therefore, calcium carbonate was added to the feed to maintain the feed alkalinity 

between 2.5 and 3 meq/L (125 and 150 mg/L as CaCO;).

The feed flow rate to the septic tanks was equivalent to 400 gallons per day (gpd) at 

full-scale and was fed continuously. Hydraulic loading rates and frequency to the filters 

were selected to match conditions applied to the full-scale units. Doses were applied 

every 15 minutes and the average hydraulic loading rates (averaged over 15 minute cycle) 

were equivalent to 0.027 and 0.054 gallons per minute per square foot (gpm/ft2) for the 

low and high rate systems, respectively. These hydraulic loading rates span the range of a 

low-rate trickling filters (0.02 to 0.06 gpm/ft2, Metcalf & Eddy, 1991). These flow 

conditions resulted in a recycle ratio of three.

All systems operated at room temperature which varied with ambient outdoor 

temperatures. During the winter, spring, and fall months, the ambient room temperature 

was maintained near 20°C. During the summer months the temperature increased to as 

high as 29° C on one occasion. The pump utilized to mix the second feed tank during the 

second experimental stage increased the feed temperature significantly. The feed 

temperature varied from 17.5° C after new feed was added to as high as 37° C when the 

tank was nearly empty. Monitoring of the temperatures in the various units showed that 

the septic tanks and dose chambers remained within 1° C of room temperature. It has 

been clearly established that growth rates for most bacteria increase with temperature. 

The higher growth rates will result in an increase in substrate utilization rates. Therefore,
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the results of these studies cannot be expected to match field conditions. However, for 

purposes of comparison of media types and loading rates the effects of temperature are 

negated as all systems were operated at the same temperature. Temperatures in a full- 

scale system in late January through early February 1997 ranged from 3.2 to 9.4°C for the 

trickling filter influent and 1.5 to 7.1 °C for the trickling filter effluent. Temperatures in 

mid through late June 1996 ranged from 15.5 to 21.9 °C for the trickling filter influent 

and from 15.5 to 20.7 °C for the trickling filter effluent.

Routine Monitoring

Samples were routinely collected from the underdrain of the trickling filter columns to 

monitor performance of the columns. In addition, samples of the system effluent were 

collected to determine performance of the entire system. The system effluent samples 

. were collected from the septic tank effluent during the first experiment and the effluent of 

the dose chambers during the second experiment. Because the intake to the trickling filter 

dosing system is adjacent to the system effluent port, the influent to the trickling filters 

has the same composition as the system effluent. Samples of the feed were also collected 

periodically. Sampling these locations allows for evaluation of the performance of the 

trickling filters as well as the entire system. Sampling the system effluent and trickling 

filter underdrain was typically performed once per week. Feed samples were collected 

less frequently as the composition of the feed was not expected to change significantly.
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, All samples were analyzed for pH, ammonia, nitrate, nitrite, total Kjeldahl nitrogen 

(TKN, sum of ammonia and organic nitrogen), and chemical oxygen demand (COD). A 

portion of each sample was filter sterilized for use in ammonium, nitrate, and nitrite 

analyses. The remainder of each sample was acid preserved and used for determination 

of TKN and COD concentrations.

Total nitrogen data was used to determine the efficiency of the trickling filters for 

nitrification and the septic tank for denitrification and TKN removal. In addition, the data 

was used to calculate the total nitrogen removal efficiency of each system: Total nitrogen 

is the sum of TKN, nitrate, and nitrite. The removal efficiencies were calculated by 

determining the total nitrogen in the system effluent and dividing the difference between 

the influent and the effluent total nitrogen by the influent total nitrogen.

Column Profile Monitoring

Sample ports were installed at 6-inch intervals through the depth of the trickling filter 

columns. A total of five sampling ports were installed in each column. Collection and 

analysis of samples from these points along with the column influent and effluent allowed 

for determination of the distribution of nitrogen species with column depth. Such data is 

of -interest because it provides insight as to how much of the column depth is actually 

being used to achieve nitrification.

' Profile sampling events were performed once during the first experiment (comparison 

of media) and twice during the second experiment (comparison of porous/non-porous
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media and hydraulic loading rate). Prior to sampling, the sampling ports were purged to 

remove stagnant water and ensure a  representative sample. Samples collected from the 

profile sampling ports were analyzed for ammonium, nitrate, and nitrite. Only small 

sample volumes could be collected through the profile sampling ports prohibiting TKN or 

COD analysis.

Statistical Analysis

The routine monitoring results were utilized to compare performance of the trickling 

filters and the systems. The paired 2-sample t-test for means within Excel® was used to 

determine if the observed differences in performance were statistically significant. A p- 

value of 0.01 was used as the criteria, where p-values less than 0.01 indicate there is a 

statistically significant difference in the data sets being tested and p-values greater than 

0.01 indicate there is not a statistically significant difference. For experiment I, the t-test 

was applied to the results obtained from day 53 to the end of the experiment on day 104, a 

total of 8 observations. For experiment 2, the t-test was applied to the results from day 26 

through the end of the experiment on day 137, for a total of 16 observations.

Tracer Studies

Tracer studies were performed several times during the course of both experimental 

stages. The tracer studies were performed by introducing a slug dose of water containing 

potassium chloride in excess of the background conductivity and monitoring the effluent
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conductivity over time. Prior to addition of the slug, the background conductivity, that is 

the conductivity of the wastewater entering and leaving the trickling filter, was 

determined. Rinse water was prepared using tap water and sufficient potassium chloride 

to achieve the influent background conductivity. The slug of 1.85 g/L potassium chloride 

(I gram per low rate dose volume of 0.54 L) was prepared and one dose volume was 

applied to the column at time zero. All effluent from the initial dose was collected so that 

the fraction of dose that passed during the first dose period of 15 minutes could be 

calculated. Following the initial dose, one dose volume of rinse water was applied at 15- 

minute intervals. The trickling filter effluent conductivity was determined through time 

until the conductivity approached that of the background column effluent. All spike and 

rinse water was wasted to the drain so that the septic tank contents would not be diluted.

The results of the tracer studies performed in the trickling filter columns were 

analyzed using the time-moment method as presented in Leij and Dane, 1991. Time - 

moment analysis does not require steady flow and therefore is applicable to this system. 

The tracer studies provided conductivity versus time data that was input into a 

spreadsheet. The conductivity was adjusted by subtracting out the background 

conductivity so that the resultant data was conductivity in response to the spike added at 

the beginning of the test.

The percent of dose that passes through the columns during the application dose cycle 

was estimated based on results of the tracer tests. All the wastewater that passed during 

the first dose cycle after the spike was applied was collected. The water was collected in 

incremental volumes to obtain conductivity versus time data. The volume of each
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increment was determined and the mass of potassium chloride calculated. The mass was 

calculated b y . multiplying the excess conductivity by the sample volume and a mass 

concentration/conductivity factor. This factor was obtained by measuring the 

conductivity of several known concentrations of potassium chloride,' plotting the 

concentration versus conductivity, and determining the slope, of the line. The mass of 

potassium chloride that was recovered in each incremental volume was summed and the 

result compared to the mass of potassium chloride applied in the dose to obtain the 

percent that passes.

Intrinsic Nitrification Rates

Intrinsic nitrification rates were measured to allow comparison of the distribution and 

activity of nitrifying organisms in the different columns and at different depths within the 

columns. The rates were determined by removing a volume of packing media, detaching 

the biofilm into a known volume of buffer solution, adding ammonium chloride, rapidly 

mixing to provide oxygen transfer, and determining ammonium, nitrite, and nitrate 

concentrations over time. The resulting decreases in ammonium and increase in nitrate 

were then used to determine ammonium oxidation and nitrate production rates.

Measured nitrification rates were normalized to reactor volume to provide intrinsic 

nitrification rates. Reactor volume was calculated by determining the volume of media 

sampled and dividing by the fraction of media (I minus porosity). Because the biofilm 

was detached from the media occupying this volume within the reactor, dividing the
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measured nitrification rate by this volume provides an intrinsic nitrification rate based on 

reactor volume.

At the end of the second experiment each column was disassembled and media 

samples collected from each 6-inch section of the trickling filter. The samples were a 

composite of the media through each section rather than a grab sample from one location 

within the section.

Biofilm was mechanically detached from the gravel media by vigorously shaking the 

media sample in buffer solution and decanting the fluid into a graduated cylinder. This 

process was repeated several times until minimal biofilm remained in the gravel. The 

extract volume was then brought to the desired value and the dose of ammonium chloride 

solution added.

Detachment from the pumice media proved to be more challenging and less successful 

due to the rough surface and internal porosity. First the media sample was vigorously 

shaken in buffer solution. The fluid was decanted and additional buffer added. This was 

then sonicated for 10 minutes. The fluid was again decanted, additional buffer added, 

sonication repeated for 10 minutes, and the extract decanted. A final buffer volume was 

used to rinse the media. All extract was collected in a graduated cylinder.

Ammonium Adsorption Capacity Testing .

An ammonium adsorption test was developed to determine the significance of 

adsorption/desorption in the trickling filters. Samples of clean media were exposed to a
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buffer solution containing 4 mg/L NH4-N. The buffer solution was sparged with nitrogen 

gas to remove oxygen to prevent oxidation of ammonium to nitrate. Samples where 

collected from the liquid phase over time to determine changes in ammonium 

concentration. Nitrate and nitrite concentrations were also determined in some samples 

to ensure that nitrification was not responsible for decreases in ammonium concentration. 

Likewise, a sample of biofilm covered I -inch gravel media also was exposed to the 

ammonium buffer. A control was also run . to determine sorption or other forms of 

ammonium loss due to the experimental apparatus and procedure.

An additional experiment was performed to determine if ammonium adsorbed to the 

media would become bioavailable through desorption. The ammonium and buffer 

solution used in the ammonium adsorption test for the clean gravel media was decanted 

and the rock media was covered with distilled water. The fluid was mixed and samples 

collected over a period of 2.5 hours to determine if ammonium concentrations in the fluid 

increased due to desorption.

Analytical Methods

Ammonium-nitrogen was determined using the Berthelot Method (Berthelot, 1859) as 

modified by Kempers and Kok (Kempers and Kok, 1989). Nitrite-nitrogen was 

determined using the modified Garret and Nason method (Garret and Nason, 1969). Both 

are colorimetric wet chemistry methods for which a standard curve is developed and the
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absorbances of the samples and standards are read on a spectrophotometer. A Milton Roy 

601 spectrophotometer was used for all samples.

Nitrates were quantified with a Dionex ion chromatograph (IC) equipped with an 

anion column and suppressor.. Samples were first pretreated with a silver filter (On- 

Guard® Ag) to remove chloride ions that interfere with the nitrate peak. Standards and 

samples were prepared and run through the IC and the output fed to a personal computer 

equipped with Dionex PeakNet® 4.3 workstation software. A method and schedule are 

developed within the software and these control operation of the IC as well as the 

autosampler. The software recognizes samples identified as standards in the schedule and 

a standard curve is developed for each constituent identified in the method. The method 

is then updated and the subsequent samples are then quantified based on the method as 

calibrated by the standards.

Total Kjeldahl nitrogen was determined with Hach Method 8075. The samples were 

first digested in sulfuric acid and hydrogen peroxide to reduce organic nitrogen to 

ammonium. A Hach Digestdahl® digestion apparatus was utilized for the digestion. The 

samples were then diluted and the ammonium concentration determined using Hach 

Method 399 which is a variation of the Nessler method. This method will only quantify 

ammonia/ammonium nitrogen and organic nitrogen in the trinegative state. Nitrogen in 

the forms of azide, azine, azo, hydrozone, hydrazone, nitrate, nitrite, nitrile, nitro, nitroso, 

oxime, and semi-carbozone are not determined (Standard Methods, 1992).

Alkalinity was determined by Method 2320 (Standard Methods, 1992) which involves ' 

titration of the sample to pH of 4.5 with sulfuric acid. The volume of acid added to
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obtain pH 4.5 is multiplied by the normality (0.036 N) and divided by the sample volume 

(0.1 L) to obtain the alkalinity in meq/L. The alkalinity in mg/L as CaCOg is obtained by 

multiplying the alkalinity in meq/L by 50.

Total, fixed, and volatile solids were determined using Method 2540 from Standard 

Methods (Standard Methods, 1992). Whatman 934 AH filters and aluminum-weighing 

dishes were used. The filters were rinsed, dried at 100° C, fired at 550° C, and weighed. 

This was repeated until constant weights were obtained. Samples were applied to the 

filter and rinsed. The filter was then dried at 100° C for I hour, allowed to cool, and 

weighed to determine total solids. This process was repeated until constant weights were 

achieved., Then the filters were ignited at 550° C for 15 minutes, allowed to cool, and 

weighed to obtain the fixed solids mass. This process was repeated until constant weights 

were achieved. The mass of volatile solids was calculated by taking the difference of the 

total and fixed solids. Then the total, fixed, and volatile solids concentrations can be 

calculated by dividing the masses by the volume of sample filtered.
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RESULTS

The two primary laboratory experimental stages, described above, provided steady- 

state nitrogen and COD removal data that was used to compare system performance 

under the different operating conditions. The profile studies, nitrification rate tests, and 

ammonia adsorption study provided insight into changes in nitrifier distribution under the 

difference operating conditions and phenomenon that may contribute to process 

performance. The results of these laboratory studies are presented below.

Experiment I - Media Evaluation

The initial process performance study was designed to compare the effect of utilizing 

different packing media within the trickling filter. The packing medium provides the 

surface to which bacteria attach and grow in a fixed-film reactor. The study was designed 

to evaluate media of different size, shape, and composition. The media selected were 1- 

inch gravel, 3/8-inch crushed gravel, 3/8-inch pea gravel, and 3/8-inch plastic chips. 

