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ABSTRACT 
 

 Onsite wastewater systems can be designed and managed for robust 

wastewater treatment, reclamation and potential reuse.  A typical onsite wastewater 

system treats wastewater utilizing a septic tank connected to a soil treatment unit.  

Although soil treatment units provide significant removal of many contaminants such as 

suspended solids, pathogens and organic content; mass loading of nitrogen remains a 

top concern.  Previous research focused on quantifying and modeling nitrogen fate in 

and below soil treatment units has identified the large variability in denitrification rates 

as a major obstacle.  A method for quantifying representative and potential rates of 

denitrification in soil subject to wastewater application was developed and implemented. 

 Four columns were packed with soil classified as Seffner fine sand obtained from 

Central Florida.  The soil had sand-silt-clay percentages of 95-1-4, respectively (% 

weight). This fine sand had an effective size (D10) of 0.12 mm, a uniformity coefficient of 

2.3, a pH of 5 and a fraction of organic carbon ranging from 0 - 0.05 (% weight).  All four 

soil columns were dosed two times per day at a hydraulic loading rate of 2 cm/d.  Half of 

the columns were dosed with septic tank effluent and the other half were dosed with 

nitrified intermittent sand filter effluent.  Effluent applied to the columns and percolate 

exiting the columns was characterized to facilitate a nitrogen mass balance.  After 68 

days of operation, two of the soil columns were deconstructed and subject to numerous 

denitrification rate measurements using both static core acetylene inhibition 

(representative rate based on actual conditions) and denitrification enzyme activity 

(potential rate based on optimal conditions) methodologies.  Prior to application of 

wastewater effluent the native Seffner fine sand was subject to numerous potential 

denitrification rate measurements; potential denitrification rates were not detectable. 

 After ten weeks of operation, results from the mass balance and the 

denitrification rate measurements indicated that the Florida soil had a low capacity for 

nitrogen removal.  The average potential denitrification rate for the soil column receiving 

septic tank effluent was 0.037 mg N L-1 d-1 and the average representative rate was 

0.0020 mg N L-1 d-1.  The average potential denitrification rate for the soil column 
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receiving nitrified effluent was 0.026 mg N L-1 d-1 and the average representative rate 

was below reporting levels.   

 After ten-weeks of effluent application the Seffner fine sand demonstrated a 

statistically insignificant nitrogen removal of 0 – 16%.  This removal range was 

accurately predicted using the nitrogen fate model STUMOD.  The limited decrease in 

nitrogen documented by the mass balance corresponds with the low measured values 

for representative and potential denitrification rates. 

 The Seffner fine sand showed an increase in potential denitrification rates after 

dosing with either type of effluent quality.  Future research may elucidate how 

denitrification rates change during longer operational time periods and ultimately, 

techniques for optimizing denitrification in soil treatment units. 
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CHAPTER 1 
 

INTRODUCTION 

1.1 Introduction 

 Onsite wastewater systems are used for wastewater treatment throughout the 

world in a diverse range of applications. These systems are particularly prevalent in 

rural areas, where onsite and decentralized wastewater systems serve approximately 

25% of the US population and 40% of new developments (USEPA 2007).  A 

conventional onsite wastewater system treats wastewater utilizing a septic tank 

connected to a soil treatment unit (STU).   Historically, terms such as ‘leach field’ or 

‘drain field’ have been used to describe soil treatment units.  Using the term soil 

treatment unit is a minor change in terminology, however it represents the large 

paradigm shift occurring in the onsite wastewater treatment industry. 

 Onsite wastewater systems have a history tied with the perception of wastewater 

disposal.  Systems were constructed to dispose of wastewater until pipelines from large 

centralized facilities were ubiquitous.  However, in the 21st century, our vision of onsite 

and decentralized wastewater systems is markedly different.  Onsite systems are no 

longer used as a means of wastewater disposal; instead they can be designed for 

robust, dependable wastewater treatment, reclamation and potential reuse.  Scientists 

and engineers now view soil treatment units as a unit operation that passively treats 

septic tank effluent to a level of advanced secondary effluent with natural disinfection. 

 Despite the advantages of onsite water reclamation systems one historical 

treatment limitation is the contribution of nitrogen to sensitive receiving environments, 

such as groundwater that may be used for drinking purposes or surface water 

susceptible to eutrophication.  Excessive mass loading of nitrogen, resulting in 

concentrations above regulatory limits, is known to have detrimental effects on human 

and environmental health.  Soil treatment units are a source of nitrogen in the form of 

nitrate, a contaminant regulated by USEPA’s Safe Drinking Water Act (USEPA 2007).   

 Biological denitrification is a process that has the potential to convert nitrate-

nitrogen into innocuous nitrogen gas (N2).  This microbially facilitated redox reaction 

occurs under anoxic conditions where nitrate serves as the electron acceptor and 

organic carbon as the electron donor.  Denitrification occurring in a soil treatment unit is 
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attributed with removing 5-40% of the total nitrogen applied to the infiltrative surface 

(Siegrist et al. 2000; Motz et al. 2012). The rate of denitrification is highly dependent on 

factors such as soil classification, water filled porosity, temperature and organic carbon 

availability.   As a result, the process varies significantly in space and time and 

denitrification rates reported in the literature vary by orders of magnitude (Tucholke 

2007).  A better qualitative and quantitative understanding of factors affecting 

denitrification rates in soil treatment units will provide scientists and engineers with 

better tools to predict nitrogen fate and transport in the environment.   

1.2 Purpose 

 After personally conducting a literature review, it was determined that 

denitrification rate measurements had not been measured in a setting representative of 

a soil treatment unit’s unique operating conditions.  The vast majority of denitrification 

rate measurement research is focused on agricultural soil science applications.   Using 

this data to understand and predict nitrogen fate in a soil treatment unit may not be 

valid.  Considering microbes with the genetic capability for denitrification are ubiquitous 

in the environment (Groffman et al. 2006) a soils rate of denitrification is influenced by 

external factors that are a function of land use or operational conditions (Miller et al. 

2008).  It was hypothesized that application of wastewater effluent will increase the soils 

potential for denitrification and that ultimately, soil treatment units can be designed for 

optimal nitrogen removal. 

 One aspect of this thesis was to adapt a repeatable method for quantifying 

denitrification rates from the soil science literature to the field of onsite wastewater 

reclamation.  Quantifying denitrification rates in concert with measurements of effluent 

quality, water saturation and organic carbon availability may provide valuable insight 

towards characterization of the denitrification reaction.  The overall goal was to better 

understand and predict a soil treatment unit’s capability for removing nitrogen through 

heterotrophic biological denitrification. 

1.3 Scope 

 The scope of this research included building and operating four columns that 

were packed with soil from Central Florida and subject to dosing with either septic tank 
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or intermittent sand filter effluent at a hydraulic loading rate of 2 cm/d.  A variety of 

relevant wastewater treatment parameters including: total nitrogen, ammonium, nitrate, 

chemical oxygen demand, dissolved organic carbon, pH and alkalinity were monitored 

for effluent applied to the columns and percolate collected from the columns.  After ten 

weeks of operation the columns reached a pseudo steady state operation with respect 

to nitrogen transformations.   After this time period, the columns were methodically 

deconstructed and subjected to denitrification rate measurements.  A denitrification 

enzyme activity method was used to measure the soils potential rate of denitrification 

occurring at the time of sampling, and a static core acetylene inhibition method was 

used to quantify the representative rate of denitrification occurring at the time of 

sampling. 
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CHAPTER 2 
 

LITERATURE REVIEW 

2.1 Onsite Wastewater Treatment 

 Onsite wastewater systems (OWS) can be designed and maintained to provide 

cost effective, reliable treatment of wastewater.  A traditional onsite wastewater system 

is comprised of a wastewater source, a tank based unit operation and a soil treatment 

unit that ultimately returns the treated water to the receiving environment. Figure 2-1 

shows a typical arrangement for an onsite wastewater system serving a home or 

business. This type of system is capable of robust treatment of wastewater without the 

use of energy or chemicals. 

 

 
Figure 2-1 Traditional onsite wastewater system (Siegrist 2012) 

2.1.1 Wastewater Characteristics 

Proper design and management of an onsite wastewater system begins with 

characterization of the wastewater source.  Values of typical reporting parameters for 

Home or business 
Treatment unit  
(e.g., septic tank) 

Vadose zone 

Groundwater zone 

Capillary fringe 

Network of subsurface 
infiltration trenches 

~ Soil treatment unit ~ 
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raw wastewater collected from onsite wastewater systems throughout the United States 

are provided in Table 2-1 (Lowe et al. 2009).  

Table 2-1 Quality parameters for raw wastewater and septic tank effluent (Lowe et al. 
2009)   

 
 Characterization of wastewater is commonly premised on the fact that individual 

components, such as wastewater generated form a toilet or the kitchen sink, are 

blended into one waste stream.  The data presented in Table 2-1 represent a combined 

waste stream generated from domestic sources.  The average concentration of total 

nitrogen from these sources, 60 mg N / L, presents an obstacle for meeting regulatory 

requirements.  Although the majority of onsite wastewater systems must be designed 

and managed to remove nitrogen from combined wastewater flows source modification 

techniques, such as urine separation, are emerging.  A practical approach for efficient 

nutrient management recognizes that nearly 90% of nitrogen in domestic wastewater is 

derived from urine (Otterpohl et al. 2003).  This concentrated source of nitrogen 

accounts for less than 1% of total wastewater flow.  The purposeful separation of urine 
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from the waste stream provides not only nutrient ‘removal’ from wastewater, but also the 

opportunity for beneficial recovery and reuse of nutrients.  More details regarding urine 

separation are provided in Appendix D. 

2.1.2 Unit Operation - Septic Tank  

 Septic tanks represent a fundamentally basic operation that reliably achieve 

advanced primary treatment of wastewater.   Septic tanks are commonly the first step in 

a treatment train and provide hydraulic equalization to attenuate and stabilize episodic 

wastewater generation from the source.  Septic tanks are typically designed to provide 

hydraulic retention times greater than or equal to 24 hours (Salvato 2003).  Chemical, 

biological and physical treatment occurs within the anaerobic environment of the septic 

tank.  Typical values of wastewater parameters for raw wastewater entering a septic 

tank and effluent leaving a septic tank are provided in Table 2-1.  

 Septic tank units provide marked treatment of TSS and cBOD5.  Removal has 

been quantified as approximately 50-70% of TSS and 60% cBOD5 (Salvato 2003).  The 

data in Table 2-1 shows a 74% reduction in median TSS and a 49% reduction median 

cBOD5.  Total nitrogen removal in the septic tank is typically negligible, although the 

nitrogen form is altered through ammonification.  Ammonification, or mineralization, is 

the conversion of organic nitrogen to ammonium.  This microbially facilitated process 

(Madigan et al. 2009) is responsible for the sharp increase in concentration of 

ammonium in septic tank effluent when compared to raw wastewater.  The data in Table 

2-1 shows a nearly four-fold increase in the median ammonium concentration as a 

result of ammonification in the septic tank.  In contrast, the median total nitrogen data 

showed a slight increase (5%).  This minor change in total nitrogen concentration, from 

60 mg N/L to 63 mg N/L, is assumed to be near or within the standard error for the data 

reported. 

2.1.3 Unit Operation - Soil Treatment Unit 

 Soil treatment units (STU) utilize the naturally present soil to achieve advanced 

secondary treatment and natural disinfection of the effluent applied. Infiltration and 

percolation through the soil profile creates an environment conducive to physical, 

biological and chemical treatment.  After percolation through the soil profile, treated 
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water replenishes local water resources and becomes part of the larger hydrologic 

cycle.  Table 2-2 shows the concentration of relevant wastewater parameters after 90 

cm of percolation through a soil treatment unit  

Table 2-2 Treatment performance of a STU (Siegrist 2012).  

 
* Data collected through CSM Small Flows Program (Tackett 2004; Dimick 2005; Conn 

2008) 

Nitrogen is the primary constituent that is not reliably removed after 90 cm of 

percolation though a soil treatment unit.  If aerobic soil conditions exist the form of 

nitrogen may change from ammonium-nitrogen to nitrate-nitrogen, however the 

concentration of nitrate-nitrogen leaving the soil treatment area is potentially high 

enough to cause adverse environmental effects.  A better understanding of what factors 

control the removal of nitrogen in a soil treatment unit may provide insight into optimal 

design.   

2.1.4 Nitrification 

 Nitrification is an important step in the evaluation of nitrogen fate in a soil 

treatment unit.  Nitrification occurs in two sequential reactions; ultimately the process is 

rate limited by the first reaction described in Equation 2-1. 