Table 3 provides grain size distribution for each of the media. Selection of these four 

media allowed for comparison of the effects of size (I inch versus 3/8 inch), shape (3/8- 

inch crushed versus pea gravel), and material (rock versus plastic). Table 3 also includes 

size distribution data for the 11A-Inch pumice utilized during the second experiment.
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Table 3. Packing media size distributions.

Sieves Percent media passing

Diameter 
Sieve No. (inches)

I -inch 
gravel

3/8-inch
pea

gravel

3/8-inch
crushed
gravel

3/8-inch
plastic

Wi -inch 
. pumice

2" 2.00 - - - - 100.0%

11/2" 1.50 100.0% - - - 97 .8%

I" 1.00 97 .9% - - - 56 .4 %

3/4" 0.75 24 . 1% - - - 21 .2%

1/2" 0.50 0 .6 % - - 0 .0%

3/ 8" 0.38 0 .6% 100.0% 100.0% 100.0% -

4 . 0.187 0 .5% 31.1% 13.8% 51 .6% -

10 0.0787 - 4.6% 0 .2 % 2 . 1% -

100 0.0059 - 0 .0 % 0.1% 0 .0 % -

pan - - - - -

ASTM size #5 #8 #8 NA approx. #4

Maximum size I 1/2-inch 3/8-inch 3/8-inch 3/8-inch 2-inch

Nominal size I-inch 3/8-inch 3/8-inch 3/8-inch I 1/2-inch

Tracer Study Results

Tracer studies were performed on the I -inch gravel, 3/8-plastic, and 3/8-inch crushed 

gravel columns. A tracer study was not performed on the 3/8-inch pea gravel column. 

The tracer studies were slug/spike type performed as described above. The tracer studies 

provided mean hydraulic residence times and the volume of the dose that passes during 

the dose period in which it is applied (fraction passing). The results of the tracer studies 

are presented in Table 4.
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Table 4. Mean hydraulic retention times -  experiment I.

Media . Days of 
operation

Mean hydraulic 
residence time 

■ (hours) .

Percent of dose 
passing

I-inch gravel 53 0.50 -

3/8-inch crushed gravel 90 0.99 6.5%

3/8-inch plastic chip 51 1.13 3.8%

Nitrifying Trickling Filter Performance

The four lab scale systems were operated in parallel for 104 days under the loading 

conditions described in Table I. Initially it appeared that rock media were superior to 

plastic for nitrification and therefore total nitrogen removal. This trend is best 

demonstrated by the ammonia data through the first 25 days of operation presented in 

Figure 3. However, after day 25, the performance of the plastic medium improved 

dramatically until it nearly matched that of the 3/8-inch rock media. The data indicates 

that initial attachment of bacteria to the plastic medium is not as rapid as attachment to 

the rock media. Due to excessive biofilm growth, the 3/8-inch plastic media began to 

plug after 10 weeks of operation and had to be removed from service after 12 weeks.

By day 53, the effluent ammonium concentrations from the trickling filters packed 

with the 3/8-inch media were all typically at or below I mg/L NH4-N. Between days 25 

and 53 the performance of the all the 3/8-inch media improved over that of the I-inch 

gravel. The average effluent ammonia concentration, after day 53, for the trickling filter 

packed with I -inch gravel was 5.9 mg/L NH4-N. Analysis of the data supports the 

observed differences in trickling filter effluent ammonia concentrations between the I-
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inch medium and the 3/8-inch media (p = 8.0E-7 to 0.0002). Table 5 presents a summary 

of the average trickling filter effluent nitrogen species concentrations.

Figure 3. Trickling filter effluent ammonia concentrations, experiment I .
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Table 5. Average trickling filter effluent nitrogen species concentrations.

Nitrogen species
I-inch 
gravel

3/8-inch
plastic

Media

3/8-inch 
pea gravel

3/8-inch 
crushed gravel

TKN (mg N/L) 10.4 3.4 2.4 3.6
Ammonia (mg N/L) 5.9 1.0 0.3 0.5
Organic nitrogen (mg N/L) 4.5 2.4 2.1 3.1
Nitrate (mg N/L) 6.2 9.3 8.6 8.3

Effluent nitrate data indicated similar trends although the difference in nitrate

concentrations between the I-inch medium and the 3/8-inch media are not as great. The
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average trickling filter effluent nitrate concentrations for the 3/8-inch media ranged from 

8.3 to 9.3 mgfL NOg-N while the effluent from the I-inch gravel averaged 6.2 mg/L NO3- 

N. Analysis of the data indicates that these observed differences are statistically 

significant when comparing the 3/8-inch plastic and 3/8-inch crushed gravel to the I -inch 

gravel (p=0.008 and p=0.0001, respectively). Because of the higher variance in the 

nitrate data for the 3/8-inch pea gravel the t-Test was not as conclusive (p=0.038).

Comparing the average ammonia consumed and nitrate produced through each column 

is another method of comparing performance of the different media. The ammonia 

consumption and nitrate production is calculated by taking the difference of the 

concentrations in the trickling filter influent (same as system effluent) and the trickling 

filter effluent. Considering ammonia removal (Table 6), the difference in performance 

between the I -inch gravel and the 3/8-inch media are not as pronounced as the trickling 

filter effluent data. The average removal across the I-inch gravel was 6.1 mg/L NH4-N 

while the average removals for the 3/8-inch media ranged from 6.6 to 7.3 mg/L NH4-N. 

The relatively high variance in the removal through the plastic and pea gravel resulted in 

low p-values when comparing to removal through the I-inch gravel. Only the removal 

through the 3/8-inch crushed gravel (7.3 mg/L N H 4-N) is statistically different from the 1- 

inch gravel (6.1 mg/L N H 4-N, p=0.0017).

Similar results were obtained when considering the nitrate produced through the 

trickling filters. The average nitrate produced through the I -inch gravel was 5.8 mg/L 

NO3-N as compared to 6.2 to 7.2 mg/L NO3-N for the 3/8-inch media. Again, only the 

nitrate produced through the crushed gravel (7.2 mg/L NO3-N) proved to be statistically
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different than that produced through the I-inch gravel (5.8 mg/L NO3-N, p=0.0042). 

Ignoring nitrogen uptake for growth, the mass of nitrate produced should equal the mass 

of ammonia oxidized. As seen in Table 6, the average ammonia oxidation and nitrate 

production concentrations from day 53 on correlate well.

Table 6. Comparison of ammonia oxidation and nitrate production.

Packing Media: I -inch 
gravel

3/8-inch
plastic

3/8-inch 
pea gravel

3/8-inch 
crushed gravel

Ammonia oxidized (mg N/L) . 6.1 7.3 6.6 7.1 .

Nitrate produced (mg N/L) 5.8 6.8 6.2 7.2

Total Nitrogen Removal

Ultimately, it is the system effluent nitrogen concentrations that are used to calculate 

the nitrogen removal efficiency and determine system performance. The results, 

presented in Table 7 and Figure 4, show the average system effluent ammonia from the 1- 

inch gravel system (12.0 mg/L NH4-N) was significantly higher than the 3/8-inch media 

systems (6.9 to 8.3 mg/L NH4-N). Application of the t-Test to the effluent ammonia data 

suggests the I -inch gravel system was the only statistically different system (p ranging 

from 7.0E-5 to 0.0025).

Results from experiment I indicate that the average effluent TKN from the I -inch 

gravel (18.5 mg N/L) was higher than from the 3/8-inch media (ranging from 12.3 to 13.2 

mg N/L). The effluent TKN data suggests that the performance of the I -inch gravel 

column is statistically different than that of the 3/8-inch pea gravel and crushed gravel (p
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= 0.0026 and 0.0029, respectively. However, because of the limited data set from the 

3/8-inch plastic media, which was taken off line due to plugging, and high variance in the 

TKN for this column, its performance was not statistically different than the I -inch gravel . 

(p = 0.095) based on effluent TKN.

Table 7. Comparison of average effluent nitrogen species concentrations.

Nitrogen species
I-inch 
gravel

3/8-inch
plastic

Media

3/8-inch 
pea gravel

3/8-inch 
crushed gravel

TKN (mg N/L) 18.5 13.3 12.3 13.2
Ammonia (mg N/L) 12.0 8.3 6.9 7.6

Organic nitrogen (mg N/L) 6.5 5.0 5.4 5.6
Nitrate (mg N/L) 0.3 2.6 ' 2.4 • LI
Total nitrogen (mg N/L) 18.8 15.9 14.7 14.3
Percent removal . 67 .0 % 72 .6% 73 .8% 74 .9%

The effluent TKN and ammonia data from the first experiment suggest that the 3/8- 

inch media systems are superior to the I-inch gravel system. However, effluent nitrate 

data (Figure 5) indicate that incomplete denitrification was. occurring in these systems. 

On day 92 the effluent of the system containing the 3/8-inch pea gravel contained 7.2 

mg/L NO3-N resulting in total nitrogen removal of only 62%, below that of the I-inch 

gravel system. However, by day 104 the effluent nitrate had returned to 1.1 mg/L NO3-N 

resulting in 76% total nitrogen removal. Effluent nitrite concentrations never exceeded 

0.3 mg/L NO3-N.
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Figure 4. Effluent ammonia concentrations, experiment I.

The result of the presence of nitrate in the system effluent was a reduction in the total 

nitrogen removal efficiencies of the 3/8-inch plastic and pea gravel systems. The mean 

values for removal efficiency calculated from day 53 to 104 suggest that the systems 

utilizing 3/8-inch media (mean removal ranging from 72.6% to 74.9%) performed better 

than the system utilizing I-inch media (mean removal 67.0%). However, only the system 

utilizing the 3/8-inch crushed gravel (mean removal = 74.9%) was determined to be 

statistically different from the I-inch gravel system (p=0.0055).

Operation of the septic tanks without the recycle through the trickling filters resulted 

in 17 percent total nitrogen removal. Ammonia concentrations increased from an average 

of 30.4 mg/L NH4-N in the feed to 40.6 mg/L NH4-N in the effluent indicating that 10.2
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mg/L NH4-N of organic nitrogen is ammonified. TKN results indicate that 9.4 mg NZL of 

organic nitrogen was removed through other processes such as settling. Performing a 

mass balance on the septic tank considering 9.4 mg/L of nitrogen is removed through 

settling, the maximum theoretical nitrogen removal efficiency increases to 79%. 

Therefore, the 3/8-inch media systems were operating slightly below (4% to 6%) and the 

I-inch gravel system is operating at 12% below the maximum efficiency maximum 

theoretical nitrogen removal efficiency.

Figure 5. Effluent nitrate concentrations, experiment I.
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Chemical Oxygen Demand

The trickling filter effluent COD results (Figure 6) indicate that there is a substantial

difference in COD removal between the I -inch and 3/8-inch media. The COD data,
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summarized in Table 8, show the 3/8-inch systems had significantly lower average 

trickling filter effluent COD concentrations, (15 to 24 mg/L) than the I-inch system (70 

mg/L). Only the I-inch gravel system was statistically different than the others (p = 7.5E- 

6 to 0.0001). The average removal across the I-inch gravel was 28 mg/L while the 

removal across the 3/8-inch media ranged from 62 to 67 mg/L. However, statistical 

analysis using the t-Test indicates the observed differences in COD removal are not 

significant (p = 0.082 to 0.24).

Figure 6. Trickling filter effluent COD, experiment I.
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The COD data for the system effluents does not exhibit a clear trend. Considering the 

effluent COD concentrations from day 19 to 104 there are statistical differences in the 

performance of the I-inch system and the 3/8inch systems. However, considering the
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data beyond day 53 only the I -inch gravel and the 3/8-inch crushed the systems effluent 

COD becomes insignificant. Table 8 presents the average effluent COD concentrations 

for days 53 through 104.

Table 8. Comparison of average COD concentrations.

I -inch 
gravel

3/8-inch
plastic

Media

3/8-inch 
pea gravel

3/8-inch 
crushed gravel

Trickling filter effluent (mg/L) 70 22 , 15 20

Trickling filter removal (mg/L) 28 63 62 67

System effluent (mg/L) 96 86 76 ■ 87

Percent removal 83% 84% 86% 84%

Without recycling the wastewater across the trickling filter, the average effluent COD 

was 190 mg/L, a 67% reduction from the influent COD of 570 mg/L. With operation of 

the trickling filter the COD removal increased dramatically, ranging from 83% to 86% as 

shown in Table 8.

Experiment 2 - Hydraulic Loading Rate and Porous Media Evaluations

In an effort to make factory manufactured, packaged D-Nite units cost effective, a 

study was designed to evaluate decreasing the cross sectional area of the unit by 

increasing the hydraulic loading rate. Performance was evaluated at two hydraulic 

loading rates, 0.027 gpm/ft2, the rate used during the first study (hereafter referred to as 

the low rate) and 0.054 gpm/ft2 (hereafter refeired to as the high rate). At the same time,
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a porous media evaluation was performed using 11A-Inch pumice. The use of a porous 

packing media in the trickling filters would reduce the weight of the units, making pre- 

manufacture and transportation more cost effective. Additionally, it was postulated that 

the high porosity and significantly higher microscale surface area should promote much 

higher attachment and colonization rates than the relatively smoother rock surface, 

possibly significantly reducing the start-up time in the unit. The microporosity of the 

media would result in longer initial residence times but this aspect would vary as biofilm 

growth closed off the microporosity. The size distribution data for the P/z-inch pumice is 

also included in Table 3.

The high and low hydraulic loading rates were each applied to trickling filters packed 

with I -inch gravel and I1A-Inch pumice. The average hydraulic loading rates (0.027 and 

0.054 gpm/ft2) actually span the range of what is considered to. be low rate hydraulic 

loading for a traditional trickling filter. Metcalf & Eddy (1991) report hydraulic loading 

rates for low rate trickling filters range from 0.02 to 0.06 gpm/ft2.