 

NH4
+ + 1.5O2  NO2

- + 2H+ + H2O (2-1) 

NO2
- + 0.5O2  NO3 

- (2-2) 

Pollutant Units 
Influent = 

Septic tank 
effluent 

Concentration in 
soil water by 90 

cm depth  

% Removal by 
infiltration & 
percolation 

Organic matter mg-DOC/L 35 2 94% 

Susp. solids mg/L 75 5 93% 

Nitrogen mg-N/L 60 48  20% 

Phosphorus mg-P/L 10 <0.1 99% 

Fecal coliforms #/100mL 1 x 105 <10 99.99% 

Virus pfu/100mL <1  to 105 <10 99.99% 

Trace organics μg/L <1 to 100 <1 to <10 up to >99% 
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 Equation 2-1 represents the oxidation of ammonium-nitrogen to nitrite-nitrogen 

that is facilitated by autotrophic microorganisms of the genus Nitrosomanas. Equation 2-

2 represents the oxidation of nitrite-nitrogen to nitrate-nitrogen facilitated by autotrophic 

microorganisms of the genus Nitrobacter (Madigan et al. 2009)  The oxidation of nitrite-

nitrogen occurs rapidly. Equation 2-1 and Equation 2-2 are commonly simplified to show 

ammonium-nitrogen nitrified directly to nitrate-nitrogen.  Complete nitrification of septic 

tank effluent (STE) typically occurs in unsaturated conditions within the first 30 cm of 

percolation through aerobic soil in a STU (Heatwole and McCray 2007).  Nitrification of 

STE in the top 30 cm of a STU is a defined process that is well documented (Van Cuyk 

et al. 2001; Gill et al. 2009), however the fate of nitrate-nitrogen in the vadose zone is 

not as well understood. 

2.1.5 Denitrification 

 Denitrification is a process that can transform the regulated aqueous pollutant 

nitrate-nitrogen into innocuous nitrogen gas (N2).  The microbes that obtain energy from 

the reaction are ubiquitous in the environment and are readily found in surface water, 

soil and ground water (Beauchamp et al. 1989).  A balanced chemical equation is 

provided. 

 

4NO-
3 + 5CH2O + 4H+  2N2 (g)  + 5CO2 (g) + 7H20 (2-3) 

 

 Equation 2-3 represents the reduction of nitrate coupled with the oxidation of 

organic matter by facultative heterotrophic bacteria under anoxic conditions.  Using 

tabulated pε° values and the linear relationship between pε° and Gibbs free energy the 

reaction has thermodynamically favorable ΔG°RXN of -2,536 kJ/mol (Brezonik and Arnold 

2011).  Under aerobic conditions facultative bacteria preferentially utilize oxygen, 

instead of nitrate, as the electron acceptor.   The relative pε° differential results in an 

even more favorable ΔG°RXN of -2,587 kJ/mol.  Selective denitrifying microbes will 

pursue the most thermodynamically favorable reactions; therefore denitrification occurs 

in the absence of oxygen.  Some denitrifying bacteria are facultative autotrophs and can 

couple nitrate reduction with oxidation of inorganic species such as reduced iron and 
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sulfur complexes (Rivett et al. 2008).  This less thermodynamically favorable reaction 

requires a unique environment with highly reducing conditions. 

2.2 Properties that Influence Denitrification 

 A soil treatment unit is comprised of a heterogeneous media with numerous soil 

properties that vary depending on location in the soil profile. Three primary soil 

properties were evaluated in relation to denitrification: water filled porosity, temperature 

and organic carbon. 

2.2.1 Water Filled Porosity 

  Water filled porosity (WFP) represents the ratio of total soil porosity that contains 

water on a volume / volume basis.  This parameter may be used to determine if a soil is 

in an aerobic or anaerobic state.  WFP is a measurement that can evaluate if soil 

conditions are favorable for microbes to utilize nitrate (NO3
- ) instead of oxygen (O2) in 

the respiration of organic matter.   De Klein and Van Logtestijn determined that water 

content of the soil was the primary factor controlling rates of denitrification (De Klein and 

Van Logtestijn 1996).   The study supported the conclusion that soils have a critical 

water threshold above which denitrification increases significantly.  Tucholke created 

Table 2-3 that compiles critical water thresholds for different soil types from 

observations reported in the scientific literature (Tucholke 2007). 

Table 2-3 Increased denitrification above given WFP values (Tucholke 2007)
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 The average threshold WFP of the soils represented in Table 2-3 is 71%.  

Comparing individual soil textural classes WFP to the average WFP threshold 

demonstrates the importance of soil characteristics.   Soils categorized by smaller soil 

particle size, such as loamy clay, tend to have lower threshold values. The higher level 

of tortuosity, or limited diffusion of oxygen, associated with small particle clay soils is 

thought to create anaerobic micro-sites ideal for denitrification (Tucholke 2007).  

 Higher rates of denitrification related to increased WFP have also been observed 

at larger scales. Increased seasonal precipitation, and irrigated lands are associated 

with elevated denitrification (De Klein and Van Logtestijn 1996).  Tillotson concluded 

that higher hydraulic loading rates of STE applied to soil treatment units increased 

overall removal of nitrogen (Tillotson 2009).  Increasing soil saturation above a soils 

critical WFP threshold creates the anoxic conditions required for denitrification.   

Establishing this prerequisite for denitrification increases the importance of other critical 

factors such as temperature and organic carbon availability. 

2.2.2 Temperature 

  The effect of temperature on chemical and microbial reaction kinetics, including 

denitrification, tends to follow the trend that a 10˚C increase in temperature results in a 

doubling of reaction rate (Tucholke 2007).  Studies observing denitrification under 

various temperatures have shown that the process decreases significantly below 10˚C, 

increases rapidly between 10-25˚C and is relatively constant between 25-60˚C (McCray 

et al. 2010).  This conclusion is supported by a pilot study conducted by Motz et al. that 

reported the highest nitrogen removal in a STU occurred during the warmest months of 

the year when the soil temperature averaged above 22˚C (Motz et al. 2012). United 

States soil temperatures range from 8-22˚C (at 0.1 – 3 m bgs) highlighting the 

importance of soil temperature when evaluating conditions for denitrification (Brady and 

Weil 2002; McCray et al. 2010). 

2.2.3 Organic Carbon 

 A source of organic carbon is required for heterotrophic bacteria to reduce nitrate 

to nitrogen gas.  Burford and Bremmer measured denitrification rates of soils under 

anaerobic conditions with varied levels of available carbon sources.  The results 
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demonstrated a very high correlation between water soluble organic carbon and 

denitrification capacity (Burford and Bremner 1975).  It is clear that a source of OC is 

required for the reaction to take place, but determining the quantity and character of OC 

available is more relevant.  

  The stoichiometry of the denitrification reaction provided in (2-3 shows that five 

carbons from C6 H12O6 are required to reduce four nitrogens from NO3
- resulting in a 

carbon to nitrogen ration of 1.25:1.  However, the simplified equation used to determine 

the C:N ratio does not consider the organic carbon that is oxidized in the soil or the 

carbon necessary for microbial respiration.  Taking these factors into consideration 

results in a C:N ratio ranging from 4:1 - 7:1 (McCray et al. 2010) 

 The amount and type of organic carbon that is available in the vadose zone is 

highly dependent on depth. Characterizing concentrations of bioavailable organic 

carbon is a cumbersome and difficult task.  A literature review conducted by McCray et 

al. determined that organic carbon concentrations at depths of 2-50 cm in a soil 

treatment unit are sufficient for sustained denitrification (McCray et al. 2010).   Studies 

that document significant DOC removal (that could potentially limit denitrification) at 20-

60 cm below the ground surface are discussed in section 2.3. 

2.3 Organic Carbon Fate in Soil Treatment Units 

 Soil treatment units receive a flux of primary or secondary treated effluent that 

contains elevated levels of organic carbon. Research conducted at the Colorado School 

of Mines quantified levels of DOC applied to a STU’s and the levels of DOC after 

percolation through the vadose zone (Tackett 2004; Dimick 2005; Tillotson 2009).  In 

one such study approximately 80-90% of DOC mass was removed after 60 cm of 

unsaturated zone percolation.   The remaining DOC was characterized as a more 

uniform recalcitrant speciation of organic carbon since the readily available DOC had 

been removed (Van Cuyk et al. 2001).  The vadose zone can be thought of as a ‘buffer’ 

for dissolved organic carbon.  The concentration of DOC is significantly decreased in a 

short distance and the remaining DOC is less labile.  

 Rauch-Williams and Drewes developed similar conclusions when evaluating 

removal of effluent derived organic carbon using soil treatment (Rauch-Williams and 

Drewes 2006).  The biozone, 0 to 30 centimeters below the location of effluent 
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application, was capable of removing bioavailable organic matter to levels observed in 

soils not subject to reclaimed water recharge (Rauch-Williams and Drewes 2006).  

These different land-use scenarios both result in minor organic carbon inputs to 

subsequent soil layers or shallow groundwater at depths greater than 60 cm.  

2.4 Nitrogen Fate in Soil Treatment Units 

 Motz et al. conducted a pilot scale study documenting nitrogen fate in the vadose 

zone below the infiltrative surface of a soil treatment unit in Alberta, Canada (Motz et al. 

2012).  The soil was classified as a silt loam and non-nitrified secondary effluent was 

applied to an open infiltrative surface at a hydraulic loading rate (HLR) of 3.1 cm/d.  The 

effluent had average concentrations of total inorganic nitrogen, BOD5, and DOC of 33, 

12 and 12 mg N / L, respectively.   The effluent was applied for 47 weeks and pore 

water samples were collected from lysimeters installed at depths ranging from 15 – 150 

cm bgs.  The occurrence of nitrogen removal was limited to the warmest summer 

months (July and August) when soil temperatures averaged above 22°C.  Nitrogen 

removal was observed in the shallow (15 and 30 cm) lysimeters.  Although localized 

summertime removal rates of over 60% were documented in the top 30 cm of the soil 

profile, nitrate concentrations remained elevated in the deeper lysimeters.  The 

lysimeters located at 60 and 150 cm bgs demonstrated limited nitrogen removal in the 

range of 5-15%  

 During the optimal climatic conditions, the soil treatment unit had been operated 

for nearly nine months resulting in biological clogging that may have provided anoxic 

microsites for denitrification. Elevated DOC concentrations, at 15 cm bgs, were also 

observed during the same time period that nitrogen removal occurred.  Although large 

episodic reductions of nitrate removal were documented in the shallow subsurface, 88% 

of the total inorganic nitrogen applied to the soil was documented at 150 cm bgs (for the 

time period of June - October 2009). 

 A similar pilot scale study was conducted on a sandy loam soil in Golden, CO 

(Tackett 2004; Lowe et al. 2009).  For two years, primary septic tank effluent was 

applied to two separate areas of the field site at a hydraulic loading rate of either 4 cm/d 

or 8 cm/d. Nitrogen removal was the highest during the first two months of effluent 

application and decreased as time progressed.  Overall, the cumulative mass of total 
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nitrogen removed during the two-year study was 42%.  Similar to the Motz study, little 

additional nitrogen removal was documented below 60 cm.  The total cumulative mass 

of nitrogen removed was increased at a hydraulic loading rate of 8 cm/d when 

compared to 4 cm/d.  The authors concluded that applying STE at a higher hydraulic 

loading rate might result in greater purification of nitrogen, DOC and phosphorus.  

 Gill et al. monitored nitrogen removal in six soil treatment units serving single 

family homes in Ireland (Gill et al. 2009).  New STU’s were constructed for the research 

and were operated for 12 - 32 months.  The soil treatment units consisted of four 

trenches (20 m length) that received either primary septic tank effluent or pretreated 

nitrified secondary effluent.  The propagation of the biomat onto the infiltrative surface of 

the 20 m trenches was monitored and used to calculate the effective hydraulic loading 

rate.  Trenches that received secondary effluent had higher effective hydraulic loading 

rates due to the lack of biomat development and propagation.  The six sites had an 

average effective HLR of 9 cm/d with range of 1 – 37 cm/d.  In order to evaluate 

nitrogen fate, suction lysimeters were installed at 30, 60 and 100 cm below the 

infiltrative surface of the soil.  Total nitrogen removal varied from 9 – 89% between the 

six sites.  The sites receiving secondary treated effluent demonstrated significantly 

lower levels of nitrogen removal when compared to the sites receiving septic tank 

effluent.  The authors concluded that the decreased levels of nitrogen removal were due 

to lack of biological clogging at the infiltrative surface.  The lack of biological clogging 

allowed for a more concentrated hydraulic loading of effluent with a lower carbon 

content. The total nitrogen loading to groundwater below soil treatment units dosed with 

secondary effluent was approximately two to three times higher than that of soil 

treatment units does with primary septic tank effluent.   