Tracer Study Results

Tracer studies were performed on the I -inch gravel and I1A-Inch pumice loaded at the 

high and low hydraulic loading rates both before application of wastewater when the 

media was clean and after over 80 days of loading when a biofilm had developed. This 

allowed for observation of changes in hydraulic characteristics of the porous media as 

biofilm filled the internal porosity. Table 9 presents the mean hydraulic residence times 

and the volume of the dose that passes during the dose period in which it is applied
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(fraction passing). The results of the tracer studies from experiment I are also presented 

for comparison.

Table 9. Mean hydraulic retention times -  experiment 2.

Media - loading rate Experiment
#

Days of 
loading

Media
condition

Mean hydraulic 
residence time 

(hours)

Percent of 
dose passing

I-inch gravel - 2 0 clean 0.51 23%.
low rate I 53 biofilm 0.50 -

2 88 . biofilm 0.55 19%

I-inch gravel - 2 0 clean 0.27 34%
high rate 2 85 biofilm 0.33 -

1-1/2 inch pumice - 2 0 . clean 1.39 4.4%
low rate 2 84 biofilm 1.12 10%

1-1/2 inch pumice - 2 0 clean 0.99 17%
high rate 2 83 biofilm 0.43 . 33%

3/8-inch crushed 
gravel

I 90 biofilm 0.99 6.5%

3/8-inch plastic I . 51 biofilm 1.13 3.8%

Nitrifying Trickling Filter Performance

The four lab scale systems were operated in parallel for 137 days under the loading 

conditions described in Table I. Table 10 presents the average nitrogen species 

concentrations for days 26 to 137. Comparing the trickling filter effluent ammonia 

concentrations between days 26 and 137 (Figure 7), the I -inch gravel column loaded at 

the high rate had an average ammonia concentration of 6.7 mg/L NH4-N as compared to 

2.0 mg/L NH4-N for the low rate column (p=2.9E-9).. For the columns packed with 116- 

inch pumice the average effluent ammonia concentrations between days 26 and 137 were
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3.5 mg/L NH4-N for the high rate pumice as compared to 1.1 mg/L NH4-N for the low 

rate column (p=1.2E-7). The average ammonia concentrations for the high rate columns 

were statistically different (p=1.2E-6) as were the average ammonia concentrations for 

the low rate columns (p=0.00015).

Table 10. Average trickling filter effluent nitrogen species concentrations.

Media: I -inch gravel 116-inch pumice

Loading rate: high rate low rate high rate low rate

TKN (mg N/L) 10.2 4.8 6.5 3.4
Ammonia (mg N/L) 6.7 2.0 3.5 . 1.1
Organic nitrogen (mg N/L) .3.5 2.8 3.0 2.3

• Nitrate (mg N/L) 5.7 7.3 7.0 8.2

Trickling filter effluent nitrate concentrations were not statistically different between 

any of the columns. The maximum nitrite concentrations were detected between days 12 

and 18 as the columns were still ripening. Nitrite was not detected above 0.5 mg/L NO2-  

N after day 26.

Table 11 presents the average ammonia removal and nitrate production for each 

trickling filter from day 26 through 104. The average ammonia nitrogen removal across 

the I -inch gravel columns was 5.9 mg/L NH4-N for the high rate column and 7.1 mg/L 

NH4-N for the low rate (p=0.0031). The average nitrate produced was 5.5 mg/L NO2-N 

for the high rate and 7.1 mg/L NO3-N for the low rate (p=0.0027).
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Figure 7. Trickling filter effluent ammonia concentrations, experiment 2.
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Table 11. Comparison of ammonia oxidation and nitrate production.

Media: I-inch gravel 116-inch pumice

Loading rate: high rate low rate high rate Low rate

Ammonia oxidized (mg N/L) 5.9 7.1 6.5 7.1

Nitrate produced (mg N/L) 5.5 7.1 6.9 7.7

Comparing the 116-inch pumice columns, the average ammonia nitrogen removal 

across the column was 6.5 mg/L NH4-N for the high rate column and 7.1 mg/L NH4-N for 

the low rate but the difference was not statistically significant (p=0.032). The average 

nitrate produced was 6.9 mg/L NO3-N for the high rate and 7.7 mg/L NO3-N for the low 

rate (p=0.020), again the difference was not statistically significant.
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Ammonia oxidation in the low rate gravel and pumice columns were identical (7.1

mg/L NH4-N for both) and the difference in nitrate production was not statistically.

significant (p=0.14). Ammonia oxidation in the high rate gravel and pumice columns

(5.9 and 6.6 mg/L NH4-N) were not statistically different (p=0.039).

Ignoring nitrogen uptake for growth, the mass of nitrate produced should equal the

mass of ammonia oxidized. As seen in Table 11, the average ammonia oxidation and

nitrate production concentrations from day 26. on correlate well.
,

Trickling filter influent and effluent alkalinities were measured on days 75 and 137.. 

The theoretical alkalinity consumption was calculated from the measured ammonia 

removal using the value of 7.14 grams alkalinity as CaCO3 consumed per gram NH4-N 

oxidized. The results, presented in Table 12, show that the measured alkalinity consumed 

was usually close or below the theoretical value. Other materials, such as phosphates and 

biofilm, may contribute non-carbonate buffering capacity (Szwerinski, et. al., 1986).

Table 12. Comparison of ammonia removal and alkalinity consumption.

Media -  
loading rate Day

Ammonia 
consumed 

(mg/L NH4-N)

Equivalent 
alkalinity 

(mg/L CaCO3)

Alkalinity . 
consumed 

(mg/L CaCO3)
I-inch gravel 
-  high rate

75 . 8.5 60 41

I-inch gravel 
-  high rate

75 . 7.0 49 54.

Pumice -  low 75 ■ 8.6 60 43 .
rate 137 7.3 54 68

Pumice -  high 75 6.0 42 38
rate 137 7.5 52 55
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Total Nitrogen Removal

As shown in Table 13, system effluent ammonia concentrations differed between the 

systems significantly. The average effluent ammonia for the low rate and high rate 

gravel, 9.2 and 12.8 mg/L NH4-N, respectively, were statistically different (p=7.1E-6). 

Likewise, the average effluent ammonia for the low rate pumice, 8.2 mg/L NH4-N, was 

statistically different than the high rate pumice, 10.1 mg/L NH4-N (p=l.lE-5).

Table 13. Comparison of average effluent nitrogen species concentrations.

Media: I -inch gravel 11Zz-Inch pumice

Loading rate: high rate low rate high rate low rate

TKN (mg N/L) 18.3 14.6 15.7 13.7

Ammonia (mg N/L) 12.8 9.2 10.1 8.2

Organic nitrogen (mg N/L) 5.5 5.4 5.6 5.5

Nitrate (mg N/L) 0.1 0.1 0.1 0.4

Total Nitrogen (mg N/L) 18.4 ' 14.8 15.8 14.1 '

Percent Removal 66 .5% 73 .0 % 71.1% 74 .2 %

Comparing the results considering the media rather than loading rate, the average 

effluent ammonia concentration from the low rate gravel system (9.2 mg/L NH4-N) was 

significantly higher than the average effluent from the low rate pumice system (8.2 mg/L 

NH4-N, p=0.0017). Likewise, the average effluent ammonia concentration from the high 

rate gravel system (12.8 mg/L NH4-N) was significantly higher than the average effluent 

from the pumice system (10.1 mg/L NH4-N, p=5.0E-5).

Effluent TKN data exhibited similar trends as the effluent ammonia. The columns 

loaded at the low rate performed better. The average effluent TKN for the low rate and
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high rate gravel were 14.6 and 18.3 mg/L NH4-N, respectively (p=0.00096). The average 

effluent TKN for the low rate pumice was 13.7 mg/L NH4-N while the high rate pumice 

was 15.7 mg/L NH4-N (p=0.0058).

The effluent TKN from the low rate gravel system was not statistically different than 

those from the low and high rate pumice systems (p=0.15 and 0.19, respectively). 

However, the effluent TKN from the high rate gravel system was statistically higher than 

the low and high rate pumice systems (p=4.4E-6 and 0.00045, respectively).

Study of the nitrogen species in the system effluents (Table 13) suggests that 

differences in ammonia nitrogen are the primary cause for the differences in total nitrogen 

and thereby system performance. Average . system effluent organic nitrogen 

concentrations ranged from 5.4 to 5.6 mg N/L. Therefore, organic nitrogen is not a 

significant factor in the different systems’ performances.

The nitrogen removal efficiencies followed the trends observed for ammonia and TKN 

data. The I -inch gravel loaded at the high rate averaged 66.5% removal, not performing 

as well as the low rate gravel or either of the pumice systems. The difference in nitrogen 

removal efficiency between the high rate I -inch gravel and the other systems were 

statistically significant (p=1.8E-5.to 0.0010). However, the differences in nitrogen 

removal efficiency between the low rate I -inch gravel and the pumice systems were not 

statistically significant (p=0.35 to 0.20 for the low and high rate pumice systems, 

respectively). The low rate pumice exhibited slightly better removal efficiency (74.2%) 

than the high rate pumice (71.1%), however, the t-Test indicated that the difference was 

marginal (p=0.016).
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Chemical Oxygen Demand

Table 14 presents the average trickling filter effluent, system effluent, and total COD 

removal efficiencies based on days 53 to 137. The trickling filter effluent CODs were 

relatively unsteady but all followed similar trends. There were no significant differences 

in trickling filter effluent or system effluent CODs between any of the systems and the 

average removal efficiencies are nearly identical. As observed during the first 

experiment, the COD removal efficiency is much higher with recycle through the 

trickling filter (89% to 90%) than by the septic alone (67%).

Table 14. Comparison of average COD concentrations, days 53 to 137, experiment 2.

Media: I -inch gravel 11A-Inch pumice

Loading rate: high rate low rate high rate low rate

Trickling filter effluent 
(mg/L) '

37 30 24 26

Trickling filter 
removal (mg/L)

. 28 33 39 32

System effluent 65 63 63 58

Percent removal 89% 89% 89% 90%

Distribution of Nitrifying Bacteria

Profile Studies

To determine the portion of each column that was actively nitrifying the wastewater, 

profile sampling was performed by collecting samples from the ports located at 6-inch
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intervals through the columns. It was expected that columns utilizing different media and 

with different loading rates would demonstrate different distributions of active 

nitrification. Assuming the growth rate of nitrifying organisms is dependent on 

ammonium and nitrite concentrations, the distribution of nitrogen species should correlate 

with the distribution of nitrifying organisms.

Profile samples were collected from the columns during experiment I after 83 days of 

operation. The results and profiles are included in Appendix B. While the results 

indicate that the 3/8-inch media utilized the top 1.5 to 2 feet of the bed they indicated the 

I -inch gravel only utilized the top 12 inches. It is suspected that the data from the I -inch 

gravel is not representative due to uneven flow distribution.

Profile samples were collected from the columns during the second experimental stage 

after 67 and 82 days of operation. Both columns loaded at the high rate had decreasing 

ammonium concentrations through the entire length of the column as can be seen for day 

67 in Figure 8. This suggests that the full depth of the filter is utilized. The pumice 

loaded at the high rate required the entire depth to obtain the observed ammonia removal 

of 7.9 and 7.0 mg/L NHU-N for day 67 and 82, respectively. The I -inch gravel loaded at 

the high rate required the entire depth to obtain the observed ammonia removal of 6.8 and 

5.6 mg/L NHU-N for day 67 and 82, respectively.

The profile data indicates that the low rate columns utilize between 18 and 24 inches 

and little nitrification occurs in the remaining depth. The pumice loaded at the low rate 

required 18 inches to obtain the maximum observed ammonia removal of 8.6 and 7.8 

mg/L NH4-N for day 67 and 82, respectively. Below this depth the ammonia
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concentrations were below 1.6 mg/L NH4-N. The I-inch gravel loaded at the low rate 

required 24 inches to obtain the maximum observed removal of 7.5 and 9.9 mg/L NH4-N 

for day 67 and 82, respectively. It should be noted that on day 82 the system effluent 

ammonia from the low rate gravel system was higher than usual (14.0 mg/L NH4-N) and 

returned to 9.1 mg/L NH4-N by day 87. Therefore, the influent to the I -inch low rate 

gravel column on day 82 was higher than usual.

Figure 8. Ammonia profiles from day 67, experiment 2.
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Observed Nitrification Rates

Apparent nitrification rates were estimated based on the average ammonia oxidized in 

each trickling filter tested. The average ammonia oxidized (difference of average system
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effluent and trickling filter effluent ammonia in g/m3) was multiplied by the flow rate 

(m3/d) and divided, by the volume of the trickling filter (m3) to obtain the intrinsic 

apparent nitrification rate through each column. The results' are presented in Table 15.

Table 15. Observed nitrification rates.

Nitrification rates (g NH4-NZm3Zd)

Profile (depth into columns in feet)

Media -  
Loading rate

Overall
0 - 2 .5 0 -0 .5

O"I
• 

O
1.0- 1.5 1 .5 -2 .0 2.0 - 2.5

3Z8-inch plastic 15 25 18 8.9 15 0

3Z8-inch pea gravel 14 48 2.8 22 0 0

3Z8-inch crushed 15 20 • 34 NA NA NA
gravel

I-inch gravel -  low 13 22 27 0 0 0
rate (experiment I) ,

I-inch gravel -  low 15 23- 23 32 0 0
rate (experiment 2)

I Vi-inch pumice - 15 36 45 8.7 0 0
low rate

I-inch gravel - 25 22 22 35 40 40
high rate

I Vi-inch pumice - 27 22 39 49 27 45
high rate

Maximum Nitrification Rates

Maximum potential nitrification rates, in the absence of mass transfer and ammonia 

limitations, were measured to allow comparison of the distribution and activity of 

nitrifying organisms in the different columns and at different depths within the columns.
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In addition, comparison of the maximum nitrification rates to the rates observed in the 

columns allows for determination of the efficiency of nitrification in the columns.