2.5 Denitrification in Shallow Groundwater 

 Although soil treatment units may act as a source of nitrate-nitrogen for 

underlying aquifers; numerous scientific studies have documented in-situ denitrification 

in ground water systems (Burford and Bremner 1975; Bradley et al. 1992; Baker and 

Vervier 2004; Smith et al. 2004; Rivett et al. 2008). Considering the saturated zone is 

predominantly anaerobic and denitrifying microbes are ubiquitous (Groffman et al. 

2006), observing in-situ denitrification is not alarming.  Once nitrates are introduced into 



 

 14 

groundwater three of the four basic environmental conditions are present for 

heterotrophic denitrification: anoxic conditions, the presence of nitrate-nitrogen and 

denitrifying microbes.  An organic carbon source is the fundamental requirement that is 

not typically present in the saturated zone.   

 A study conducted by Starr and Gillham compared denitrification in two separate 

aquifers in Southern Ontario, Canada (Starr and Gillham 1993).  One aquifer had a 

water table at approximately two meters bgs and the other had a water table at 

approximately eight meters bgs.  The site with the shallow water table had a DOC 

concentration of 10 mg/L and the site with the deeper water table had a DOC 

concentration of 2-3 mg/L.  Both aquifers had nitrate plumes with concentrations greater 

than the US EPA MCL of 10 mg N/L.  Denitrification was only observed in the shallow 

ground water table that had higher levels of DOC.  Additional laboratory testing 

confirmed the authors’ hypothesis that labile organic carbon is the dominant 

requirement for denitrification in groundwater.  The authors highlighted the need for 

better understanding of factors that may increase organic carbon concentrations in 

groundwater (Starr and Gillham 1993). 

 Another study conducted by Bradley et al. produced similar conclusions (Bradley 

et al. 1992).  In this experiment sediment samples were collected from a shallow aquifer 

(approximately 1-3 meters bgs) contaminated with nitrates below a golf course in 

Tampa, Florida.  The samples were incubated to determine representative denitrification 

rates and denitrification rates when glucose was added. The in-situ organic content of 

sediment samples was estimated by the dry weight loss after combustion of the sample 

at 600°C for four hours.  A significant relationship (r2 = 0.8) was established between the 

in-situ organic carbon content and the rate of denitrification.  Soils that exhibited low in-

situ levels of organic carbon showed a drastic increase, up to 100 times greater, in 

denitrification rates when glucose was added to the sediment sample.  The authors 

concluded that this shallow aquifer was carbon limited, which was restricting the 

potential for denitrification (Bradley et al. 1992). 

 Burford et al. conducted a study evaluating different forms of organic carbon and 

the relative influence on denitrification rates (Burford and Bremner 1975). The study 

evaluated denitrification capacities of 17 surface soils in relation to TOC, DOC, and 
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mineralizable carbon.  TOC was determined by the method of Mebius (Mebius 1960).  

DOC was measured by centrifuging a soil water slurry and passing the supernatant 

through a 0.2 μm filter.  Mineralizeable carbon was measured by determining the 

amount of CO2 emitted after incubation of a soil sample mixed with water at 20°C for 

seven days. This method expressed mineralizable carbon as the fraction of organic 

carbon that microbes can utilize as a substrate under ideal conditions.  A good 

correlation (r2 = 0.77) was observed between denitrification potential and TOC.  An 

excellent correlation (r2 =0.99) was observed between denitrification and dissolved or 

mineralizable carbon.  These results supported the authors’ hypothesis that the 

bioavailability of organic carbon is an important factor that potentially limits 

denitrification (Burford and Bremner 1975).  Although a concentration of TOC may be 

sufficient to support denitrification, if microbes cannot easily utilize the form of the 

carbon it does not have the same importance. 

2.6 Molecular Investigation of Denitrification 

 Advances in the filed of molecular biology have enabled methods to quantify the 

enzymes that are responsible for dissimilatory nitrate reduction. Figure 2-2 

demonstrates the sequential conversion of nitrate to nitrogen gas using the following 

cascade: NO3 – NO2 – NO – N2O – N2 (Tiedje 1994).  

 

 

Figure 2-2 Denitrification pathway in a gram negative bacteria (Tiedje 1994) 
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 DNA probes and PCR primers have been developed to understand denitrification 

at a molecular level.  Investigations have focused on the enzyme nitrite reductase (nir) 

because the step commits nitrogen to a dissimilatory fate with a gaseous intermediate.  

There are two nitrite reductase enzymes; one contains copper, coded by nir K and the 

other contains heme, coded by nir S.  Although these two enzymes use similar 

pathways to convert nitrite to nitric oxide they have distinctly different evolutionary 

histories.  Approximately 75% of cultured strains collected worldwide that have a nitrite 

reductase have the enzyme cd1 coded by nir S.   nir S is recognized for being 

numerically dominant.  The nir K gene is less prevalent, however it catalyzes nitrite 

reduction over a greater phylogenic diversity (Groffman et al. 2006).  

 Currently there appears to be no published studies that have positively correlated 

rates of denitrification to functional genes or measureable features of the denitrifying 

community (Groffman et al. 2006; Miller et al. 2008).  Combining denitrification rate 

measurement techniques with quantitative PCR to understand the bacterial community 

is a major focus of contemporary research.   

 Barret et al. conducted a molecular investigation specific to microbial 

denitrification in ground water, soils and effluent impaired soils (Barret et al. 2011).  The 

results indicated that the most prevalent functional genes were nir S and nos Z.  nos Z 

is responsible for catalyzing reduction of nitrous oxide to nitrogen gas.  Interestingly, nir 

S had average levels that were two times higher than nos Z.  This highlights the 

significance of soil bacteria’s capability to conduct partial denitrification. In this 

unpublished work, the authors did report a correlation between nir abundance and N2O 

production and nos Z concentration with N2 production.  The paper did not specify how 

the gaseous concentrations were measured.   

2.7 Comprehensive Depiction of Nitrogen Fate 

 A primary focus of this research was to foster a greater quantitative 

understanding of denitrification rates specific to soil treatment units.  Although 

heterotrophic denitrification is a dominant process that influences the fate of nitrogen, it 

is important to have an appreciation for the complexity of nitrogen fate in the 

subsurface.  Figure 2-3 provides a more comprehensive illustration of chemical, 

physical and biological processes that may impact nitrogen dynamics (Tillotson 2009). 
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Figure 2-3 Potential processes influencing the fate and transport of nitrogen in a STU 

(Tillotson 2009) 

 In addition to nitrification and denitrification, processes such as: ammonium 

sorption, plant uptake, dissimilatory reduction to ammonia (DNRA) and anammox may 
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influence nitrogen cycling.  The detailed investigation of denitrification presented in this 

thesis must be evaluated in the context of the greater nitrogen cycle.  

2.8 Denitrification Rates 

 A denitrification rate is a way to quantify a soils capability for denitrification. The 

slightly ambiguous term ‘denitrification rate’ encompasses both ‘representative 

denitrification rates’ and ‘potential denitrification rates’. Representative rates describe a 

denitrification rate measurement conducted under current environmental conditions.  

Potential rates refer to denitrification rates that were measured under optimal 

conditions; such as providing excess glucose, nitrate and anoxic conditions during the 

measurement.  

2.8.1 Rate Measurement Techniques  

 There are a variety of techniques that are utilized to quantify denitrification rates.  

Unfortunately, there is not a standard methodology and research groups tend to 

customize rate measurement techniques to specific projects. Making accurate, reliable 

denitrification rate measurements is a difficult task. Agreement on accurate 

measurement techniques and consistent interpretation of results remains a challenge 

within the scientific community (Groffman et al. 2006). 

 For the application of quantifying the rate of denitrification in a soil treatment unit, 

four methodologies are the most applicable: acetylene inhibition, denitrifying enzyme 

activity, direct N2 quantification and 15N isotope labeling.  Although these methods can 

be applied in situ, physical removal of soil samples for rate measurements remains the 

most common.  In situ rate measurements have the obvious advantage of making rate 

measurements under ambient environmental conditions however; this more expensive 

and time-consuming methodology often results in a decrease in the total amount of 

samples run.  

2.8.2 Acetylene Inhibition 

 Acetylene inhibition was the first widely adopted methodology for measuring 

denitrification in soils.  The method is based on the fact that acetylene gas (C2H2) blocks 

the reduction of N2O  N2 (Groffman et al. 2006).  A concentration of one kPa (partial 

pressure) of acetylene in the soil pore space is required to block the full reduction 
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(Burton and Beauchamp 1984; Burton Jr and Pitt 2001).   As a precaution it is common 

to add 5-10 kPa during incubation.  Due to low atmospheric concentrations of N2O 

scientists can measure a very small increase during soil incubation.  The production of 

N2O is observed for measurement periods of hours to days with quantification by gas 

chromatography. Three primary techniques used to implement this process are in-situ 

chambers, gas recirculation cores and static cores. A brief description of the three 

methodologies is provided in Table 2-4.  

Table 2-4 Acetylene inhibition techniques 
Method Description 

Is-situ chamber A small volume of native soil is isolated in-situ and subject to 

diffusion of acetylene gas and N2O rate measurements. 

Recirculating core In the laboratory, a custom gas containing acetylene is 

recirculated through a soil core.   The production of N2O in the 

recirculating gas determines the rate. 

Static core 

 

In the laboratory, a soil core is placed inside a larger container 

such as a glass jar or Erlenmeyer flask.  Within the flask, 

acetylene gas is increased to a pressure higher than 

atmospheric to promote diffusion into soil pores.  Gas is 

periodically sampled from the flask and the production of N2O 

determines the rate. 

 

Table 2-5 Advantages and limitations of acetylene inhibition  

 

Advantages Limitations 

Relatively inexpensive requiring only a 

gas chromatograph for analysis 

Acetylene also inhibits nitrification  

Potential to use the natural nitrate pool of 

the sample’s environment 

Must assume sufficient diffusion of 

acetylene into all soil pores  

Most widely conducted procedure 

reported in the literature 

Potential decomposition of acetylene by 

microbes  
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2.8.3 Denitrification Enzyme Activity 

 Denitrification enzyme activity (DEA) can be thought of as the potential for 

denitrification under optimal conditions.  The analytical procedure for blocking the 

reduction of N2O  N2 and measuring the production of nitrous oxide is similar to 

acetylene inhibition.  However, when the incubation is conducted the sample is provided 

with non-limiting amounts of nitrate, glucose, anaerobic conditions and the antibiotic 

chloramphenicol (Martin et al. 1988)  

 The addition of chloramphenicol blocks protein synthesis and restricts 

denitrification to existing biomass within the soil sample.  Restricting biomass synthesis 

during incubation allows for general insight into the bacterial population that possesses 

active denitrifying enzymes.  DEA represents one technique used to characterize the 

presence of denitrifier bacteria enzymes. Considering the microbes are provided with 

non-limiting amounts of essential conditions for denitrification, rates of denitrification 

documented using DEA methodology can be thought of as potential denitrification rates. 

2.8.4 Direct N2 Quantification 

 Quantifying the rate of denitrification by measuring the increase in N2 gas 

production is limited by the negligible increase in N2 gas when compared with high 

atmospheric concentrations.  By replacing a samples atmospheric gas with an inert gas, 

such as helium or argon, the production of nitrogen gas in response to denitrification 

can be quantified.  Direct N2 quantification is conducted by recirculating a unique carrier 

gas (with no nitrogen) through the sample to sufficiently replace the atmospheric gas.  

The natural production of both N2 and N2O gas is then quantified using gas 

chromatography (Groffman et al. 2006).  Advantages and limitations of this 

methodology are provided in Table 2-6. 

Table 2-6 Advantages and limitations of direct N2 quantification 
Advantages Limitations 

Potential to use the natural nitrate pool 

of the sample’s environment 

All background nitrogen must be removed 

from the sample 
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The denitrification process is not 

artificially blocked prior to complete 

reduction to N2 gas 

Extensive laboratory set-up to measure gas 

production in a recirculating soil core gas 

 

2.8.5 15N Isotope Labeling 

 Isotope labeling quantifies the rate of denitrification by monitoring the fate of 15N 

labeled nitrogen added to a system.  The labeled nitrogen can be added as 15NH4 or 
15NO3 and can provide insight into both the nitrification and denitrification process.  

Once the labeled nitrogen is added to the sample the rate of denitrification is 

determined by the ratio of 14N/15N and 15N/15N gases produced during incubation.  The 

ratio exists because there is a dynamic pool of 15NO3 (tracer) and 14NO3 (natural) 

nitrogen in the sample when it is incubated. Advantages and limitations of 15N Isotope 

labeling are provided in Table 2-7.  

Table 2-7 Advantage and limitations of 15N isotope method  
Advantage Limitations 

Adding 15NH4 to a sample provides 

data on the individual sequential steps 

in the full oxidation / reduction reaction 

Addition of 15NO3 or 15NH4 increases 

nitrogen availability and may result in an 

artificially high denitrification rate in nitrogen 

limited systems 

 Expensive instrumentation.  Requires mass 

spectrometry analysis 

2.8.6 Application of Measurement Techniques  

 Table 2-8 provides an illustrative summary of how the fundamental 

methodologies have been used to measure denitrification rates in a variety of peer 

reviewed scientific papers.   A scientist has many options regarding the methodology for 

making a denitrification rate measurement.  There is no standardized method and, if 

conducted properly, different approaches will each produce unique datasets that 

accurately represent the samples being studied.  Groffman et al. compared 15N isotope 

denitrification rate measurements with acetylene inhibition rate measurements and 
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demonstrated that both techniques produced comparable data sets with differences that 

were statistically insignificant (Groffmann et al. 1993). As demonstrated in Tables 2-4, 

2-5 and 2-6 each methodology does have operational advantages and limitations that 

must be evaluated in relation to the aspect of denitrification a research team desires to 

study.  

Table 2-8 Denitrification rate measurement methodologies reported in the literature 
Methodology Methodology detail and sample 

handling (if reported) 
Reference 

Acetylene inhibition 

in saturated zone 

5 cm diameter soil cores collected in field 

and transferred to laboratory in glass jar at 

-25 C.  Soil cores further divided into 50 

mL flasks for rate measurements 

(Starr and Gillham 

1993) 

Direct N2 and N20 

quantification in 

agricultural soil 

 

Various air dried soils sieved at 2 mm and 

divided into 

7.5 g soil samples for rate measurements.  

Soil air was completely replaced by He. 

 

(Burford and 

Bremner 1975) 

Acetylene inhibition 

and 15N isotope 

methodology 

applied in-situ to 

agricultural soils 

Two in-situ chamber acetylene inhibition 

techniques were compared with two in-situ 
15N isotope techniques.  Results indicated 

that acetylene and 15N methods give 

comparable, accurate results 

(Aulakh et al. 

1991) 

Review of 15N 

isotope pairing 

techniques in 

sediments below 

free water surfaces 

Undisturbed 3-15 cm long cores collected 

with a select quantity of free water present 

at the site.  15NO3 was added to the free 

water solution. 

(Steingruber et al. 

2001) 

Denitrification 

enzyme activity and 

acetylene inhibition 

Intact agricultural soil core (1.73 – 5.4 cm 

diameter, 15 cm height) subject to 

acetylene inhibition rate measurement.  

(Parkin 1987) 
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2.9 Interpretation of Denitrification Rates  

 Of substantial importance is not necessarily the specific methodology used to 

conduct rate measurements, but the conditions under which the rate measurements are 

measured and how the data is interpreted.  It is well known that the rate of denitrification 

is highly variable in space and time (Davidson and Seitzinger 2006; Groffman et al. 

2006).  As conditions such as available nitrate, organic carbon and redox conditions 

change, the rate of denitrification may vary by orders of magnitude.  

 Historically, denitrification rate measurements have been conducted to increase 

the understanding of nitrogen dynamics at landscape scales.  Both the denitrification 

enzyme activity and the static core acetylene inhibition methods can be rapidly 

conducted and repeated to provide a dataset of denitrification rates for samples 

representing scales ranging from square meters to hectares.  The denitrification rates 

documented in this category of studies are commonly recognized as expressing log 

normal distribution (Tiedje et al. 1989).  The mean and the median values differ and a 

small quantity of samples represent a large portion of the total denitrification for a much 

greater area.  Parkin et al. demonstrated that decaying organic matter can create a ‘hot 

spot’ for denitrification.  In a 98 g soil core 85% of the denitrification activity was found in 

a 0.08 g piece of a decaying plant (Parkin 1987).  This hot spot documentation 

demonstrates that when optimal conditions exist, very small volumes of soil can account 

Soil core was further divided into three 5 

cm height cores and subject to 

denitrification enzyme activity 

measurements.   

Direct N2 and N20 

quantification in 

agricultural soils 

Intact soil cores (12 cm diameter, 20 cm 

height) transferred to laboratory.  Cores 

were exposed to a carrier gas with N2 

replaced by He. 

(Butterbach-Bahl 

et al. 2002) 

Acetylene inhibition 

in shallow soils 

Soil collected in the field, sieved to 2 mm 

and stored at 4 C.  Repacked soil cores 

(5.5 cm diameter, 6 cm height) subject to 

rate measurements. 

(Gillam et al. 2008) 
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for a large amount of overall denitrification.  In order to predict levels of denitrification in 

areas between low and high measurements, geostatistical methods have been applied 

(Tiedje et al. 1989). Tiedje et al. concluded that a lack of temporal autocorrelation for 

denitrification rates datasets limits the success of geostatistical methods.  For the 

kriging method to be successful, the variance between rates from samples that are 

close together must be smaller than the variance of rates that are more widely 

separated. The accurate prediction of denitrification rates in areas between 

measurements remains an area of active research. 

 In order to provide a greater understanding of the range of denitrification rates a 

cumulative frequency diagram (CFD), compiled from 306 denitrification rates reported in 

the scientific literature, was constructed by Tucholke (Tucholke 2007; McCray et al. 

2010).  The CFD is displayed in Figure 2-4.  It is important to note that the X-axis of the 

graph has a logarithmic scale with denitrification rates that vary by five orders of 

magnitude. 

 
Figure 2-4 CFD of 306 denitrification rates reported in the literature (Tucholke 2007; 

McCray et al. 2010) 

 Considering the inherent variability in both the biological process of denitrification 

and the conditions under which rate measurements are conducted, it is appropriate to 

group experimental results into broader categories.  Before conducting denitrification 

rate measurements the range of potential results varies, as demonstrated in Figure 2-4,
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by five orders of magnitude.  By conducting a series of denitrification rate 

measurements it should be possible to significantly decrease the range of denitrification 

rates found in the literature that are representative of the system being studied.  A focus 

of this research was to develop and implement methods that can accomplish this task.   

 Previous research has confirmed the importance of having reasonably accurate 

inputs for denitrification rates when using computer models to predict nitrogen fate 

(Heatwole and McCray 2007). Denitrification is a dynamic process and a soil treatment 

unit does not have a single rate of denitrification that characterizes the entire STU.  

Measuring the range of representative and potential denitrification rates for a specific 

environment is one approach that may provide insight into nitrogen fate. 
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CHAPTER 3  
 

EXPERIMENTAL DESIGN AND METHODOLOGY 

3.1 Characteristics of Soil Used for Experimentation 

 The soil for this study was collected in Hillsborough County at the University of 

Florida’s Gulf Coast Research and Education Center near Wimauma, FL.  On the 

morning of May 22, 2012 a backhoe was utilized to excavate a test pit to enable 

observations of the soil profile to 6.3 ft bgs.  During this excavation approximately 270 

lbs of sandy soil was isolated from a depth range of three feet.  Four individual coolers 

lined with black plastic bags were filled with this sandy soil using either a hand shovel or 

direct placement from the backhoe.  Once the coolers were full the plastic bags were 

closed, but not tied, and the cooler lids were closed.  The coolers were shipped via 

FedEx ground to the Colorado School of Mines on the 24th of May, 2012.  The coolers 

were received on May 31st, 2012 and were stored in a laboratory that is maintained at a 

near constant temperature of 21°C. 

 According to USDA web soil survey the soil in the area of the Gulf Coast 

Research Station is primarily Zolfo and Seffner fine sand (USDA 2009).  The bulk 

density of the soil increases with depth and ranges from 1.35 – 1.7 g/cm3.  The water 

table was reported at 1.5 - 3.5 ft for the upper limit and >6.0 ft for the lower limit.  The 

specific area where the soil for this project was excavated from was identified as a 

Seffner fine sand.  A soil scientist from the Natural Resources Conservation Service 

conducted an on site investigation of the area in 2009 and determined that the soil 

mapping was representative (Ford 2009).  Additionally, the report identified the 

seasonal water table at 30 in plus or minus 6 in.   

 Physical characterization of the soil sent to the Colorado School of Mines began 

in July of 2012.  A grain size analysis was conducted.  500 grams of Florida soil was 

placed on a shaker containing a series of sieves for 10 minutes (Carter 1993).  Grain 

size analysis was conducted on soil from numerous coolers and similar results were 

reported among different samples.  A graph displaying the distribution of soil particle 

size is provided in Figure 3-1. The graph was used to determine % fines, d10, d60 and 

the coefficient of uniformity for the soil.  The raw data for the grain size analysis can be 

found in Appendix E. 
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% fines d10 d60 
Coefficient of uniformity 
(Cu) 

2.92 0.12 0.28 2.3 

Figure 3-1 Grain size analysis of Seffner fine sand obtained from Florida 

 The pH of the soil was measured by combining 10 grams of dry soil with 20 mL 

of DI water in a glass beaker.  The solution was stirred for 20 minutes and left to stand 

for one hour before the pH was measured (Carter 1993). A pH of 5.0 was recorded for 

the Seffner fine sand.  The USDA websoil survey report for Hillsborough County, FL 

(USDA 2009) reported the  sand –silt – clay content as 95-1-4 (% weight) and an 

organic matter content of 0 – 0.05 (% weight) 

Table 3-1 pH and organic matter content of Seffner fine sand 
pH Fraction of Organic Matter (% by weight) 

5.0 0 – 0.05 

 

Table 3-2 Textural analysis sand – silt - clay (USDA 2009) 
Sand (% weight) Silt (% weight) Clay (% weight) 

94 1 4 



 

 28 

3.2 Soil Water Retention Curve 

 Vadose zone hydrology is an important factor when characterizing and 

understanding nitrogen fate in a soil treatment unit.  In the unsaturated zone, capillary 

forces of the air filled pore space induce a negative pressure that influences the flow of 

water.  The capillary force is a function of the volumetric water content of the soil (θ).  

The relationship between capillary force and volumetric water content of the Florida soil 

used in this research was measured using a Tempe cell apparatus.  The soil water 

retention curve was determined by applying different magnitudes of suction to a Tempe 

cell packed with saturated Florida soil.   

 An empirical mathematical formula known as the van Genuchten relationship is 

commonly used to correlate capillary force and water content in the unsaturated zone. 

The van Genuchten equation is presented below.   

 

 

 

θ - Volumetric water content 
θs - Volumetric water content at saturation 
θr  - Irreducible minimum water content 
hc - Matric potential 

 Empirical parameter 
m - Empirical parameter 
n - Empirical parameter 
  

 

(3-1) 

 Equation 3-1 was fit to the data measured using the Tempe cell.  A relationship 

was identified with an alpha value of 0.016 and n value of 9.  More detailed information 

is available in Appendix A. 

3.3 Potential for Denitrification in Field Collected Soil 

 Denitrification enzyme activity (DEA) is a test used to determine a soils potential 

for denitrification.  On October 5th, 2012 DEA was performed on the Florida soil 

collected from the Gulf Coast Research Station.  Since the day of excavation from the 

subsurface in Florida, the soil used for this test had been stored within a lined cooler 
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inside a temperature-controlled laboratory. Four samples were isolated from the cooler 

and subject to the DEA test.  The DEA results demonstrated no detectable potential for 

denitrification in any of the four soil samples. The microorganisms in the soil obtained 

from Florida were not expressing the correct enzymes to execute detectable levels of 

denitrification as measured by DEA analysis. 

3.4 Column Packing Procedure 

 The columns used for this research were reconstructed from columns employed 

in a previous column experiment (Walsh 2006). The existing media in the columns was 

removed and the columns were ‘washed’ with hand soap, thoroughly rinsed with tap 

water a minimum of three times and air-dried.  The thin adhesive coating previously 

applied to the inside of the columns remained intact during cleaning.  This layer helps 

minimize the potential for preferential flow paths along the sides of the column.  Each 

column was constructed from clear acrylic plastic with dimensions of 85 cm in length by 

16 cm outside diameter. Two air slots (2.5 cm in length) were cut vertically into two 

sides of the column starting at 15 cm below the infiltrative surface.  The slots were 

covered with gas permeable tape to allow for gas transfer without transfer of liquid. 