The rates were determined by detaching the biofilm from a known volume of packing 

media into a buffer solution, adding ammonium chloride, and determining ammonium, 

nitrite, and nitrate concentrations over time. The resulting decrease in ammonium and 

increase in nitrate were then used to determine ammonium oxidation and nitrate 

production rates. Measured nitrification rates were, normalized to the reactor volume 

from which media samples were taken to provide intrinsic nitrification rates.

During the first experiment media samples were collected from a depth of 6 inches 

into each column and used for comparative nitrification rate testing. The biofilm was 

detached from the media into a buffer solution that was then dosed with ammonia 

chloride. The resultant intrinsic nitrate production rates shown in Table 16. While the 

results do not show the distribution of nitrifiers with depth they do provide a comparison 

of nitrifiers between the columns packed with different media types.

Table 16. Maximum nitrification rate test results, experiment I.

Media Intrinsic nitrate production rate (g NOg-NZm3 reactor/day)

I-inch gravel 46

3/8-inch plastic 72

3/8-inch pea gravel 58 '

3/8-inch crushed gravel 84
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At the end of the second experiment each column was disassembled and media 

samples collected from each 6-inch section of the trickling filter. Maximum nitrification 

rate tests were performed using the biofilm extracted from the media from each section. 

Table 17 presents the results of the maximum nitrification tests normalized to reactor 

volume. Table 18 presents the maximum nitrification rates normalized to VSS.

Table 17. Maximum nitrification rate tests results normalized to reactor volume, 
experiment 2.

Intrinsic ammonia oxidation rate (g NHU-N/m3 reactor/day)

Depth (feet)

I -inch gravel IVz-inch pumice

Low rate High rate Low rate ■ High rate

0 to 0.5 61 12 59 45

0.5 to 1.0 47 20 72 57

1.0 to 1.5 32 17 37 53

1.5 to 2.0 13 21 36 45

2.0 to 2.5 11 21 18 45

Table 18. Maximum nitrification rate tests results normalized to VSS, experiment 2.

Intrinsic ammonia oxidation rate (mg NH4-N/g VSS/day)

I -inch gravel 11Zz-Inch pumice

Depth (feet) Low rate High rate Low rate High rate

0 to 0.5 56 13 91 . 18

0.5 to 1.0 60 16 75 27

1.0 to 1.5 34 22 ' 79 3 4 . :

1.5 to 2.0 18 41 69 51

2.0 to 2.5 12 13 ■ 34 34
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X

Ammonia Adsorption Capacity

To determine if ammonia adsorption by the packing media is a significant factor in 

performance of the nitrifying trickling filters, ammonia adsorption tests were performed. 

A buffer containing ammonia chloride was exposed to the packing media and changes in 

ammonia concentrations observed. Based on the volume of media used in the test and the 

media porosity, an ammonia adsorption capacity normalized to reactor volume was 

calculated. This value was then multiplied by the lab-scale trickling filter volume (24.7 

L) to obtain the mass of ammonia the reactor can absorb.

The normalized ammonia adsorption capacities are presented in Table 19. When 

corrected for the ammonium loss observed in the control cell, the pumice resulted in an 

ammonium adsorption of 0.22 mg/L NH4-N of reactor volume, the I -inch gravel 0.91 

mg/L NH4-N (0.69 mg/L on replicate), and the I -inch gravel with biofilm, 0.83 mg/L 

NH4-N. The plastic media did; not result in ammonium adsorption significantly different 

from the control. The presence of biofilm does not increase the adsorption capacity as 

predicted. Although the tests were run over several hours, the majority of the adsorption 

occurred during the first 40 minutes.

The future bioavailability of adsorbed ammonium was accessed by performing a 

desorption experiment following a sorption experiment for the I -inch gravel. The 

sorption test, when corrected for losses from a previous control, resulted in 0.69 mg of 

ammonium nitrogen adsorbed per liter of reactor volume. The desorption experiment 

resulted in 0.47 mg of ammonia nitrogen recovery. The observation that only 0.47. mg



was recovered when 0.69 was absorbed indicates that desorption may not be completely 

reversible.

Table 19. Ammonia adsorption and desorption test results.

Media:

Ammonia 
adsorption 

(mg N/L reactor)

Reactor 
adsorption 
capacity 
(mg N)

Ammonia 
desorption 

(mg NZL reactor)

Reactor 
desorption 
capacity 
(mg N)

I-inch gravel 0.91 22.5
0.69 17.0 0.47 11.6.

I -inch gravel 'with 
biofilm

0.83 20.4 - -

I1A -inch pumice 0.22 ■5.5 - -
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DISCUSSION

The following is a discussion of the results obtained from the laboratory studies 

described in the previous sections. First, the effects of packing media selection on 

nitrogen removal performance are addressed. The results of experiment I and experiment 

2 are both considered, as each experiment involved evaluation of different packing media: 

The effects of ammonia adsorption, hydraulic residence time, and the potential for 

plugging of the porous media are also considered. Following the discussion on packing 

media, the effects of loading rate on nitrogen removal performance and distribution of 

nitrifying organisms is discussed. The effects of trickling filter operation on COD 

removal is addressed and some recommendations for additional research and for system 

implementation are given.

Packing Media

Nitrification

Trickling filter effluent ammonia data from the first experiment indicate that the 3/8- 

inch media results in significantly higher nitrification in the trickling filters than the 1- 

inch gravel (p=8.0E-7 to 0.0002). The trickling filter effluent nitrate. data supports 

statistically significant differences between the I -inch gravel and the 3 /8-inch plastic and 

3/8-inch crushed gravel (p=0.008 and p=0.0001, respectively). Considering average 

ammonia removal in the trickling filters, the 3/8-inch media all resulted in greater
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removals than the I -inch gravel but only the removal through the 3/8-inch crushed gravel 

is statistically different (p=0.0017). Similar results were, obtained for nitrate production. 

No significant difference in nitrification performance among the three types of 3/8-inch 

media was observed.

The initial attachment of bacteria to the plastic medium is not as rapid as attachment to 

the rock media. This is not surprising because the surface of the rock is rougher and 

plastic tends to be hydrophobic, repelling moisture. However, once attachment occurred, 

the plastic medium performed as well as the gravel media. The results suggest that, after 

attachment and maturation of nitrifying bacteria in the trickling filter has occurred, media 

material and shape are not significant factors in determining nitrification efficiency.

The results of experiment 2 indicate that, for both hydraulic loading rates, the average 

trickling filter effluent ammonia concentrations were statistically different between the 

gravel and the pumice (p=1.2E-6 for the low rate and p=0.00015 for the high rate). 

However, trickling filter average .effluent nitrate, ammonia removal, and nitrate 

production data did not support a difference in performance between the pumice and 

gravel.

The ammonia removal and nitrate production data may not support differences in 

nitrification performance because on a single pass through the column, the differences in 

performance may be marginal. However, the wastewater is returned to the septic tank 

and recycled through the trickling filter at a recycle ratio of three. This would result in an 

amplification of the differences in ammonia removal and result in the statistically 

different ammonia concentrations in the trickling filter and system effluent as observed.
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If ammonia adsorption was significant and reversible, it could -have an impact on 

nitrification performance of the different media. However, the results of experiment I 

suggest that media material is not significant after initial attachment and maturation of the 

nitrifying biofilm. The results of the ammonium adsorption test indicate that there is 

measurable adsorption of ammonia to gravel and pumice media while the plastic media 

did not result in ammonium adsorption significantly different from the control. If 

adsorption were significant in nitrification efficiency, better performance would be 

expected from the gravel and pumice media than the plastic but this was not observed.

Comparing the estimated mass that the reactor can adsorb (Table 20) to the range of. 

mass of ammonia loaded and removed each dose cycle reveals that the calculated 

adsorption capacities generally exceed the ammonia loading. Because ammonia is 

present in the effluent of the trickling filters not all this capacity is being utilized. The 

presence of biofilm did not appear to inhibit ammonia adsorption, however, the 

desorption test did not result in full recovery of the ammonia adsorbed. If adsorption is. 

not completely reversible under the operating conditions,. the sorption sites may 

eventually become saturated, eliminating sorption-driven diffusion. Therefore, 

desorption rate may be the limiting step.

The results of the tracer studies suggest that hydraulic residence time is the most 

significant factor in determining nitrification efficiency within the trickling filters. The 

residence time is a function of media porosity, hydraulic conductivity, size distribution 

and shape as well as the hydraulic loading to the columns. Adequate residence time must
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exist in the columns so that sufficient diffusion of ammonia and oxygen into the biofilm 

and diffusion of nitrate out of the biofilm can occur.

Table 20. Ammonia adsorption capacities.

Media:

Ammonia
adsorption
(mgN/L
reactor)

Reactor 
adsorption 

■ capacity 
(mg N)

Average mass 
ammonia 
applied 

(mg N/dose)

Average mass 
ammonia 
removed 

(mg N/dose)

Adsomtion

I-inch gravel 0.91 22.5 5.0 to 3.8 to
0.69 17.0 13.8 6.4

I -inch gravel with biofilm 0.83 20.4 5.0 to 3.8 to
13.8 . 6.4

I1A -inch pumice 0.22 5.5 4.4 to 10.9 3.8 to 7.0

Desorotion -

I -inch gravel 0.47 11.6 NA NA

Tracer tests performed on the trickling filter columns indicate that the smaller media 

and the pumice have significantly higher mean hydraulic residence times than the I -inch 

gravel (Table 9). The tracer test data indicates the mean hydraulic residence times for the 

low rate I -inch gravel, 3/8-inch crushed gravel, 3/8-inch plastic media, and the pumice 

were 0.50, 1.0, 1.1, and 1.1 hours, respectively. In addition, with a recycle ratio of three, 

the total mean hydraulic retention time in the trickling filter columns becomes 1.5, 3.0, 

3.3, and,3.3 hours for the I-inch gravel, 3/8-inch crushed gravel, 3/8-inch plastic media, 

and the pumice, respectively. Water from the systems using smaller media and the 

pumice clearly are in contact with the nitrifying biofilm for much greater times, 

increasing the opportunity for mass transfer of ammonia from the liquid to the biofilm,



63

nitrification of the ammonia, and counter-diffusion of the nitrate. Thus, the overall 

nitrification efficiency improves through the trickling filters.

The trickling filter effluent ammonia results indicate that, after attachment and 

maturation of nitrifying bacteria in the trickling filter has occurred, factors that control 

hydraulic retention time such as size, size distribution, and internal porosity are 

predominant factors in determining nitrification efficiency. Additionally, media that yield 

a higher surface area to volume ratio such as the 3/8-inch media and the pumice result in 

higher nitrification efficiencies. With a higher surface area to volume ratio more area for 

mass transfer of ammonia and oxygen into the biofilm is available. The lack of 

significant differences in nitrification efficiency between the 3/8-inch pea and crushed 

gravel and the 3/8-inch plastic chip suggest that media shape and material are not 

predominant factors in determining nitrification efficiency.

Total Nitrogen Removal

Each system was operated at a recycle ratio of three. At this recycle ratio, the 

theoretical maximum nitrogen removal efficiency becomes 75% assuming that no TKN is 

removed by the septic tank. Operation of the septic tanks without the recycle through the 

trickling filters resulted in 17 .percent total nitrogen removal. Ammonia concentrations 

increased from 30.4 mg/L NH4-N in the feed to 40.6 mg/L NH4-N . in the effluent 

indicating that 10.2 mg/L NH4-N of organic nitrogen is ammonified. TKN data indicates 

that an additional 9.4 mg N/L organic nitrogen is removed through other processes such 

as settling. Performing a mass balance on the septic tank considering 9.4 mg N/L of
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nitrogen is removed through settling, the maximum theoretical nitrogen removal 

efficiency increases to 79%.

The trickling filter effluent ammonia data indicates that smaller media and media with 

internal porosity are generally superior for nitrification due to increased hydraulic 

residence time and surface area. The system effluent data supports improved 

performance with these media based on ammonia and TKN data but nitrate in the effluent 

of some of the systems resulted in less distinction based on total nitrogen removal.

The results of experiment I (Table 7 and Figure 4) show the average system effluent 

ammonia from the I -inch gravel system (12.0 mg/L NH4-N) was significantly higher than 

the 3/8-inch media systems (6.9 to 8.3 mg/L NH4-N, p ranging from 7.OE-5 to 0.0025). 

Likewise, the average effluent TKN from the I -inch gravel (18.5 mg N/L) was 

statistically higher than the 3/8-inch pea gravel and crushed gravel (12.3 and 13.2 mg 

N/L, respectively, p = 0.0026 and 0.0029). The 3/8-inch plastic media was taken off line 

after 12 weeks of operation due to plugging and the limited data set contributed to the 

effluent TKN not being statistically different than the I -inch gravel (p = 0.095).

While the effluent TKN and ammonia data suggest that the 3/8-inch media systems are 

superior to the I -inch gravel system, unsteady effluent nitrate data (Figure 5) resulted in 

decreases in average total nitrogen removal for the 3/8-inch media systems. The mean 

values for removal efficiency calculated from day 53 to 104 suggest that the systems 

utilizing 3/8-inch media (mean removal ranging from 72.6% to 74.9%) performed better 

than the system utilizing I -inch media (mean removal 67.0%). However, only the system
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utilizing the 3/8-inch crushed gravel (mean removal = 74.9%) was determined to be 

statistically different from the I -inch gravel system (p=0.0055).

In experiment 2, the average effluent ammonia concentrations from the gravel systems 

were statistically higher than from the corresponding pumice systems. The effluent TKN 

from the low rate gravel system was not statistically different than the low rate pumice 

systems (p=0.15). However, the effluent TKN from the high rate gravel system was 

statistically different from the high rate pumice system (p= 0.00045).

The nitrogen removal efficiencies followed the trends observed for the TKN data 

(Table 13). The difference in nitrogen removal efficiency between the high rate I -inch 

gravel (66.5%) and pumice (71.1%) was statistically significant (p=0.00046). However, 

the difference in nitrogen removal efficiency between the low rate I -inch gravel (73.0%) 

and the pumice (74.2%) system was not statistically significant (p=0.35). This is likely 

the result of nearly complete nitrification in the trickling filters of both low rate systems. 

The benefit of the additional surface area and residence time is diminished because the 

residence time in the low rate gravel, although only half that of the low rate pumice, was 

long enough to provide nearly complete nitrification. Nitrification in both low rate 

systems becomes ammonia limited at approximately 18 inches into the filter bed.

Plugging Potential

Because the trickling filters are essentially porous media filters, there is potential that ■ 

the filters can plug due to excessive growth of heterotrophic and autotrophic organisms. 

Plugging results in reduced hydraulic conductivity in the media and ponding of
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wastewater on the media surface. Ultimately, plugging leads to overflow of the trickling 

filter. While several methods could be utilized to clean the units (backwashing or 

mechanical scraping) it is not reasonable to think that homeowners will monitor and 

maintain these units. Additionally, automated devices to counteract plugging would 

increase system costs and likely require some level of maintenance. Therefore, it is 

desirable to utilize a medium within the filters that has the lowest potential to plug.

Results of the process performance studies indicate that the I -inch gravel and I1A-Inch 

pumice media have the lowest plugging potential and use of the 3/8-inch media is 

undesirable because of the plugging potential. The plastic medium began plugging after 

approximately 10 weeks of operation and had to be removed from service after 12 weeks. 

By visual observation of the media surface, the 3/8-inch crushed and pea gravel media 

also appear likely to plug. Ponding of wastewater on top of the 3/8-inch pea gravel was 

noted after 14 weeks of operation. Neither the I -inch gravel nor the pumice showed any 

signs of plugging after 20 weeks of operation. A field scale unit packed with the I -inch 

gravel has not plugged after being in service for over I year, but the unit was previously 

packed with 3/8-inch gravel and ultimately failed due to plugging.

While all media have similar porosity, the average pore size of the larger media is 

much greater than that of the smaller media. In this unsaturated flow system, the smaller 

pores result in slower flow rates and local velocities, thus reducing the amount of biofilm 

sloughing. This results in biofilm thicknesses that can close off pores completely. 

Ponding and channeling of wastewater begins to occur as some pores are filled with
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biofilm: Larger media, with larger pore spaces, are less susceptible to plugging because 

the higher flow rates remove biomass before it can fill pores.

Hydraulic Loading Rate

Nitrification

The trickling filter effluent ammonia, ammonia removal, and nitrate removal data all 

indicate that there is a statistical difference in the performance of the columns loaded at 

the high and low hydraulic loading rates. As discussed above, nitrification in the trickling 

filters is predominantly dependent on the mean hydraulic residence time. Intermittent 

dosing of the columns results in a wide distribution of actual residence times. With the 

larger media that were tested ( I -inch gravel and I Vi-inch pumice) a significant portion of 

each dose passes through the columns within minutes. However, the majority of each 

dose is retained in the column through at least one dose cycle (15 minutes).

The fraction passing analysis was performed on each of the columns run during the 

second experiment both before application of wastewater (i.e. clean media) and after over 

80 days of operation when a significant film had developed on the media. The results, 

presented in Table 9, indicate significant increases in the amount of each dose that passes 

for the pumice media. This is likely the result of a loss of microporosity as it fills with 

biofilm and correlates with the decreasing residence times. For the I -inch gravel, a slight 

decrease in the fraction that passes was observed. This may be the result of greater liquid
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holdup or mixing due to biofilm growth and correlates with the slight increase in 

residence time as'the film developed.

When a dose is applied to the column the majority of the wastewater displaces water 

that was retained in previous doses and resides in the column through at least the 

remainder of the dose cycle. Some of the applied dose passes through the column during 

the dose cycle in which it was applied. The fraction of the dose that passes through the 

columns during the dose cycle in which it was applied is significant because it has little 

contact time with the biofilm.

The percentage of the dose that passes during the first dose cycle was multiplied by the 

average trickling filter influent ammonia concentration to provide an estimate of the 

trickling filter effluent concentration. This calculation assumes that no ammonia is 

removed from the fluid that passes in the same dose cycle and all ammonia is removed 

from the fluid that remains. Comparing the calculated values to the average measured 

trickling filter effluent ammonia concentrations (Table 21) shows that, with the exception 

of the high rate I -inch gravel, the calculated concentrations are close to the measured 

concentrations.

While falling short of proof, these results suggest that nearly complete nitrification is 

achieved in the trickling filter columns between doses and that observed differences in 

performance are the result of fraction of the dose that passes. The higher dose volume 

results in a higher fraction passing and therefore a decrease in nitrification efficiency as 

observed in the trickling filter effluent data. The higher measured effluent ammonia for 

the I -inch high rate column suggests incomplete nitrification of the liquid that does not



69

pass during the initial dose cycle. Because the mean hydraulic residence time is only OJ 

hours for this column; incomplete nitrification is not unlikely.

Table 21. Comparison of calculated and measured trickling filter effluent ammonia 
concentrations.

I -inch 
gravel 

low rate

I-inch 
gravel high 

rate

114-inch 
pumice 
low rate

114-inch 
pumice 

high rate

Percent . of dose passing during 
cycle applied

19.0% 33.7% 9.6% 33.0%

Trickling filter influent ammonia 
concentration (mg/L NH4-N)

Trickling filter effluent ammonia
concentration
(mg/L NH4-N)

9.2 12.6 8.2 10.1

Calculated: 1.7 4.2 0.8 3.3
Measured: 2.0 6.7 1.1 3.5 .

Total Nitrogen Removal

During experiment 2 the I -inch gravel effluent ammonia and TKN were lower than in 

experiment I, approaching the concentrations observed in the 3/8-inch media. The 

addition of the dosing chambers may have been a contributing factor in the improved 

performance by reducing solids loading to the column, but the average ammonia 

concentration fell more significantly than the organic nitrogen. It is more likely that 

lower average room temperatures experienced during the first experiment (near 20°C in 

experiment I and as high as 29°C in experiment 2) resulted in lower nitrification rates. 

Because all columns were subjected to the same environmental conditions within an
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experiment, the differences in performance observed between the I -inch and 3/8-inch 

media are considered valid.

When considering nitrogen removal by the entire system, the low rate systems perform 

better than the comparable high rate systems. The average effluent TKN for the low rate 

and high rate gravel were 14.6 and 18.3 mg/L NH4-N, respectively (p=0.00096). The 

average effluent TKN for the low rate pumice was 13.7 mg/L NH4-N while the high rate . 

pumice was 15.7 mg/L NH4-N (p=0.0058). Effluent ammonia data exhibited similar 

trends as the effluent TKN. Study of the nitrogen species in the system effluents (Table 

13) suggests that differences in ammonia nitrogen a re . the primary cause for the 

differences in TKN and thereby system performance. Average system effluent organic 

nitrogen concentrations ranged from 5.4 to 5.6 mg N/L. Therefore, organic nitrogen is 

not a significant factor in the difference between system performances.

Total nitrogen removal efficiencies followed the trends observed for TKN data. The 

I -inch gravel loaded at the high rate averaged 66.5% removal and did not perform as well 

as the low rate gravel (73.0% removal, p=0.0010). The low rate pumice exhibited a 

higher average removal efficiency (74.2%) than the high rate pumice (71.1%), however, 

the t-Test indicated that the difference .was marginal (p=0.Q16). The difference in 

nitrogen removal efficiency between the low rate I -inch gravel and both of the pumice 

systems was not statistically significant (p=0.35 and p=0.20 for the low and high rate 

pumice systems, respectively).

The results indicate that similar performance can be expected from the low rate I -inch 

gravel, and either 116-inch pumice system under conditions similar to the laboratory. All
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systems met the Level 2 nitrogen removal criteria of 60%. However, profile sampling 

and profile intrinsic nitrification rates, discussed below, indicate that there is a significant 

difference in distribution of nitrifying organisms in the high rate filters that indicates 

. these systems are operating at or near their maximum potential.

Distribution of Nitrifying Bacteria

The profile studies from experiment 2 demonstrate that the low rate columns utilize 18 

inches at the influent end, and little nitrification occurs in the remaining depth (Figure 8). 

Nitrification becomes ammonia limited in the lower sections of the columns loaded at the 

low rate. Both columns loaded at the high rate had decreasing ammonium concentrations 

through the entire length of the column suggesting that the full depth of the filter is 

utilized. These trends are also reflected in the profile nitrification rates presented in 

Table 15 which were calculated from the profile data.

As suggested in the literature, nitrification is commonly zero order with respect to 

ammonia, being limited by oxygen transfer. However, below 3 to 5 mg/L NH4-N 

ammonia becomes limiting and the reaction follows Monod kinetics (Parker et al, 1989, 

Parker et al., 1995). The profile data from experiment 2 (Figure 8) suggests that 

nitrification within the trickling filters becomes ammonia limited at approximately 2 

mg/L NH4-N. Other profile data from these studies (presented in Appendices A and B) 

suggests nitrification becomes limited between 2 and 5 mg/L NH4-N.

The nitrification rates presented in Table 15 are all an order of magnitude below those 

presented in the literature cited (Parker et al, 1989, Parker et al., 1995). Several factors
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contribute to the differences in nitrification rates. The trickling filters in the literature 

were packed with cross-flow plastic media with a very high specific surface area (140 

m2/m3). Additionally, the hydraulic loading rates in the systems discussed in the 

literature were two orders of magnitude higher than the loading rates utilized in this 

study. Effluent ammonia concentrations were much higher in the systems cited in the 

literature and therefore, nitrification rates were not limited by ammonia concentrations.

The resultants of the maximum nitrification rate testing from experiment 2 (Table 17) 

indicate that distributions of nitrifiers within the columns loaded at different hydraulic 

loading rates are characteristically different. Comparing the ammonia oxidation rates for 

the high loading rate columns reveals that the distributions of nitrification rates have no 

trends and are relatively even. The columns loaded at the low rate shows a clear trend of 

decreasing nitrification rates with increasing depth into the column.

Figures 9 and 10 compare the observed and maximum nitrification rates for the low 

and high rate pumice columns, respectively. From Figure 9 it is clear that nitrification 

decreases with depth in the low rate columns. Additionally, the observed nitrification 

rates are less than the maximum rates. The maximum nitrification rate data demonstrates 

that nitrification potential still exists lower in the column. Low ammonia concentrations 

(approximately 1.0 mg/L NH4-N from day 67 profile) below 18 inches result in ammonia 

limited nitrification and observed rates approaching zero. Results in Figure lO 

demonstrate that observed and maximum nitrification rates remain relatively constant 

throughout the high rate columns and that the observed rates are close to the maximum

rates.
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Figure 9. Comparison of maximum and observed nitrification rates, low rate pumice.
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Nitrification rate (grams NZm3Zday)

Figure 10. Comparison of maximum and observed nitrification rates, high rate pumice.
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In the laboratory studies the difference in total nitrogen removal between the low and 

high rate systems was relatively small and all the systems achieved the Montana Level 2 

60% nitrogen removal requirement. While this suggests that application of the high 

hydraulic loading rate is preferred because of the associated reduction in filter cross 

sectional area, the column profile and intrinsic nitrification rate data suggest otherwise.

Under field conditions, where temperatures will be significantly lower, the growth 

rates of nitrifiers will be significantly less and therefore, it is expected that greater filter 

bed depths will be required to achieve the same degree of nitrification observed in the 

laboratory. This would result in active nitrification through a greater depth in the 

trickling filters loaded at the low rate but total nitrogen removal efficiencies approaching 

75 percent would still be observed. The maximum nitrification rate data indicates that 

nitrifying potential exists throughout the low rate columns (Figure 9) although 

nitrification is ammonia limited below 18-inches under laboratory conditions.

It is likely that field conditions will result in a reduction in the total nitrogen removal 

efficiency of the systems loaded at the high hydraulic rate because these systems utilize 

the entire depth of the filter bed at near optimum growth conditions. Additionally, the 

observed nitrification rates in the high rate systems are near the maximum rates. Colder 

temperatures would result in a decrease in nitrifier growth rate and a resulting decrease in 

nitrification efficiency.

Applying the equation form for the temperature effects on growth rates presented 

above (see Background) to nitrogen removal, the following equation was developed:

rT=r%e™-%)]
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where: rT = nitrogen removal through trickling filter at temperature T

T25 = nitrogen removal through trickling filter at 25 0C 

K = 0.056 to 0.12

Applying this equation in conjunction with mass balances on ammonia through the 

system, and assuming the effluent organic nitrogen remains constant and effluent nitrate 

is negligible, total effluent ammonia, and therefore, total nitrogen removal, can be 

calculated for different temperatures. Figure 11 presents the predicted total nitrogen 

removals with temperature for the low and high rate pumice assuming K = 0.07 arid an 

effluent organic nitrogen concentration of 5.5 mg N/L (as observed in experiment 2) for 

all temperatures. A depth factor was applied to adjust the ammonia oxidation through the 

low rate column to reflect nitrification deeper in the filter than was observed at 25°C.

Although only an estimation of performance at field temperatures, the results show 

important trends. As the temperature decreases, the performance of the high rate system 

decreases immediately whereas the performance of the low rate system remains relatively 

constant until 15°C. This is because, despite decreased nitrification rates, nitrification is 

occurring deeper in the column where it was previously ammonia limited. However, 

below 15°C, the excess column capacity has been utilized and significant decreases in 

performance are observed. Even at very low temperatures, significant removal is 

predicted due in part to removal of organic nitrogen.
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Figure 11. Predicted effects of temperature on total nitrogen removal.
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One method of overcoming this problem is to design deeper trickling filters. This 

would provide additional reactor volume and residence time and provide the nitrification 

capacity needed if the high hydraulic loading rate were applied in field application. 