 The column packing procedure was adopted from previous work conducted at 

the Colorado School of Mines (Walsh 2006).  The columns were each packed using the 

exact same procedure in order to achieve comparable bulk densities.  Five centimeters 

of river rock (2.5 cm diameter) were placed in the bottom of the column and leveled off, 

and then five centimeters of river pebbles (one cm diameter) were placed on top of the 

river rock and leveled off.  Prior to adding the aggregate, both rock types were 

thoroughly washed to remove any fines.  A very thin layer of glass wool (5.3 g) was 

evenly spread across the top of the river pebbles to act as a barrier between the soil 

and the aggregate.  

  After drying numerous soil samples in a 105 °C oven it was determined 

that the Florida soil in the coolers had a residual moisture content of 2.25%.  Deionized 

water (DI) was added to each lift of soil in order to bring the moisture content up to 5.5% 

before packing.  Each lift had a total mass of 1400 g with 77 g as soil moisture plus DI 

water and 1323 grams as dry soil. Once prepared, a lift was added to the column and 

leveled off using a scarifier.  The scarifier was simply a long narrow piece of wood with 
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three prongs made of nails at the end.  Compaction of the lift was achieved using a 

1242 g tamping device constructed from an axe handle attached to an acrylic disk with 

a tape measure on its length.  The tamping device was dropped from 10 cm above the 

surface of the lift ten times and the sides of the lift were rapped with a piece of wood at 

four locations 90° apart after the second, fifth, and tenth drop of the tamping device.  

The compacting of the media and rapping of the column were designed to mitigate 

sidewall channeling and achieve a similar bulk density in the packed columns when 

compared to field conditions.  Once each lift was compacted it was scarified.  The 

scarifying procedure consisted of dragging the nails around the circumference of the 

column and then across from two perpendicular sides forming an X pattern.  A total of 

13 lifts were added to each of the four columns.  The depth of soil in the columns was 

approximately 60 cm, resulting in an average dry bulk density of 1.57 g/cm3. 

 
Figure 3-2 Column design used in this research, adopted from Walsh, 2006 
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Table 3-3 Comparison of packed column dry bulk density to field conditions (USDA 
2009) 
Column 1 Column 2 Column 3 Column 4  

1.58 g/cm3  1.58 g/cm3 1.55 g/cm3 1.57 g/cm3 

 

Average of all packed 
columns 

Field conditions in 
Florida 

1.57 g/cm3 1.35 – 1.7 g/cm3 

3.4.1 Column Hydraulic Analysis 

 Before applying wastewater effluent to the packed soil columns the saturated 

hydraulic conductivity (Ksat) was measured using constant head tests.  The columns 

were up flow saturated by connecting the lower outlet port of each column to a carboy 

containing DI water.  The carboy was incrementally raised over eight hours to slowly 

saturate the columns and release any potential air bubbles.  Once the columns were 

fully saturated they were left to sit overnight. After saturating the columns (24 hours 

after the process began) the Ksat test was conducted.  A carboy of DI, maintained at 

steady water level, was used keep a constant head of water on a soil column.  The 

volume of water that flowed out of the top port of the column was measured using a 

graduated cylinder and time was recorded using a stopwatch.  The saturated hydraulic 

conductivity was calculated using Darcy’s Law as shown in Equation 3-2.  Three Ksat 

tests were run for each column.  The mean Ksat with the standard error for each column 

is displayed in Figure 3-3. 

 

Equation 3-2

Ksat = saturated hydraulic conductivity  

Q = flow rate (cm3 / s) 

L = length of media in column (cm) 

A = column area (cm2) 

H = head (cm) 
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Figure 3-3 Ksat of columns packed with Florida soil 

 The average Ksat of all four columns was 358.5 cm/d. The web soil survey report 

for the location where the soil was obtained from documented saturated hydraulic 

conductivities in the range of 363-1218 cm/d. The packed columns had a saturated 

hydraulic conductivity on the low end of what was reported in the field.  Although the 

packing procedure was designed and implemented to ensure uniform soil 

characteristics there were significant differences between the measured saturated 

hydraulic conductivities of the four columns.  Due to discrepancies in Ksat values 

between the columns, further hydraulic analysis was conducted after the columns 

began to receive wastewater effluent.  This analysis is discussed in section 4.2. 

Table 3-4 Summary of dry bulk density and Ksat values for packed columns 
 Column 1 Column 2 Column 3 Column 4  Average 

ρd (g/cm3) 1.58 1.58 1.55 1.57 1.57 

KSAT (cm/d) 405 249 351 429 358.5 

3.5 Mines Park Test Site 

 The Colorado School of Mines has a student housing complex, Mines Park, 

which provides wastewater for research facilities focused on decentralized and onsite 

wastewater reclamation.  The Mines Park housing complex is located near the 

intersection of Highway 6th and 19th Street in Golden, Colorado.  One research facility is 

located at the North East corner of housing complex and the other is located on the 
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Western side.  The work for this thesis was completed at the research facility on 

Western side, the Mines Park Test Site.  Wastewater from an eight unit multi-family 

apartment building is diverted to two 1,500 gallon septic tanks in series.  Septic tank 

effluent is then pumped to the Mines Park Test Site.  This research facility has 

historically been the location of numerous research projects focused on onsite 

wastewater systems (Walsh 2006; Lowe and Siegrist 2008; Tomaras et al. 2009).  

Table 3-5 provides data on the quality of septic tank effluent that is generated by the 

apartment complex. 

Table 3-5 Average values of wastewater parameters for STE monitored at Mines Park 
Test Site, May 2003 – October 2005 (Lowe and Siegrist 2008) 

 
 

 The four packed soil columns were transported to the Mines Park Test Site.  A 

previously existing soil column dosing apparatus was modified for the specific purpose 

of this research (Walsh 2006).  During operation of the columns a black plastic sheet 

was used to block light in order to prevent photosynthesis within the columns.  All four 

columns were dosed at the same hydraulic loading rate (HLR) of 2 cm/day.  This HLR 

was selected as being representative of existing soil treatment units in the state of 

Florida.  The dosing apparatus was designed and operated to provide two doses per 

day to each of the four columns.  The doses were applied at approximately 7:50 am and 

7:50 pm during each day of operation.   

Parameter Units Average

pH pH —

Alkalinity mg CaCO3 /L 266

Total solids mg/L 270

TSS mg/L 33

Chemical oxygen demand mg/L 284

DOC mg/L 34.2

cBOD5 mg/L 188

Total nitrogen mg N /L 89.3

Ammonium mg N /L 60.2

Nitrate mg N /L 2.3

Total phosphorous mg PO4 /L 25.5

Fecal coliform cfu /100 mL 6.6�104
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 Two additional soil columns packed with coarse sand were operated as 

intermittent sand filters in order to provide a source of higher quality nitrified effluent.  

These columns were operated at a total daily HLR of 5 cm/d with a dose occurring 

every hour. Unit operations such as packaged biofilters, aerobic treatment units, 

recirculating sand filters and intermittent sand filters are often included in onsite waster 

systems to provide additional treatment of effluent prior to soil application.  The 

intermittent sand filters were included in the experimental design to provide effluent 

generally representative of these types of unit operations.  Grain size analysis for the 

coarse sand used in the intermittent sand filters can be found in Appendix E.   

 Over a ten-week period, two soil columns were dosed with septic tank effluent 

and two columns were dosed with intermittent sand filter effluent.  A functional layout 

and photograph of the columns and dosing scheme is depicted in Figure 3-4 and Figure 

3-5. 

 
Figure 3-4 Schematic of column operation 
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Figure 3-5 Photograph of actual column set up at Mines Park Test Site (the purple hue 

is an artifact of the photograph) 

3.6 Operational Details   

 Dosing of wastewater effluent onto column #2 and column #3 commenced on 

October 4th, 2012 and ended on December 11th, 2012.  This 68 day time period (just 

under 10 full weeks) was sufficient for the microbial population in the columns to 

produce steady state nitrogen concentrations.  Column #1 was also brought online on 

October 4th however; column #4 was not subject to dosing until October 24th.  There 

were unexpected operational challenges with the intermittent sand filters. A surplus of 

nitrified effluent was desired so a second intermittent sand filter was added in late 

September.  Column #4 was brought online when the second ISF was producing 

nitrified effluent.  

 Throughout a ten week operation of the columns, septic tank effluent diverted 

from the apartment complex was periodically pumped into a 55-gallon drum located at 

the Mines Park Test Site.  This drum acted as the ultimate source for all wastewater 
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effluent used in the experiment.  Every Monday morning the 55-gallon drum was 

emptied and filled with approximately 18 gallons of fresh STE.  The pump inside the 55-

gallon drum (that was used to dose the columns) was set up to internally recirculate the 

contents of the drum two times per day for less than 30 seconds.  During each week of 

operation approximately 35% of the total volume of STE in the drum was applied the 

columns and 65% was discharged to the sewer prior to refilling the drum.   

 The research facility that housed the soil columns at the Mines Park Test Site 

was temperature controlled.  The temperature was recorded near the end of the soil 

column operational time period.  From November 28th – December 13th a data logger 

recorded the temperature of a glass of water (~ 250 mL) inside the facility every 5 min.  

The average temperature was 17.7°C with a standard error of 0.02°C 

 All samples for analysis of relevant wastewater parameters were collected in 500 

mL amber glass jars.  Grab samples of STE and ISF effluent were collected each 

Tuesday morning at approximately 7:30 am.  As shown in Figure 3-6, a cooler with ice 

packs was used to collect 100% of percolate released over a 24 hour period from each 

of the four columns. 

 
Figure 3-6 Photograph of sample bottles used to collect percolate samples 

 Placement of the percolate sample bottles occurred each Monday morning at 

approximately 7:30 am.   24 hours later the samples bottles were collected and 
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transported to the laboratory for analysis.  Transportation of all effluent samples was 

conducted using a cooler with ice packs.  All samples were either analyzed, or properly 

preserved for future analysis, on Tuesday morning of each week.  

3.7 Effluent and Percolate Analysis 

 Both the effluent applied to the columns and the percolate discharged from the 

columns were analyzed weekly for pH, alkalinity, chemical oxygen demand, total 

nitrogen, ammonia and nitrate.  DOC and UV absorbance were measured at weeks 

four, six and eight.   The methods used for analysis of these parameters are outlined in 

Figure 3-5.  The recommended laboratory standard, and a duplicate sample, were run 

for each parameter using Hach products (HACH 2009). 

  Alkalinity and pH were measured using a pH meter (Denver Instruments model 

215).  The pH was measured using the meter after calibrating to standards at pH levels 

of 4, 7, and 10.  The alkalinity was determined by titrating a 50 mL sample to a pH of 4.6 

using 1.600 N sulfuric acid.  The pipette used for the titration was preset so that 1 drop 

of 1.600 N sulfuric acid into a 50 mL sample equals 2 mg/L of alkalinity as CaCO3. 

 Ammonia was analyzed using the salicylate method with Hach reagents.  

Ammonia compounds combine with chlorine to form monochloramine, which reacts with 

salicylate to form 5-aminosalicylate.  This compound is oxidized in the presence of a 

sodium nitroprusside catalyst to form a blue-colored compound.  The blue color together 

with the presence of excess reagent forms a green solution that is quantified using the 

colorimeter.   

 Nitrate was analyzed using the chromotropic acid method with Hach reagents.  

Under acidic conditions nitrate in the sample reacts with chromotropic acid to yield a 

yellow product.  A spectrophotometer was used to measure the absorbance of 410 nm 

light. 

 Total nitrogen was analyzed using persulfate digestion with Hach reagents.  All 

forms of nitrogen are converted to nitrate during an alkaline persulfate digestion.  

Sodium metabisulfate is added after the digestion to eliminate halogen oxide 

interferences.  Nitrate reacts with chromotropic acid under strongly acidic conditions to 

form a yellow solution. A spectrophotometer was used to measure the absorbance of 

410 nm light (HACH 2009). 
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 Chemical oxygen demand was analyzed using the reactor digestion method and 

Hach reagents.  The sample was heated for two hours with a strong oxidizing agent, 

potassium dichromate.  Oxidizable organic compounds react resulting in the reduction 

of dichromate ion (Cr2O7
2-) to green chromic ion (Cr3+).  The amount Cr6+ remaining in 

the sample is determined using a spectrophotometer.    The results are expressed as 

mg of O2 consumed per liter of sample. 

 Dissolved organic carbon samples were filtered to 0.45 m using Pall 

Corporation disk filters and a 10 mL plastic syringe.  The samples were preserved by 

adding less than 1 mL of concentrated phosphoric acid to the glass sample vial.  

Samples were run on a Sievers, model 5310C, total organic carbon analyzer.   Methods 

used for chemical analysis are summarized in Table 3-6 (Eaton A 2005; HACH 2009). 