However, the benefit of applying the higher hydraulic loading rate is lost as the trickling 

filter volume is increased. Additionally, costs for installation of deeper filters may 

become prohibitive if excavation equipment capable of greater depths is required.

Chemical Oxygen Demand

Conventional septic tanks remove COD through sedimentation of solids, anaerobic 

digestion of solids settled into the sludge blanket, and uptake of dissolved organic 

compounds by anaerobic organisms. However, the lack of terminal electron acceptors as
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an energy source for bacterial respiration limits the ecology to fermentation and 

methanogenesis. Fermentation will produce only nominal amounts of COD removal 

while methanogenesis is slow enough as to not be significant in COD removal.

Recycling the wastewater through the trickling filter was expected to increase removal 

of COD through several mechanisms. Organic solids pumped from the dose chamber to 

the filter are likely to attach to the biofilm or be mechanically strained, particularly in the 

trickling filters packed with the 3/8-inch media. Dissolved organic compounds that 

diffuse from the passing wastewater into the biofilm support growth of heterotrophic 

organisms within the biofilm. In addition, the nitrifying trickling filter increases the 

concentrations of two primary electron acceptors, nitrate and oxygen, in the wastewater 

returning to the septic tank. The presence of electron acceptors will result in degradation 

of organic compounds through respiration until the electron acceptors are exhausted.

The wastewater returning to the septic tank as each dose passes contained dissolved 

oxygen ranging from 4.0 to 8.5 mg/L. Assuming that 6 mg/L of DO is returned with each 

dose, the daily loading of oxygen to the septic tank is 310 mg whereas the daily loading 

of COD is approximately 9,300 mg. Therefore, the DO in the return flow is relatively 

small as compared to the COD loading. The wastewater returning to the septic tank 

contains between 6.2 and 9.3 mg/L NO3-N. Assuming that 7.5 mg/L NO3-N is returned 

with each dose, the daily loading to the septic tank is 390 mg. Assuming 2.86 mg of 

oxygen demand are consumed for each mg of nitrate nitrogen (Oakley, 1996), a total of 

1,100 mg of COD can be consumed using nitrate as an electron acceptor. Together, DO
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and nitrate from the trickling filter will provide for 1,400 mg of COD removal per day, 

which is significant compared to the daily COD loading of approximately 9,300 mg.

Without recycling the wastewater across the trickling filter, the average effluent COD 

was 190 mg/L, a 67 percent reduction from the influent COD of 570 mg/L. The COD 

concentration was significantly lower when the wastewater was recycled through the 

trickling filters. During experiment I the effluent CODs ranged from 76 to 96 mg/L, 

resulting in removal efficiencies of 83% to 86%. . During experiment 2, the effluent 

CODs ranged from 58 to. 65 mg/L, resulting in removal efficiencies of 89% to 90%. The 

improved COD removals observed during experiment 2 as compared to experiment I are 

likely due to higher temperatures in the laboratory. These results clearly indicate that 

utilization of the trickling filter improves organic matter removal as well as nitrogen 

removal.

v
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■ CONCLUSIONS

The following conclusions have been made based on the results of the study: 

o Media shape and composition are not critical factors in determining steady-state 

nitrification efficiency.

o Nitrification in the trickling filter is primarily a function of hydraulic residence 

time and specific surface area. Media size, the presence of internal porosity, and 

hydraulic loading are factors that affect residence time and specific surface area, 

o The potential for plugging makes use media smaller than I -inch unattractive, 

o For the temperatures at or above 20°C, observable nitrification occurs through the 

entire trickling filter bed depth at the higher hydraulic loading rate (0.054 gpm/ft2) 

whereas observable nitrification is completed within the top 18 inches at the lower 

loading rate (0.027 gpm/ft2).

o Performance of a nitrifying trickling filter loaded at the high rate will decrease at 

low temperatures due to insufficient bed depth to compensate for decreases in 

nitrifier growth rates.

o The trickling filter contributes significantly to COD removal, 

o Ammonia adsorption does occur on the gravel and pumice media but is not 

significant in the performance of the nitrifying trickling filters, possibly being 

limited by desorption. Conversely, nitrification of ammonia in the liquid retained 

between dose cycles may be the major contribution to . overall observed 

nitrification fates
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RECOMMENDATIONS

Based on the results of the study the following design and operational conditions are 

recommended:

o Utilize a packing media at least I -inch in nominal size and with internal porosity, 

o Operate at the lower hydraulic loading rate, if the 15 minute dose cycle is
I

maintained, so that sufficient capacity exists within the trickling filter to 

compensate for reduced growth rates at lower temperatures, 

o Study the effects of increasing the frequency of dosing, which may improve 

nitrogen removal at higher loading rates. Application of smaller dose volumes 

more frequently could result in sufficient residence time and minimal passing of 

the dose, leading to increased nitrification efficiency at a higher overall loading

rate.
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APPENDIX A 
EXPERIMENT I DATAI



_________________ Trickling filter effluent

Table 22. Data summary for 1-inch gravel, experiment I.

Date Days
TKN NH4-N Org N NO3-N NO2-N COD DO

(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) pH (mg/L)
1/9/97 0

1/13/97 4 9.2 0.00 0.006
1/14/97 5 16.3 0.009
1/17/97 ' 8 21.7 1.13 0.173
1/18/97 9
1/19/97 10 .30.0 21.9 8.1 1.09 0.142 99.5 ■7.22
1/21/97 12 20.9 1.52 0.277
1/23/97 14 26.9 20.6 6.3 1.91 0.564 90.7

' 1/24/97 15 ■ 19.9 0.554
1/26/97 17 26.9 23.3 3.6 2.48 0.773 6.93
1/28/97 19 • 28.1 22.9 5.2 0.338 67.3 6.93 6.3
1/31/97 22 29.4 21.3 8.0 2.43 0.542 78.3 6.74
2/3/97 25 16.3 17.0 -0.7 3.44 0.566 72.2 6.68 6.9
2/7/97 29 18.8 14.2 4.6 3.60 0.496 6.64 6.5

2/11/97 33 20.6 12.7 7.9 3.41 0.424 105.2 6.65 5
2/16/97 38 17.5 11.0 • 6.5 3.73 0.293 97.6 6.30
2/19/97 41 6.54 .
■2/20/97 . 42 6.23
2/21/97 43 16.3 ' 10.37 5.9 4.50 0.275 71.7 6.58 4.9
2/24/97 46 .5.99
2/25/97 47 6.25
2/26/97 48 15.6 7.85 7.8 5.85 0.199 71.1 6.69 5.7

3/3/97 53 10.6 6.7 4.0 6.40 0.185 78.8 6.28 4.3
3/8/97 . 58 11.3. 7.2 4.1 5.62 0.102 68.6 6.50

3/15/97 65 8.8 5.8 3.0 6.22 0.195 72.7 6.51
3/22/97 72 9.4 5.4 4.0 6.58 0.222 64.0 6.78
3/29/97 79 6.25 5.98 0.220 6.51 4.1
3/31/97 81 10.0 3.67 6.3 6.30 0.189 81.3
4/11/97 92 11.25 5.7 5.6 6.25 0.088 ■ 62.5 . 6.39
4/23/97 104 11.25 6.3 5.0 5.87 0.055 60.5 6.58

Averages 10.4 5.9 4.6 6.2 0.2 69 8 6.5 4.2
Day 53 to 104

_____________._______________ System effluent____________________________
TKN NH4-N Org N NO3-N NO2-N COD DO Total N Removal

(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) pH (mg/L) (mg/L) %

13.0 0.00

21.9 0.00

23.9 0.00
20.3 0.00

34.4 22.4 12.0 0.00
22.7

32.5 24.6 7.9 1.21
32.5 24.8 7.7
33.8 27.0 6.8 0.00
29.4 20.1 9.2 .0.00
25.0 19.8 5.2 0.76
27.5 17.6 9.9 0.81
23.8 16.7 7.1 0.00

22.5 . 17.3 5.2 0.00

21.3 15.2 . 6.0 0.00
■17.5 13.3 4.2 0.00
20.0 13.1 6.9 . 0.00
22.5 11.9 10.6 0.00
18.1 11.7 6.5 0.67

12.1 0.65
15.6 9.5 6.2 0.69
17.5 11.8 5.7 0.00
18.1 12.3 5.8 0.64
18.5 12.0 6.6 0.3

0.004

0.001

0.004
0.006
0.003 137.5, 6.68
0.003
0.004 6.3.3
0.001 119.9 6.52 0.0
0.012 135.7 6.36
0.012 1.07.2 6.68 0.0
0.014 6.55 0.0
0.008 158.0 6:36 0.0
0.002 122.9 6.55

6.61
6.18

0.004 134.6 6.74
6.66
6.5

0.000 125.8 6.83 0.0
0.004 6.6 0.0
0.004 6,71
0.000 106.7 7.14
0.000 98.6 7.17
0.006 7.19 0.0
0.005 85.4
0.012 84.4 6.94
0.000 105.7 7.05

0.0 96.1 7.0 0.0

' 34.40 39.6%

33.72 40.8%
32.50 42.9%
33.76 40.7% Q0-
29.39 48.4% Ch
25.77 54.7%
28.31 50.3%
23.75 ' 58.3%

22.50 60.5%

21.25 62.7%
17.50 69.3%
20.00 64.9%
22.50 60.5%
18.80 67.0%

16.32 71.3%
17.51 69.2%
18.77 67.0%
,18:8 #4% .



Table 23. Data summary for 3/8-inch plastic media, experiment I.
________________ Trickling filter effluent_______________
TKN NH4-N OrgN NO3-N NO2-N COD DO

Date Days (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) pH (mg/L)
1/9/97 0
1/13/97 4 13.1 O.0O 0.001
1/14/97 5 19.4 0.002
1/17/97 8 25.9 0.00 0.002
1/18/97 9
1/19/97 10 33.8 28.1 5.7 ■ 0.00 0.000 55.6 7.11
1/21/97 12 27.1 0.00 0.004
1/23/97 14 ’ 25.0 27.3 -2.3 0.00 0.011 29.3
1/24/97 ' 15 29.6 0.020
1/26/97 17 37.5 , 35.2 2.3 0.00 0.021 7.19
1/28/97 19 38.8 34.5 4.3 0.007 17.6 7.32 8.3
1/31/97 22 40.0 42.5 -2.5 0.81 0.269 25.4 7.17
2/3/97 25 39.4 36.1 3.3 0.88 0.713 24.4 7.08 7.9
2/7/97 29 34.4 33.2 1.2 1.01 1.317 6.88 7.8

2/11/97 33 31.9 27.6 4.3 1.71 1.554 38.6 6.74 6.9
2/16/97 38 15.0 13.2 1.8 5.42 1.535 21.3 5.99
2/19/97 41 5.93
2/20/97 42 5.60
2/21/97 43 8.8 7.0 1.8 5.44 1.159 18.3 5.84 . 5.5
2/24/97 46 5.52
2/25/97 47 5.86
2/26/97 48 4.4 2.1 2.3 7.49 1.133 30.0 5.91 7.6

3/3/97 53 1.9 1.3 0.6 8.26 0.262 34.6 6.15 4.7
3/8/97 58 4.4 1.2 3.2 9.20 0.097 17.8 5.96

3/15/97 65 1.9 0.6 1.3 9.74 0.047 23.4 6.32
3/22/97 72 5.6 2.3 3.3 8,27 0.077 21.9 6.39
3/29/97 79 0.6 10.12 0.044 6.33 5.8
3/31/97 g 3.1 0.3 2.9 10.23 0.027 20.8
4/11/97 92 Trickling filter out of service
4/23/97 104 Trickling filter out of service

Averages 3.4 1.0 2.3 9.3 0.1 23.7 6.2 5.3
Day 53 to 81

System effluent
TKN NH4-N 

(mg/L) (mg/L)
OrgN NO3-N NO2-N COD 
(mg/L) (mg/L) (mg/L) (mg/L) pH

DO
(mg/L)

Total N 
(mg/L)

■Removal
%

15.7 0.00 0.010
22.7 0.001
24.2 0.00 0.002

26.6 0.00 0.000
26.2 0.00 0.005

37.5 27.1 10.4 0.00 0.003 11.1.2 6.92 37.50 34.1%
25.6 0.006

36.9 33.7 3.2 1.17 0.004 6.49 38.07 33.1%
40.6 36.4 4.3 0.002 84.8 6.75 0.0 40.63 28.7%
43.8 38.2 5.6 0.00 0.003 98.6 6.74 43.75 23.2%

30.1 0.00 . 0.025 86.4 6.68 . 0.0 0.03
36.3 33.2 3.1 0.00 0.012 6.72 0.0 36.26 36,3%
35.0 29.1 5.9 0.00 0.152 122.9 6.66 0.0 35.15 38.3%
25.0 19.0 6.0 0.00 0.014 90.7 6.09 25.01 . 56.1%) 6.10

6.25
18.1 14.9 3.2 0.95 0.028 97,1 6.20 19.11 66.4%

6.36
6.19

16.3 •11.4 4.9 0.89 0.009 103.2 6.48 0.0 17.15 . 69.9%
11.3 . 7.9 3.4 2.02 0.069 79.8 6.54 0.0 13.34 . 76.6% ■
18.8 10.7 8.0 1.43 0.018 107.2 6.72 20.20 64.5%
7.5 7.1 0.4 3.76 0.107 83.3 6.80 11.36 80.0%

15.0 9.1 5.9 1.94 0.045 79.8 6.94 16.98 70.2%
7.5 3.84 0.069 6.97 0.0

13.8 7.8 6.0 2.32 0.011 81.8 . 16.08 71.8%
41.3 29.9 11.4 0.00 0.003 272.6 6.97 41.25 27.6%
51.9 42.2 9.7 0.36 0.000 439.2 6.49 52.24 .8.3%



Table 24. Data summary for 3/8-inch pea gravel, experiment I.