Table 3-6 Methods used for chemical analysis 
Parameter Method 

Total nitrogen Hach method 10072, Persulfate digestion 

Ammonia Hach method 10031, Salicylate  

Nitrate Hach method: 10020, Chromotropic acid  

COD Hach method: 8000, Reactor digestion 

DOC Standard method 5310 C, Persulfate oxidation/UV irradiation 

pH Standard Methods: 4500-H+ B 

Alkalinity Standard Methods:  2320 B 

3.8 Denitrification Rate Measurements 

 Denitrification rates were measured for column #2 and column #3.  Considering 

the column #2 received septic tank effluent and column #3 received intermittent sand 

filter effluent these columns will be referred to as the STE column and the ISF column 

for the remainder of this thesis.  Column #1 and #4 were left online to receive effluent 

for a longer period of time.  Future work may include measuring denitrification rates in 

column #1 and #4. 

 After the STE and ISF soil columns had been dosed with effluent for ten weeks 

they were deconstructed and denitrification rate measurements were conducted.  In 

order to understand the potential for a denitrification rate, denitrification enzyme activity 
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assays (DEA) were performed.  The basic procedure for DEA is outlined in Table 3-7, 

more detailed information is available in Appendix E. 

Table 3-7 Synopsis of DEA procedure 
Step # Description 

1 Using an aseptic technique collect 25 g of moist FL soil from the soil 

column  

2 Place the soil sample in a 160 mL serum bottle 

3 Add 25 mL of solution containing 1mM glucose, 1mM KNO3, and 1g 

L-1 chloramphenicol 

4 Secure a rubber septum using a crimp cap to the top of the bottle 

5 Evacuate the vials atmosphere using a large needle connected to a 

vacuum pump 

6 Flush the bottle with pure nitrogen gas for three minutes 

7 Repeat steps 5 and 6 

8 Remove 15% of the bottles atmosphere, a portion of this is the first 

sample.  Replace the 15% volume with pure acetylene gas.  Pump 

the syringe three times to promote diffusion 

9 Place the bottle on a shaker table and pull samples at 30, 60, 90 

and 120 min.  Replace each sample volume with pure nitrogen gas. 

10 All gas samples for analysis must be 15 mL and are injected into 12 

mL pre-evacuated vials to purposefully overpressure 

11 Protectively package the samples and send to UC Davis for analysis 

of N2O, CO2 and CH4 

 

 In concert with the DEA assays the representative rate of denitrification (DNR) 

was quantified using static core acetylene inhibition.  The cores used for this analysis 

had a measured volume of 89.1 cm3.  A photograph of one of the cores is displayed in 

Figure 3-7.  The design of the DNR cores was focused minimizing the diffusion path for 

acetylene gas to enter the soil and nitrous oxide to exit.  72 one mm holes were drilled 

into each 3 cm diameter core.  On the basis of core diameter, the quantity of holes in 

the sidewall and the concentration of acetylene gas added, this design represented a 
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more conservative approach than similar investigations reported in the literature (Burton 

and Beauchamp 1984; Gillam et al. 2008).  Additionally, gas syringes were used to 

induce pressure fluctuations when the acetylene gas was initially added and before 

each gas sample was removed.  The fundamentals of the DNR procedure are outlined 

in Table 3-8 and more detailed information is available in Appendix E 

 

Figure 3-7 Photograph of DNR core 

Table 3-8 Synopsis of DNR procedure 
Step # Description 

1 Press the plastic core (equipped with 1 mm holes and a screen 

bottom) into a predetermined soil depth of the column.  Carefully 

remove the cores 

2 Weigh and record the mass of the core 

3 Place the core in a 1 L glass jar that has a cap with a rubber septum 

for sampling 

4 Obtain a background sample from the top of the jar before securing 

the lid.  Secure the lid 

5 Remove a volume of gas equal to 15% of the effective volume of 

headspace inside the jar.  Replace this volume with pure acetylene 

gas.  When adding the gas, pump the large syringe three times to 

promote diffusion 
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6 Place the bottle in an incubation bath of water holding near 25 °C.  

Pull gas samples at 2, 6, 24 and 48 hours  

7 After the last gas sample is taken, remove the core form the glass 

jar and place it in a 105°C oven for 24 hours 

8 All gas samples for analysis must be 15 mL and are injected into 12 

mL pre-evacuated vials to purposefully over pressure 

9 Protectively package the samples and send to UC Davis for analysis 

of N2O, CO2 and CH4 

3.8.1 Data Interpretation / Quality Control  

 For both the DEA and DNR methods, the rate of denitrification is measured by 

the relative increase of nitrous oxide over time. The actual concentration of nitrous oxide 

does not affect the rate reported.  For example, an increase of N2O from 0.30 to 0.35 

ppmv is interpreted as the same rate of denitrification as a sample that reports an 

increase from -0.05 to 0.0 ppmv.  20 of the 24 DEA soil samples had N2O gas samples 

that were reported as negative concentrations. This is likely due to pulling a strong 

vacuum on the bottle and flushing with pure nitrogen gas. The concentration of N2O in 

the pure nitrogen gas was so low that the gas chromatograph reported it as a negative 

concentration. Regardless of the reported value, if an increase in nitrous oxide 

production was observed over the applicable time period a rate was reported.  Please 

refer to the raw data set in Appendix E and supporting documents in Appendix B that 

explicitly describe the calculations. 

3.9 Collection of Soil Samples for DEA and DNR Rate Measurements 

 The STE and ISF columns were methodically deconstructed for the purpose of 

quantifying rates of denitrification on the morning of Tuesday December 11th, 2012.  

DEA soil sampling occurred at five different depths and DNR soil core sampling 

occurred at three different depths as displayed in Figure 3-8.  A total of four soil cores 

were driven into each of the three soil layers that were sampled for denitrification rate 

measurements.  Three of the soil cores were used for denitrification rate measurements 

and one of the cores was placed directly into an oven to determine the water saturation. 
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Figure 3-8 Location of DEA and DNR samples removed from soil columns.  Depths 
are reported as distance below infiltrative surface 

 A plan view of the template used to guide removal of the DNR soil cores and 

DEA soil samples is provided in Figure 3-9.  The squares represent where the DEA 

samples were obtained from and the circles represent the locations where the soil cores 
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were inserted.  The central DNR core was placed directly into an oven to determine 

water saturation.   The three outside cores were used for DNR measurements. DEA 

samples were manually removed from the column using a separate autoclaved razor 

blade for each level of samples.   

 
Figure 3-9 Plan view of DNR core and DEA sample removal 

 

 
Figure 3-10 Photograph showing insertion of DNR soil cores (the purple hue is an 

artifact of the photograph) 
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Figure 3-11 Photograph showing removal of DEA sample with a pre-cleaned 
razorblade 
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CHAPTER 4 
 

RESULTS 

4.1 Effluent Quality 

 Both the septic tank effluent and the ISF effluent were analyzed weekly for pH, 

alkalinity, chemical oxygen demand, ammonia, nitrate and total nitrogen.  Dissolved 

organic carbon and UV absorbance (reported as specific UV absorbance, SUVA) were 

measured at weeks four, six and eight.  A summary of the effluent quality applied to the 

soil columns is provided in Table 4-1 and Table 4-2.  Standard error of the mean is 

abbreviated as S.E. 

Table 4-1 Summary of septic tank effluent quality from weekly grab samples collected 
October 16th - December 10th, 2012 
Parameter Units Average S.E. Range n 

pH   7.7 0.1 7.1 - 7.9 9 

Alkalinity mg CaCO3 / L  181 6.5 164 - 220 9 

COD  mg / L 128 21 56 - 262 9 

TN mg N / L 41.7 1.5 33 - 49 9 

NO3 mg N / L 1.2 0.3 0.4 - 3.4 9 

NH4 mg N / L 39.6 2.5 21.4 - 46.2 9 

DOC mg C / L 10.4 1.0 8.7 – 12.2 3 

SUVA L / mg C 1.4 0.1 1.3 - 1.5 3 

4.1.1 Previous Effluent Quality Data for Mines Park 

 The STE grab sample data collected for this research (Table 4-1) demonstrate 

significant differences from STE grab sample data collected for the same wastewater 

source in 2003 – 2005 (Table 3-5).  Most notably, the data collected for this research 

had average concentrations of total nitrogen, chemical oxygen demand and dissolved 

organic carbon that were 53, 55 and 70 percent lower than the previous dataset.  The 

wastewater source does have a transient occupancy of students representing variable 



 

 46 

patterns of water use and wastewater generation.  Occupancy changes of the 

apartment complex may be a leading factor for changes in effluent quality.   

 As described in section 3.6, the STE grab samples used for this research had an 

additional hydraulic retention time of up to one week.  The effect of this additional 

residence time was investigated by comparing a STE grab sample the day it was added 

to the 55-gallon drum, to a STE grab sample that was collected one week later (from the 

same drum).  COD decreased by 62% and total nitrogen decreased by less that 5% (2 

mg N / L), which was just outside the standard error for total nitrogen measurements.   

Additional residence time may have provided an environment conducive to decreases in 

organic content of the effluent.  It is proposed that changes in nitrogen concentration 

were not a result of residence time, and instead stemmed from fluctuations in 

wastewater generation from the source.  

 Table 4-2 Summary of intermittent sand filter effluent quality from weekly grab samples 
collected October 9th - December 10th, 2012 
Parameter Units Average S.E. Range n 

pH   5.6 0.2 4.8 - 6.4 10 

Alkalinity mg CaCO3 / L  3 1.7 0 - 14 10 

COD  mg / L 8.5 1.7 0 - 16 9 

TN mg N / L 34.9 1.2 29 - 41 10 

NO3 mg N / L 31.4 2.8 15.0 - 39.4 10 

NH4 mg N / L 2.7 0.4 0.4 - 4.3 9 

DOC mg C / L 4.7 0.8 3.5 – 6.3 3 

SUVA L / mg C 1.4 0.1 1.2 – 1.6 3 

4.1.2 Alkalinity and pH 

 Throughout the sampling period the pH of the septic tank effluent remained 

slightly alkaline with an average value of 7.7.  When compared to the ISF effluent, the 

STE had a much higher buffering capacity demonstrated by higher levels of alkalinity.  

Due to alkalinity consumed by nitrification, the ISF effluent showed greater pH 
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fluctuations.  In order to nitrify one mg of NH4 approximately 7.1 mg of alkalinity as 

CaCO3 is required.  The intermittent sand filters high capacity for nitrification depleted 

the ISF effluent of alkalinity and lowered the pH.  Although pH readings dropped below 

a value of 5.0, the intermittent sand filter was still capable of nitrifying the majority of the 

ammonium applied. 

 
Figure 4-1 Alkalinity and pH of effluents applied to columns 

4.1.3 Chemical Oxygen Demand 

 The chemical oxygen demand of the septic tank effluent used in this experiment 

was significantly lower than COD values previously reported for the same wastewater 

source (Lowe and Siegrist 2008).  Figure 4-2 demonstrates the low concentrations of 

COD in the STE and the effectiveness of the intermittent sand filter to remove COD to 

values below 10 mg/L. 

Figure 4-2 COD of effluents applied to soil columns  
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4.1.4 Nitrogen 

 Figure 4-3 and Figure 4-4 present the total nitrogen concentrations along with 

values for both nitrate and ammonium speciation for the STE and ISF effluent.  

Throughout the experiment, STE nitrogen remained as ammonium and ISF nitrogen 

was consistently nitrified to nitrate.  Even with pH levels recorded below 5.0, the 

intermittent sand filters remained effective at nitrifying the septic tank effluent.  The 

highest recorded ammonium concentration of the ISF effluent was 4.3 mg N–NH4 and 

the average was 2.7 mg N–NH4. 

 

 
Figure 4-3 Nitrogen speciation of STE 

 

 
Figure 4-4 Nitrogen speciation of ISF effluent 
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4.1.5 Dissolved Organic Carbon 

 Dissolved organic carbon (DOC) and UV absorbance at 254 nm was measured 

three times throughout the experiment.  The measurements were conducted at weeks 

four, six and eight.  UV absorbance data was used to calculate specific UV absorbance 

(SUVA).  SUVA values are the ratio of UV absorbance to DOC concentration.  This 

parameter provides a greater understanding of the aromaticity or character of the DOC. 

Figure 4-5 and Figure 4-6 present the DOC and SUVA data for both effluent qualities.

 

 
Figure 4-5 DOC of STE and ISF effluent 

 

 
Figure 4-6 SUVA of STE and ISF effluent 



 

 50 

 The mean septic tank effluent DOC concentration of 10.4 mg C/L was lower than 

previous data reported for STE from the same wastewater source.    The mean DOC 

concentration of the septic tank effluent at Upper Mines Park was 37.3 mg C/L for a 28 

month time period from 2004 - 2006 (Lowe et al. 2009).  The DOC may have decreased 

in concentration due to the additional storage time, up to one week, before sample 

collection.  

 The relatively high SUVA values for the STE indicate changes in DOC prior to 

sampling.  SUVA averages for the STE during the 28-month period were 0.7 L mg C-1 

m-1.  The average of 1.4 L mg C-1 m-1 documented during this research demonstrates 

that the DOC character may have been altered during the addition storage time prior to 

sampling.  Although the ISF was effective at decreasing the concentration of DOC, the 

SUVA value remained constant.  Treating effluent with a unit operation such as a 

intermittent sand filter typically results in an increase of the SUVA value (Lowe et al. 

2009).   

4.2 Column Hydraulics During Operation 

 In response the highly variable saturated hydraulic conductivity measurements, 

an additional hydraulic analysis was conducted after the columns had been operating 

for over five weeks (test conducted on November 11th, 2012).  The mass and volume of 

percolate exiting both the STE column and ISF column was recorded for twenty-four 

hours.  The collection of percolate commenced minutes before the morning dose at 

approximately 7:50 am.  The results confirmed a near linear release of percolate for 

both columns. The slope of a linear regression line representing mL percolate / hr was 

16.1 for the STE column and 15.7 for the ISF column.  This test demonstrates near 

uniform steady state hydraulic conditions between the ISF column and the STE column. 

 One distinct difference between the columns receiving STE and ISF effluent was 

the development of biological clogging at the infiltrative surface.   The infiltrative surface 

of columns dosed with STE had a visible black colored biomat (Figure 3-5) that ponded 

effluent for approximately two hours after dosing.  In contrast, one minute after the dose 

was applied to the ISF columns, no effluent ponding was observed.  
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Figure 4-7 Rate of percolate release from STE column, November 11th, 2012 

 
Figure 4-8 Rate of percolate release from ISF column, November 11th, 2012 

4.3  Percolate Quality 

 The percolate from all four soil columns was analyzed weekly for pH, alkalinity, 

chemical oxygen demand, ammonia, nitrate and total nitrogen.  Dissolved organic 

carbon and UV absorbance (reported as specific UV absorbance, SUVA) were 

measured at weeks four, six and eight.  All of the measured values are available in

Appendix E.  For this research, only the STE column (column #2) and the ISF column 

(column #3) were subject to denitrification rate measurements.  Therefore, only the 

percolate data for the STE column and the ISF column will be presented and discussed. 
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Table 4-3 Summary of percolate quality exiting the STE column.  Data from weekly grab 
samples collected October 16th - December 10th, 2012 
Parameter Units Average S.E. Range n 

pH   6.6 0.2 5.8 – 7.3 9 

Alkalinity mg CaCO3 / L  9 3 0 - 20 9 

COD  mg / L 18 4 7 - 45 9 

TN mg N / L 38.0 4.4 20 – 62 8 

NO3 mg N / L 27.3 5.6 1.2 – 42.6 9 

NH4 mg N / L 5.5 3.0 0- 27.9 9 

DOC mg C / L 6.4 0.3 5.9 – 6.9 3 

SUVA L / mg C 2.3 0.3 2 – 2.8 3 

 

Table 4-4 Summary of percolate quality exiting the ISF column.  Data from weekly grab 
samples collected October 16th - December 10th, 2012 
Parameter Units Average S.E. Range n 

pH   6.5 0.1 5.8 – 7.0 9 

Alkalinity mg CaCO3 / L  4.7 1.5 0 - 12 9 

COD  mg / L 5.5 1.1 2 - 12 9 

TN mg N / L 34.9 2.4 28 - 53 9 

NO3 mg N / L 36.0 0.8 30.5 – 38.6 9 

NH4 mg N / L 0.4 0.1 0 - 0.7 7 

DOC mg C / L 4.4 0.2 4.1 – 4.7 3 

SUVA L / mg C 2.0 0.1 1.9 – 12.0 3 

 

4.3.1 Alkalinity and pH 

 The alkalinity and pH of the percolate from both columns decreased throughout 

the course of the experiment.  By week eight the percolate from both columns had a 

non-detectable level of alkalinity. Despite the lack of buffering capacity measured as 

alkalinity, large pH fluctuations were not observed.  
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Figure 4-9 Alkalinity and pH of column percolate 

4.3.2 Chemical Oxygen Demand 

 The soil columns were effective at decreasing the concentration of COD to levels 

averaging below 20 mg/L. Percolate from the ISF column had a lower COD due to the 

pretreatment in the intermittent sand filter. 

 

 
Figure 4-10 COD of column percolate 

4.3.3 Nitrogen 

 Percolate from the STE column began to show sign of nitrification during week 

two.  Complete nitrification did not occur until after five full weeks of operation.  Previous 
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research has demonstrated that it takes five to ten days for a microbial community to 

acclimate and begin nitrification (Yamaguchi et al. 1996).  In a study conducted by Motz 

et al. complete nitrification of septic tank effluent was observed after three weeks of 

percolation through 30 cm of soil (Motz et al. 2012).  In this research it took five weeks 

for robust nitrification to occur.  After this start up period the nitrogen concentration and 

speciation remained consistent for weeks six through ten.  This steady state operation 

with respect to nitrogen was the basis for the decision to conduct denitrification rate 

measurements after ten weeks of operation. 

 

 
Figure 4-11 STE column nitrogen speciation  

 
Figure 4-12 ISF column nitrogen speciation 



 

 55 

 Near the end of the operation, both the STE column and ISF column had nitrate 

concentrations that were higher than total nitrogen concentrations.  Considering the 

total nitrogen analysis includes all form of nitrogen, the sum of total nitrogen should, 

theoretically, always be higher than just nitrate.  This discrepancy is accounted for in the 

nitrogen mass balance.  

4.3.4 Dissolved Organic Carbon 

 DOC removal occurred in both soil columns.  The STE column received effluent 

with a higher DOC concentration in a more bioavailable form, and as a result, the DOC 

concentration was decreased by 39%.  The ISF column was dosed with an effluent that 

had been pretreated and the effluent organic carbon was already partially removed.  

The DOC removal in the ISF column was 6%.  The average concentration of DOC in 

percolate released by both columns was 5.4 mg C / L. 

  
Figure 4-13 DOC of column percolate 

 
Figure 4-14 SUVA of column percolate
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4.4 Nitrogen Mass Balance 

 A mass balance of nitrogen was conducted in order to determine the occurrence 

and magnitude of denitrification.  As previously discussed, a time period of five weeks 

was required for the STE column to efficiently nitrify the septic tank effluent applied.  By 

week six, percolate from both columns showed signs of steady state operation.  For 

weeks six through ten, the form and concentration of nitrogen demonstrated less 

variability with respect to time.  For this reason, only percolate data from weeks six 

through ten was used for the nitrogen mass balance. 

 In order to determine the nitrogen removal in the columns a mass balance of total 

nitrogen and a mass balance of the sum of ammonium and nitrate were conducted.  

The average concentration of nitrogen in the effluent applied to the columns and in the 

percolate exiting the columns is compared in Figure 4-15 and Figure 4-16 

 

 
Figure 4-15 Mass balance of nitrogen for STE column  

 
Figure 4-16 Mass balance of nitrogen for ISF column 
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 Due to the potential presence of organic nitrogen, total nitrogen concentrations 

should theoretically be equal to, or higher than, the sum of nitrate and ammonium.  The 

data collected did not exemplify this relationship.  During the operational time period 

from six to ten weeks, the Seffner fine sand demonstrated a very low potential for 

nitrogen removal.  The standard error bars overlap in all four of the comparisons 

demonstrating no statistically significant difference in the nitrogen concentration of the 

column effluent and percolate.  Table 4-5 compares the differences in average nitrogen 

concentrations following percolation through the columns. 

Table 4-5 Summary of nitrogen mass balance 

 NH4 + NO3 

Percent difference in 
average N 
concentration  

Total Nitrogen (TN) 

Percent difference in 
average N 
concentration 

STE column +2% -16% 

ISF column +9% - 10% 
*percent difference refers to effluent applied vs. percolate released 

 Although the results are not statistically significant, the total nitrogen data 

suggests low levels of nitrogen removal.  The total nitrogen results indicate that the 

column receiving STE removes a higher percentage of nitrogen than the column 

receiving nitrified effluent.   The mass balance analysis supports the conclusion that, 

after six to ten weeks of operation, a STU comprised of Seffner fine sand has a very low 

or negligible capacity for nitrogen removal.   

4.5 Water Filled Porosity (%) within the Soil Columns 

 After 68 days of operation, the soil columns were methodically deconstructed for 

the purpose of denitrification rate measurements.  The disassembly started 

approximately 30 minutes after the morning dose of effluent.  The dry bulk density and 

level of water saturation, expressed as water filled porosity (WFP), were determined at 

three depths for each column.  The three depths correspond with the soil layers in which 

the DNR cores were inserted as demonstrated in Figure 3-8.  The depths of these three 

layers were 10-22, 30-42 and 47-59 cm below the infiltrative surface of the soil.  The 
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original experimental design specified that only one soil core would be used to 

determine the WFP for each depth (the core inserted into the center of the column).  

After the other DNR cores had been incubated for denitrification rate measurements, it 

was determined that the mass of the cores had remained constant during incubation.  

The DNR cores were removed from the sealed 1 L glass jars and promptly placed in a 

110°C oven.  This procedure provided four measurements of WFP for each layer as 

opposed to just one.  Table 4-6 and Figure 4-7 display the WFP of the STE and ISF 

columns.  More detailed information is available in Appendix E. 

Table 4-6 Water filled porosity (%) of STE column 

Depth below infiltrative surface Average WFP  Min  Max n S.E. 

10 – 22 cm 39 35 46 4 3.9 

30 – 42 cm 55 51 58 4 1.4 

47 – 59 cm 70 66 74 3 2.5 
* units: volume water / volume pore space = dimensionless 

Table 4-7 Water filled porosity (%) of ISF column 

Depth below infiltrative surface Average WFP  Min  Max n S.E. 

10 – 22 cm 37 32 42 4 2.3 

30 – 42 cm 47 45 48 4 0.8 

47 – 59 cm 68 65 71 4 1.2 
* units: volume water / volume pore space = dimensionless  

 As expected, the WFP increased with depth below the infiltrative surface of the 

soil columns. Both columns received effluent at the same hydraulic loading rate of 2 

cm/d.  The consistency in hydraulics of the two columns is reflected in the similar levels 

and trends of water filled porosity. 

4.6 Denitrification Rate Measurements 

 DEA and DNR measurements were conducted on soil from the STE column and 

the ISF column.  For each column, DEA analysis was conducted on a total of 12 soil 

samples collected at five different depths; DNR analysis was conducted on a total of 
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nine soil cores isolated from three different depths.  The location of all samples removed 

from the columns are displayed in Figure 3-8.  Substantial effort was taken to ensure 

that the sampling location for DEA and DNR analysis was identical between the two soil 

columns.  

 For both DEA and DNR measurements the rate of denitrification is calculated by 

fitting a linear regression to the change of nitrous oxide mass over time. The slope of 

the fitted line is normalized to the dry weight of soil the measurement was made with.  

The result is reported as a denitrification rate with units of mg N / kg hr.  The graphs 

depicting N2O production over time for all DEA and DNR measurements for both 

columns are displayed in just four figures.  Figure 4-17 displays all of the DEA 

measurements for the STE column and Figure 4-18 displays all of the DNR 

measurements for the same STE column.  Within each figure, all of the graphs have the 

same range of values and units for the Y-axis (mg N / kg).  The only difference between 

the two figures is that the DEA measurements have an X-axis (time) of one hour and 

the DNR measurements have an X-axis of 24 hours.  This form of display was 

implemented to create the opportunity for informal visual interpretation of the data.  

Within each figure, the reader can simply compare the slope of the fitted linear line in 

each graph to depict differences in measured denitrification rates. Lines with a greater 

slope represent higher denitrification rate measurements.  Using the same format, 

Figure 4-19 displays all of the DEA measurements for the ISF column and Figure 4-20 

displays all of the DNR measurements for the same ISF column. 

 The large arrow at the top of each figure indicates the type of effluent applied to 

the column and the hydraulic loading rate.  Each figure is purposefully designed to 

illustrate the change in denitrification potential with depth.  The graphs at the top of the 

figure are measurements that were made near the top of the column (closer to the 

infiltrative surface) and the graphs at the bottom of the figure are measurements that 

were made near the bottom of the column.  The exact depth of all measurements are 

provided in Figure 3-8. 