Trickling filter effluent
TKN NH4-N Org N NO3-N NO2-N COD DO

Date Days . (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) pH (mg/L)
■ 1/9/97 0
.1/13/97 4 3.1 0.00 0.004
1/14/97 5 7.4 0.005
1/17/97 8 11.4 0.00 0.043
1/18/97 9
1/19/97 10 17.5 15.3 2.2 1.01 0.076 32.2
1/21/97 . 12 • 15.6 1.29 0.156
1/23/97 14 21.3 16.5 4.8 1.60 0.312 14.6
1/24/97 15 16.9 0.330
1/26/97 17 21.9 20.4 1.5 2.35 0.000 6.84
1/28/97 ■ 19 25.0 21.6 3.4 2.94 0.157 17.6 6.87 8.0
1/31/97 22 23.8 21.6 2.2 3.12 0.271 11.7 6.84
2/3/97 25 11.3 16.3 -5.1 5.92 0.449 40.1 6.57 7.1
2/7/97 29 13.8 11.7 2.0 11.84 0.220 6.21 7.6

2/11/97 33 8.1 6.5 1.7 16.97 0.219 25.4 6.25 6.7
2/16/97 38 3.8 1.9 1.8 13.84 0.166 11.2 6.10
2/19/97 41 6.10
2/20/97 42 5.59
2/21/97 43 2.5 0.49 2.0 8.50 0.058 13.2 5.96 6.0
2/24/97 46 5.74
2/25/97 47 6.19
2/26/97 48 3.1 0.65 ' 2.5 7.87 0.080 26.4 6.29 7.5

3/3/97 53 0.0 0.44 -0.4 5.96 0.027 25.9 6.54 4.6
3/8/97 58 3.1 0.52 2.6 6.63 0.011 18.8 6.25

3/15/97 65 0.0 0.4 -0.4 7.58 0.002 17.3 6.77
3/22/97 72 3.1 0.4 2.7 7.25 0.001 8.6 6.73
3/29/97 79 0.1 9.17 0.006 6.78 6.6
3/31/97 81 3.3 0.1 ' 3.3 10.45 0.006 4.1
4/11/97 92 3.8 0.2 3.6 14.42 0.006 15.2 6.39
4/23/97 104 3.1 0.1 3.0 7.38 0.004 12.2 6.69

Averages 2.4 0.3 2.1 8.6 0.0 14.6 6.6 5.6
Day 53 to 104

______________________ ._____ System effluent _______________  .
TKN NH4-N OrgN NO3-N NO2-N COD DO Total N Removal

(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) pH (mg/L) (mg/L) %

9.7 0.00
14.6
14.6 ■ 0.00

19.4 15.8 3.6 1.04
18.5 0.00

26.9 18.8 8.1 0.00
18.6

28.1 24.5 3.6 0.00
27.5 23.3 4.2
28.8 25.5 • 3.3 0.00
36.3 21.0 15.3 0.00
28.1 22.4 5.7 1.04
16.3 12.1 4.2 9.12
6.9 10.5 -3.6 4.42

20.9 12.6 8.3 0.00

11.9 7.3 4.6 1.24.
10.0 6.9 3.1 0.88
14.4 6.8 7.5 1.18
10.0 5.2 4.8 2.33
11.9 6.4 5.5 1.01

7.2 1.77
13.1 6.9 6.2 4.11
14.4 8.6 5.8 7.19
12.5 7.3 5.2 1.06
12.3 6.9 5.5 2.4

0.001
0.002
0.001

0.002 108.2 6.94
0.003
0.003 90.7 7.00
0.006
0.005 6.51
0.000 64.4 6.75
0.003 89.9 6.74
0.008 83.3 6.67
0.046 6.57
0.054 93.5 6.44
0.009 77.8 6.43

6.41
6.28

0.000 119.9 6.42
6.36
6.42

0.023 76.1 6.57
0.011 85.4 6.54
0.012 74.7 6.70
0.096 57.4 7.02
0.010 64.0 7.07
0.016. 7.24
0.085 81.3
0.013 87.4 6.82
0.000 84.9 7.02

0.0 76.4 6.9

20.44 64.1%

26.90 52.8%

28.13 50.6%
0.0 27.50 51.7%

28.75 49.5%
0.0 36.26 36.3%
0.0 29.21 48.7%
0.0 25.43 55.3%

11.31 80.1%

20.94 63.2%

0.0 13.13 76.9%
0.0 10.89 80.9%

15.57 72.7%
12.43 78.2%

0.0
12.90 77.4%

17.32 69.6%
21.58 62.1%
13.56 76.2%

0.0

OOOO

14.9 73.8%



_________________ Trickling filter effluent________________
TKN NH4-N Org N NO3-N NO2-N COD DO

Date Days (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) pH (mg/L) 
1/9/97 O "

Table 25. Data summary for 3/8-inch crushed gravel, experiment I.

: 1/13/97 4 6.7 0.00 0.012
1/14/97 5 11.5 0.016

' 1/17/97 8 14,9 1.06 0.142
1/18/97 9
1/19/97 10 24.4 17.0 7.4 1.31 0.310 43.9 7.44
1/21/97 12 17.5 1.99 0.409
1/23/97 14 26.3 16.8 9.5 2.40 0.584 32.2
1/24/97 15 17.2 0.604
1/26/97 17 23.1 19.9 3.2 3.73 0.542 7.24
1/28/97 19 20.6 19.3 1.3 6.50 0.269 17.6 7.24 8.0
1/31/97 22 18.8 16.2 2.5 6.02 0.332 31.5 7.09
2/3/97 25 19.4 8.9 10.5 10.28 0.574 17.8 6.67 6.9
2/7/97 29 6.3 4.1 2.2 8.34 0.276 6.22 8.1

2/11/97 33 4.4 1.9 ■ 2.5 7.76 0.222 46.2 6.18 7.9
2/16/97 38 3.1 1.0 2.1 7.33 0.126 18.8 '5.79
2/19/97 41 5.47
2/20/97 42 5.58
2/21/97 43 3.1 0.90 2.2 7.49 0.081 20.3 5.88 6.3
2/24/97 46 5.54
2/25/97 47 5.96
2/26/97 48 3..1 0.88 2.2 7.58 0.062 23.9 6.40 8.5

3/3/97 53 2.5 0.77 1.7 7.41 0.055 24.9 6.48
3/8/97 •58 3.8 ■ 0.59 3.2 7.95 0.023 29.0 5.98

3/15/97 65 2.5 0.49 2.0 7.46 0.013 25.4 6.45
3/22/97 72 3.8 0.72 3.0 8.16 0.030 22.4 6.39
3/29/97 79 0.23 9.15 0.043 6.66 6.2
'3/31/97 81 5.0 0.17 4.8 8.65 0.036 11.7
4/11/97 92 4.4 0.67 3.7 8.95 0.049 17.8 6.39
4/23/97 104 ' 3.1 0.51 2.6 8.57 0.025 7.1 6.44

Averages 3.6 0.5 3.0 8.3 0.0 19.7 6.4 6.2
Day 53 to 104

System effluent-
TKN NH4-N Org N NO3-N NO2-N COD DO Total N Removal

(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) pH (mg/L) (mg/L) %

11.3 0.00 0.004

17.3 0.00 0.008

28.1 18.7 9.4 0.00 0.003 87.8 28.10 50.6%
19.2 0.00 0.020

27.5 19.7 7.8 0.00 0.003 73.1 7.06 27.50 51.7%
19.9 0.014

28.1 23.4 4.7 0.00 0.031 6.69 28.13 50.6%
26.3 21.6 4.6 0.000 70.2 6.93 0.0 26.25 53.9%
25.0 22.0 3.0 0.00 0.015 100.6 6.78 25.02 56.1%
20.6 14.0 6.6 2.12 0.261 80.3 6.75 0.0 23.01 59.6%
17.5 11.9 5.6 0.00 0.012 6.70 0.0 17.51 69.2%
18.1 10.5 7.6 0.00 0.022 125.5 6.61 0.0 18.15 68 .1%
11.3 7.0 4.2 0.00 0.019 79.3 6.56 11.27 80.2%

6.46
6.42

12.5 8.0 4.5 0.00 0.018 87.9 6.69 12.52 78.0%
6.30

. 6.56
11.9 7.4 4.5 1.06. 0.021 97.6 6.54 0.0 12.95 77.3%
11.3 7.6 3.6 0.95 0.027 98.6 6.53 0.0 12.22 78.5%

■12.5 8.1 ' 4.4 0.89 0.039 107.2 6.45 13.43 76.4%
12.5 7.0 5.5 0.92 0.037 82.8 6.84 13.46 76.4%
14.4 7.8 6.5 1.08 0.007 81.3 6.87 15.46 72.8%

8.0 0.97 0.010 7.13 0.0
.14.4 7.1 7.3 1.23 . 0.007 78.3 15.62 72.6%
13.8 7.4 . 6.3 1.52 0.013 71.7 6.81 15.29 73.2%
13.8 7.9 5.9 0.96 0.003 86.9 7.03 14.71 74.2%

13.2 7.6 5.6 1.1 0.0 86.7 6.8 0.0 14.3 74.9%
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Figure 12. Total nitrogen removal efficiency, experiment I.
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Figure 13. Trickling filter effluent ammonia, experiment I.
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Figure 14. Effluent ammonia, experiment I. 
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Figure 15. Trickling filter effluent TNK, experiment I.
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Figure 17. Trickling filter effluent nitrate, experiment I.
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Figure 19. Trickling filter effluent nitrite, experiment I.
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Figure 20. Effluent nitrite, experiment I.
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Figure 21. Trickling filter effluent COD, experiment I.
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Figure 23. Trickling filter effluent pH, experiment I.
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Figure 24. Effluent pH, experiment I .
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12.0 i

Figure 25. Profile for I-inch gravel, day 83 experiment I.
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Figure 26. Profile for 3/8-inch plastic, day 83 experiment I.
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12.0 i

Figure 27. Profile for 3/8-crushed gravel, day 83 experiment I.
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Figure 28. Profile for 3/8-pea gravel, day 83 experiment I.
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APPENDIX B 
EXPERIMENT 2 DATA



Table 26. Data summary for I-inch gravel, high hydraulic loading rate, experiment 2.

Trickling filter effluent .
TKN NH4-N OrgN NO3-N NO2-N COD PH DO

Date Days (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
5/8/97 0

5/13/97 5 17.5 15.3 2.2 3.09 0.665 51.5 7.10
5/20/97 12 11.9 9.3 2.5 3.52 0.339 36.3 7.10
5/26/97 18 13.8 9.6: 4.2 4.46 0.231 68.6 7.64

6/3/97 26 11.9 8.0 3.9 3.45 0.087 74.7 7.47
6/9/97 32 13.1 6 .6 6.6 4.90 0 .1 1 2 80.0 7.15

6/16/97 39 10.0 9.0 1.0 3.39 0.253 52.3 6.75
6/30/97 ' 53 16.3 9.7 6.6 4.72 0.299 40.9 7.34

7/9/97 62 13.8 6.6 7.1 3.50 0.241 34.8 7.67 5.4
7/14/97 67 9.4 6 .2 3.2 5.34 0.340 45.3 7.90
7/22/97 75 11.3 8.4 2.9 8.34 0.237 42.6 7.18
7/23/97 76
7/29/97 .82 10.6 7.4 3.2 4.38 •0.163 40.9 7.48

8/3/97 87 6.9 4.8 2.1 5.15 0.239 24.4 7.0
8/8/97 92 7.5 5.7 1.8 7.09 0.352 17.4

8/14/97 98 8.8 6 .0 2.8 ' 6.14 0.223 22 .6 7.76
9/1/97 116 8.8 4.6 4.1 7.08 0.229 36.1
9/6/97 121 6.3 5,3 0.9 • 7.18 0.238 34.4 7.03 4.8

9/14/97 129 10.5 5.5 5.0 8.02 0.177 75.3 7.05
9/22/97 137 7.9 6 .0 1.9 6.62 0.162 30.5 7.34

Averages 10.2 6.7 3.5 5.7 0 .2 43.5 7.3 5.1
Day 26 to 137

____________________________System effluent___________ ________
TKN NH4-N Org N NO3-N NO2-N COD pH DO Total N Removal 

(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) %

23.8 18.0 5.7 0 .00 0.003 84.8 7.25 23.75 56.7%
18.8 14.2 4.6 0.00 0.001 91.9 7.05 18.75 65.8%
18.8 14.3 4.4 0 .00 0 .000 101.1 7.46 18.75 65.8%
17.5 12.1 5.4' 0 .00 0 .000 108.8 7.23 17.50. 6 8 .1%
16.9 11.3 5.5 0.00 0 .000 80.8 7.15 16.88 69.2%
19.4 13.3 6.1 0 .00 0 .000 86.4 6.85 19.38 ‘ 64.7%
22.5 16.0 6.5 0 .00 0 .000 72.2 7.38 22.50 59.0%
15.9 11.1 4.8 0 .00 0 .000 68.7 7.26 0.0 15.94 70.9%
20.9 13.0 8.0 0 .0 0 0 .002 78.3 7.43 20.94 ' 61.8%
22.5 16.9 5.6 0 .00 0.001 78.2 7.5 22.50 59.0%
23.8 15.9 . 7.9 0 .00 0.003 6.85 23.75 56.7%
15.6 13.0 2.6 0 .00 0.001 52.6 7.22 15.63 71.5%
17.5 11.2 6.3 0 .00 0 .000 63.1 7.2 17.50 6 8 .1%
16.9 11:5 5.3 0 .00 0.004 49.6 16.88 69.2%
18.8 10.0 8.7 0.36 0.004 71.4 7.7 19.12 65.1%
18.8 . 12.6 6.1 0 .00 0.001 68.3 18.75 65.8%
15.0 11.4 3.6 0.70 0.101 61.3 7.08 2.0 15.80 71.2%
15.0 12.3 2.7 0.35 0.013 60.9 7.22 15.36 72.0%
15.4 12.6 ' 2.8 0.21 0 .000 60.5 7.56 15.59 71.6%

■ 18.3 12.8 5.5 0.1 0 .0 70.7 7.3 1.0 18.4 66.5%

100



Table 27.. Data summary for I-inch gravel, low hydraulic loading rate, experiment 2.

Trickling filter effluent________________  ___________________ _̂________System effluent
TKN NH4-N OrgN NO3-N NO2-N COD pH DO TKN NH4-N Org N NO3-N NO2-N COD pH DO Total N Removal

Date Days (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) %
• 5/8/97 0 -
5/13/97 5 14.7 . 10.4 4.3 7.57 1.505 39.4 7.35 22.5 16.5 6.0 0.00 0.001 93.9 .7.26 22.50 59.0%
5/20/97 12 6.3 2.7 3.6 6.92 • 0.314 48.5 6.78 15.0 9.0 6.0 0.00 0.001 85.4 7.10 15.00 72.6%
5/26/97 18 .6.3 3.1 3.1 6.90 0.266 41.7 7.48 15.6 . 10.0 5.6 0.00 0.001 100.1 7.30 15.63 71.5%

6/3/97 26 . 5.0 2.5 2.5 6.25 0.145 45.7 7.40 13.8 .8.0 5.7 0.00 0 .0 0 0 92.7 7.42 13.75 74.9%
6/9/97 32 5.0 2.5 2.5 6.83 0.166 36.1 7.26 14.4 8.7 5.7 0.00 0.001 81.3 7.42 14.38 73.8%

6/16/97 39 3.8 1.9 1.9 6.98 0.097 . 29.0 6.41 11.3 8.4 2.9 0:00 0 .000 67.1 6.45 11.25 79.5%
6/30/97 53 7.5 2.1 5.4 7.13 '0.175 48.3 7.42 13.8 9.0 4.8 0.00 0 .000 69 .2 7.41 13.75 74.9%

7/9/97 62 5.0 2.2 2.8 8.28 0.213 44.4 7.14 4.9 15.6 9.8 5.8 0.00 0 .0 0 2 64.4 7.54 0 .2 15.63 71.5%
7/14/97 67 5.0 1.6 3.4. 6.44 0.265 ' 22 .2 7.54 14.4 ' 9.0 5.3 0,00 0 .0 0 2 64.8 7.30 14.38 73.8%
7/22/97 75 6.9. 2.9 4.0 . 5.32 0.249 54.0 7.28 18.8 9.9 8.9 0 .00 0.001 117.2 7.18 18.75 65.8%
7/23/97 76 16.5 10.2 6.2 0 .00 0 .000 6.83 16.46 70.0%
7/29/97 82 6.9 4.1 2.8 7.13 0.268 25.2 7.57 16.9 14.0 .2.9 0.00 0.001 69.1 7.27 16.88 69.2%

8/3/97 87 2.5 1.0 1.5 8.08 0.156 21.76 6.9 22.5 9.1 13.4 0.00 0 .000 54.1 22.50 59.0%
8/8/97 92 5.0 2.6 2.4 . 6.49 0.342 15.7 13.8 10.5 3.3 ■ 0.00 0.001 50.5 13.75' 74.9%

8/14/97 98 3.1 . i.o 2.1 7.85 0.193 - 10.4 7.54 12.5 6.4 6.1 0.46 0.031 48.7 7.76 ' 12.99 76.3%
9/1/97 116 4.4 1.9 2.4 0.189 15.7 14.1 8.7 5.3 0.50 0.030 50.9 14.59 73.4%
9/6/97 121 3.8 ■ 1.4 2.4 9.61 0.090 36.1 7.34 4 12.5 8.5 '4.0 1.31 0 .000 47.4 7.06 1.5 13.81 74.8%

9/14/97 129 4.1 1.2 2.9 8.16 0.091 35.7 6.98 11.3 8.4 2.8 0.00 0 .002 60.9 7.03 11.25 79.5%
9/22/97 137 4.1 1.3 2.8 8.00 0.095 27.4 7.23 12.4 9.2 3.2 0.00 0.001 53.5 7.40 12.38 77.4%

Averages 4.8 2.0 2.8 7.3 0 .2 31.2 7.2 4.5 14.6 9.2 5.4 0.1 0 .0 66.1 7.2 0.9 14.8 73.0%
Day 26 to 137



Table 28. Data summary for 11/2-inch pumice, low hydraulic loading rate, experiment 2.

____________  Trickling filter effluent_______________________________________ System effluent _______________
TKN NH4-N OrgN NO3-N NO2-N COD pH DO TKN NH4-N OrgN NO3-N NO2-N COD pH DO Total N Removal

Date Days (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (me/L) (mg/L) %
5/8/97

5/13/97
O
5 35.6 31.1 4.5 0.71 2.797 51.5 7.73 38.1 32.7 5.4 0 .00 0.0029 133.3 7.38 38.13 30 5%5/20/97 12 8.8 5.6 3.1 1.42 5.193 39.4 6.78 16.9 9.2 7.7 0 .00 0.008 82.8 6.95 16.88 69 2%5/26/97 18 5.0 1.5 3.5 6.51 2.271 37.1 7.56 14.4 8.4 6.0 0.00 0.001 . 87.4 7.29 14.38 73 8 %' 6/3/97 . 26 4.4 1.1 3.3 6.13 0.119 41.7 7.20 11.9 6.7 5.1 0 .00 0 .0 0 0 85.4 7.23 11.88 78 3%6/9/97 32 3.1 ■ 0.9 2.2 7.23 0.059 35.1 6.90 13.8 7.5 • 6.2 0.65 0 .000 81.3 7.45 14.40 73 7%6/16/97 39 1.9 1.4 0.5 7.13 0.017 33.5 6.19 10.0 7.1 2.9 0.59 0 .0 0 0 63.5 6.81 10.59 80 7%6/30/97 53 6 .6 1.7 4.8 6.33 0.013 41.3 7.10 13.1 8.3 4.8 0 .00 0 .000 76.1 7.48 13.13 76 1%7/9/97 62 3.1 1.6 1.6 8.58 0.097 26.1 7.18 5.7 13.8 8.9 4.8 0.59 0.009 59.2 7.24 0.0 14.35 73 8 %7/14/97 67 5.6 1.0 4.6 7.14 0.085 35.2 7.43 20 .6 9.7 11.0 0.46 0.015 65.7 7.24 21.10 61 5% o

7/22/97 75 5.0 0.9 4.1 8.72 0.090 48.7 7.11 16.9 9.5 7.4 0 .00 ' 0.001 78.2 7.29 ■ 16.88 ' 69.2% to
7/23/97 76 16.6 8.9 7.7 0 .00 0.007 7.27 16.57 69 8%7/29/97 82 4.4 1.5 2.8 7.27 0.142 22 .6 7.42 12.5 9.4 3.1 0 .00 ' 0 .002 51.8 7.15 12.50 77 2%8/3/97 87 2.5 0 .6 1.9 7.95 0.156 . 16.1 16.3 7.9 8.3 • 0 .00 0 .000 57.1 7.00 16.25 70 4%8/8/97 . 92 3.1 1.2 1.9 8.83 0 .0 0 0 12.2 13.1 9.1 4.0 0 .00 0.001 52.6 13.13 76 1%8/14/97 98 1.9 LI 0.8 7.58 0.236 18.7 7.60 12.5 5.9 6.6 0.67 0.028 44.8 7.75 13.20 75 9 %
9/1/97 116 3.1 - 0.7 2.4 9.77 0.181 12.6 13.1 8.1 5.1 0.72 0.035 ■ 54.8 13.88 74  7 %
9/6/97 121 1.3 0.7 0.6 10.66 0.084 24.4 7.07 5.1 12.5 8.0 4.5 1.97 0.125 49.2 7.06 1.7 14.59 73 4%9/14/97 129 2.3 0.7 1.5 9.97 0.074 . 17.4 7.35 10.6 8.2 2.4 1.07 0.021 58.7 7.23 11.72 78 6 %9/22/97 137 3.0 0.7 2.3 9.29 0.070 34.8 7.23 11.6 8.0 3.7 0.45 0.006 48.7 7.57 12.08 78.0%

Averages 3.4 1.1 2.4 8.2 0.1 28.0 7.1 5.4 13/7 sT JZ 0 4  OO sT s 7 3  0 9
Day 26 to 137 . 14.1 74.2%



Table 29. Data summary for 11/2-inch pumice, high hydraulic loading rate, experiment 2.

Trickling filter effluent.________________ ____________________ System effluent
TKN NH4-N OrgN NO3-N NO2-N COD pH DO TKN NH4-N Org N NO3-N' NO2-N COD PH DO Total N Removal

Date Days (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) %
5/8/97 0

5/13/97 5 36.3 32.9 3.4 0 .00 0.519 69.7 7.50 37.5 32.4 .5.1 0.00 0.011 109.0 7.25 37.51 31.6%
5/20/97 12 25.0 2 1 .6 3.4 ' 0.70 1.405 51.5 7.47 • 33.1 23.5 9.6 0,00 0.001 7.01 33.13 39.6%
5/26/97 18 16.9 .14.0 2.9 2.43 2.209 57.9 7.52 23.8 19.1 4.6 0.00 0.011  ' 109.8 7.52 23.76 56.7%

6/3/97 26 6.3 3.7 2.5 5.35 0.435 37.9 7.25 16.3 10.2 6:0 0.00 0 .000 103.7 7.17 16.25 ■ 70.4%
6/9/97 .32 11.9 4.8 7.1 4.49 0.164 115.4 7.26 15.6 9.8 5.9 0.00 0 .0 0 0 91.7 7.14 15.63 71.5%

6/16/97 39 8.1 3.8 4.4 5.80 0.142 45.2 6.27 15.0 9.8 5.2 0.00 0 .0 0 0 100.9 7.26 15.00 72.6%
.6/30/97 53 8.1 4.2 ■ 3.9 6.04 0.144 44.4 7.15 15.0 10.3 4.7 0.00 0 .0 0 0 70.1 7.48 15.00 72.6%

7/9/97 62 7.5 4.1 3.4 5.45 0.199 30.5 7.85 5.3 14.4 9.4 5.0 0.00 0.005 58.3 7.26 0 .0 14.38 73.8%
7/14/97 67 6.9 2 .0 4.9 7.51 0.154 40.0. 7.23 16.9 9.9 7.0 0.00 0.005 72.2 7.29 16.88 69.2%
7/22/97 - 75 . 10 .0 . 3.6 6.4 6.09 0.207 34.4 7.14 16.9 9.5 7.4 0.00 0.005 69.1 7.26 16.88 69.2%
7/23/97 76 18.4 10.8 7.6 0.00 0.003 7.20 18.44 66.4%
7/29/97 . 82 5.6 3.2 2.4 5.93 0.375 20 .0 7.38 15.0 10.2 4.8 0.00 0 .002 54.1 7.13 15.00 72.6%

8/3/97 87 3.8 1.2 2.5 7.92 0.351 13.5 14.4 8.9 5.5 0.00 0.007 63.1 14.38 73.8%
8/8/97 92 5.0 3.0 2.0 8.25 0.399 9.6 15.0 10.6 4.4 0.57 0 .0 2 0 49.6 15.59 71.6%

8/14/97 98 3.1 2.8 0.4 9.46 0.415 8.3 7.74 16.9 8.1 8.7 0.00 0.006 60.0 7.63 16.88 69.2%
. 9/1/97 116 5.0 4.1 0.9 9.01 0.307 13.9 19.4 ■ 11.3 8.0 0.00 0 .000 79.2 19.38 64.7%
. 9/6/97 121 3.8 3.4 0.4 8.15 0.170 23.1 6.95 4.5 13.8 9.8 4.0 1.03 0.118 7.23 1.3 14.89 72.8%
9/14/97 129 5.6 4.1 1.6 7.67 0.118 ■24.4 6.93 13.1 11.2 1.9 0.00 0 .002 62.7 7.02 13.13 76.1%
9/22/97 137 6.4 4.4 ■ 1.9 7.88 0.127 27.8 7.40 15.8 11.9 3.8 0.00 0 .0 0 0 59.6 7.53 15.75 71.3%

Averages 6.5 . 3.5 3.0 7.0 0 .2 32.5 7.2 4.9 15.7 10.1 5.6 0.1 0 .0 71.0 7.3 0.7 15.8 71.1%
Day 26 to 137
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Figure 29. Total nitrogen removal efficiency, experiment 2.
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Figure 30. Trickling filter effluent ammonia, experiment 2.
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Figure 31. Effluent ammonia, experiment 2.
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Figure 32. Trickling filter effluent TKN, experiment 2.
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Figure 33. Effluent TKN, experiment 2.
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Figure 34 Trickling filter effluent nitrate, experiment 2.
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Figure 35. Effluent nitrate, experiment 2.
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Figure 36. Trickling filter effluent nitrite, experiment 2.
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Figure 37. Effluent nitrite, experiment 2.
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Figure 38. Trickling filter effluent COD, experiment 2.
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Figure 39. Effluent COD, experiment 2.
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Figure 40. Trickling filter effluent pH, experiment 2.
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Figure 41. Effluent pH, experiment 2.
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Figure 42. Profile for high rate I-inch gravel, day 67, experiment 2.
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Figure 43. Profile for low rate I-inch gravel, day 67, experiment 2.
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Figure 44. Profile for high rate, day 67, experiment 2.
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Figure 45. Profile for low rate 116-inch pumice, day 67, experiment 2.
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Figure 46. Profile for high rate I-inch gravel, day 82, experiment 2.
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Figure 47. Profile for low rate I -inch gravel, day 82, experiment 2.
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Figure 48. Profile for high rate IV^-inch pumice, day 82, experiment 2.
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