 Some denitrification rate measurements did not express a potential rate (DEA) or 

representative rate (DNR) of denitrification.  The raw data for these scenarios 

demonstrated either a negligible increase of nitrous oxide or showed a slight decrease 
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in nitrous oxide production over time.  This result was reported as ‘no rate established’.  

 Both the STE column and the ISF column demonstrated a higher potential rate of 

denitrification in comparison to the representative rate of denitrification.  Once again, 

DEA measurements are the potential rate of denitrification under optimal conditions and 

DNR measurements are the representative rate of denitrification under operational 

conditions present during measurement. 

 Denitrification was not limited to the upper zones of the soil profile.  In fact, higher 

potential and representative rates were established with increasing depth in the soil 

columns.  For the STE column, the effluent applied had nitrogen in the form of 

ammonium so nitrification was required prior to denitrification.  Both the DEA and DNR 

measurements of the STE column demonstrated a limited capacity for denitrification in 

the nitrification zone in the upper 30 cm of the column.  The ISF column received 

nitrified effluent, and as a result the potential rates of denitrification showed a greater 

consistency with depth.  

 The exact numerical values (mg N kg-1 hr-1) for all of the measured DEA and 

DNR rates are provided in Table 4-8 and Table 4-9.  
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Figure 4-17 STE column DEA results 
 
*results indicate that complete anoxic conditions may not have been fully established for a total 
of four DEA measurements in the STE column: 1A, 1B, 2A and 3A 
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Figure 4-18 STE column DNR results 
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Figure 4-19 ISF column DEA results 
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Figure 4-20 ISF column DNR results 
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Table 4-8 Measured potential rates of denitrification (DEA) 
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Table 4-9 Measured representative rates of denitrification (DNR)  
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Chapter 5 
 

Discussion 

5.1 Comparison of Measured Rates 

 In order to compare the denitrification rates measured during this experimental 

work to prior research, the denitrification rate units were converted from mg N kg-1 hr-1 

to mg N L-1 day-1.  The liter refers to a liter of total pore space.  For demonstration 

purposes, an example calculation is provided in Table 5-1.  Additional details of 

denitrification rate calculations are available in Appendix B. 

Table 5-1 Unit conversion for denitrification rate 
Assumptions: 

Measured denitrification rate = 4.0 x 10-4 mg N kg-1 hr-1 

Dry bulk density of soil = 1.56 g/cm3 

Total porosity = 0.42 v/v 

 

 

 

 

 The remainder of this thesis will use the units of mg N L-1 day-1 for discussing all 

denitrification rates.  Table 5-2 and  Figure 5-1 demonstrate the significant difference in 

the potential and representative denitrification rates measured for both columns.  The 

STE column demonstrated a higher potential and representative rate of denitrification 

than the ISF column.  Although statistically insignificant, the STE column also removed 

a higher percentage of total nitrogen (16%) than the ISF column (10%) based on 

average concentrations of effluent applied and percolate released.  The documentation 

of greater soil based nitrogen removal with primary septic tank effluent in comparison to 
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pretreated ISF effluent is consistent with conclusions based on field research 

documented in the literature (Gill et al. 2009). 

Table 5-2 Summary of measured rates of denitrification 

  

STE column 
DEA  

mg N L-1 day-1 

STE column 
DNR  

mg N L-1 day-1 

ISF column 
DEA  

mg N L-1 day-1 

ISF column 
DNR 

mg N L-1 day-1 

Average 0.037 0.0020 0.026 0 

Range 0.020 – 0.054 0.0011 – 0.0032 0.014 – 0.0590 N/A 

n 8 6 11 0 

S.E. 0.006 0.0003 0.003 N/A 

 

 

 Figure 5-1 Comparison of average denitrification rates  

 To provide a better framework for interpretation, the average DEA and DNR rates 

displayed in  Figure 5-1 have been superimposed on the cumulative frequency diagram 

(CFD) originally presented in section 2.9.  The CFD is comprised of 306 denitrification 

rates reported in the scientific literature (Tucholke 2007; McCray et al. 2010).  The 

range of values for the DEA and DNR rates measured in this research are circled and 

highlighted in Figure 5-2.  

 The denitrification rates measured in this research are clearly on the lower end of 

what has been reported in the literature.  Even during optimal conditions, simulated 
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during the DEA analysis, the rates recorded were equal to or lower than approximately 

ninety percent of the values reported in the CFD.  Based on the results from the 

nitrogen mass balance it is understood that the Seffner fine sand had a very low 

potential for denitrification.  The analysis of field collected Seffner soil revealed zero 

DEA potential and the operation of the columns for 10 weeks increased this to some 

degree 

 
Figure 5-2 CFD of denitrification rates reported in literature, the range of rates 
measured in this research at circled (Tucholke 2007; McCray et al. 2010) 

5.2 STUMOD Modeling 

 In order to fully understand the significance of a particular denitrification rate it is 

necessary to apply the rate in a meaningful matter.  STUMOD is an excel based model 

that accounts for dominant processes concerning nitrogen fate in soil treatment units.  

STUMOD was used to predict nitrogen removal in the STE column (Geza et al. 2009). 

The following input parameters were used for the first run of the model.  The results 

from the model simulation are provided in Figure 5-3. 

Table 5-3 Input parameters for STUMOD 
Soil type Sand 

HLR 2 cm/d 

Water table depth 90 cm 
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Treatment depth 60 cm 

Max Temp 25 C 

Min Temp 15 C 

Average Temp 20 C

NO3 of effluent applied 1 mg / L 

NH4 of effluent applied 40.7 mg / L 

Rate of denitrification 

(default) 

2.58 mg N L-1 d-1 

 

  

Figure 5-3 STUMOD output using default denitrification rate 

 STUMOD predicted that the concentration of nitrogen would be decreased from 

41.7 to 36.1 mg N L-1, a 13% reduction.  Although statistically insignificant, the mass 

balance of average total nitrogen values for the STE column showed a 16% decrease 

from 41.7 - 35.2 mg N L-1. 

 STUMOD uses a default rate of denitrification of 2.58 mg N L-1 d-1 for a sand soil. 

This rate is two orders of magnitude higher than the largest potential rate measured in 

the STE soil column.  An important function of the model is its ability to adjust the rate of 

denitrification based on dynamic characteristics in the soil treatment unit.  The default 

rate of 2.58 mg N- L-1d-1 can be adjusted according to how water filled porosity, 

temperature, organic carbon and the concentration of nitrogen change as a function of 
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depth.  As each of these parameters vary in response to operational conditions such as 

HLR, climate and water table depth, a factor between zero and one is automatically 

applied to the default denitrification rate.  In the conditions present during this model 

simulation, the adjusted rate varied from 2.11 to 0.38 mg N L-1 d-1 with an average value 

of 1.1 mg N L-1 d-1.  Figure 5-4 illustrates how STUMOD adjusted the rate of 

denitrification as a function of depth. 

 
Figure 5-4 STUMOD adjustment of default denitrification rate 

 The model simulated a high rate of denitrification in the top two cm and then a 

rapid decrease in the rate to a depth of approximately 40 cm.  From 40 – 60 cm the 

model predicted a steady rise in the effective denitrification rate.  This increase was in 

response to WFP levels rising above 40% at depths greater than 40 cm. 

 A second STUMOD simulation was run with the same input parameters depicted 

in Table 5-3, except that the default rate of denitrification (2.58 mg N L-1 d-1) was 

replaced with the highest measured rate of denitrification 0.037 mg N L-1 d-1.  The model 

prediction is presented in Figure 5-5. 

 Modifying the default rate of denitrification to the highest rate that was measured 

in this research resulted in a negligible removal of nitrogen in the soil treatment unit (0.1 

mg N L-1 was removed).  As previously discussed, STUMOD can adjust the rate of 

denitrification according to changes in water filled porosity, temperature, organic carbon 

and the concentration of nitrogen.  The value entered for the denitrification rate simply 

acts as a ceiling for the highest potential rate. The maximum measured rate of 0.037 mg 
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N L-1 d-1 was too small to result in marked nitrogen removal in the subsurface.  The 

STUMOD adjustment of the rate of denitrification is displayed in Figure 5-6. 

 

 
Figure 5-5 STUMOD output using measured rate of denitrification 

  

 
Figure 5-6 STUMOD adjustment of measured denitrification rate 

 Similar to the results from the first model simulation, STUMOD predicted the 

highest rates of denitrification in the upper two centimeters of the soil profile.  This depth 

of soil near the infiltrative surface is referred to as the biomat and is a very biologically 

active portion of the soil profile that is important from a hydraulic and purification 
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perspective (Beach et al. 2005; Tomaras et al. 2009; McKinley and Siegrist 2010).  

During column operation, the development of a biomat was limited to the column 

receiving septic tank effluent.  The dark colored biomat near the infiltrative surface of 

the STE column is documented in Figure 3-5.  This small region of the soil profile is 

recognized for having high levels of water saturation, organic matter, and a microbial 

density that may be important for denitrification.  The experimental work described in 

this thesis included denitrification rate measurements ranging from 9 – 60 cm depth 

below the infiltrative surface in the soil profile.  No denitrification rates were measured 

shallow enough in the soil profile to account for the processes occurring in the biomat. 

Figure 5-7 plots the results of the DEA measurements measured for the STE column as 

a function of depth.  

 

 

Figure 5-7 STE column DEA measurements as a function of depth 

Although the magnitude of the denitrification rates is different to STUMOD 

predictions, the relationship of increasing rates with depth is observed in both measured 

denitrification rate data and the rates predicted by STUMOD.  A future application of the 

methods presented in this thesis could be to measure denitrification rates in the biomat 

(the upper 2 cm of the soil profile).  STUMOD predicts that these rates would be higher 

than any other rates measured in the soil profile.  This aspect of the model could be 

evaluated in future investigations. 
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5.3 Increasing Nitrogen Removal in the Soil Columns 

 A relevant inquiry for engineers and soil scientists is a better understanding of 

what is limiting the rate of denitrification.  In both the STE and ISF columns the DEA 

results were orders of magnitude higher than the fundamentally negligible DNR results.  

In other words, the microbial community appears to be capable of higher nitrogen 

removal, but is limited by the conditions present in the STU.  Water filled porosity and 

organic carbon availability are two parameters that may have limited nitrogen removal in 

the soil columns. 

 At a hydraulic loading rate of 2 cm/d the average WFP of the columns ranged 

from approximately 30% to 70% and increased with depth.  Although small anoxic 

micro-sites are capable of denitrification within this entire range of saturation, marked 

rates are recognized as being limited when WFP is below 70%.  The measured rates 

exemplified this trend with higher rates recorded at greater depths (increased WFP) 

within the soil column.  

Although the effects of different hydraulic loading rates were not a focus of this 

research, it is hypothesized that a greater HLR would result in larger levels of 

denitrification through increased water filled porosity.  Previous work by Tillotson 

supports the conclusion that there is greater nitrogen removal at a HLR of 8 cm/d 

compared to 4 cm/d for domestic STE application (Tillotson 2009). 

 Research has demonstrated that biodegradable organic carbon is primarily 

removed within 30 cm of infiltrative surface (Rauch-Williams and Drewes 2006).  The 

data from this thesis demonstrated marked DOC removal in both soil columns.  

Additionally, the organic carbon concentrations of the source STE were below average 

values reported in the literature (Lowe et al. 2009).  Contrary to the trends of water 

saturation, bioavailable organic carbon is more available near the top of the soil 

columns and decreases with depth.  Organic carbon may have been an important 

limiting factor for denitrification in the soil columns. 

 One potential method for increasing the flux of organic carbon to a STU is to 

apply primary effluent as opposed to secondary effluent.  The STE in this study had 

average concentrations of COD and DOC that were 75 times and 2 times, respectively, 

higher that the average values recorded for the ISF effluent.  Dosing a soil treatment 
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unit with septic tank effluent at a high HLR may result in a more optimal organic carbon 

flux and increased water filled porosity in the soil profile.  Increasing these critical 

parameters may stimulate the microbial community and result in increased 

denitrification. 

5.4 Improving the Characterization of Denitrification in a STU 

 The unamended Florida soil that was used to pack the soil columns 

demonstrated no potential for denitrification when originally examined using the DEA 

methodology.  After applying two different quality effluents for ten weeks the soil 

developed a small potential for denitrification.  This suggests that it is possible to 

positively influence the potential for nitrogen removal in soil by applying wastewater 

effluent.  The methodology presented in this research could be used to quantify 

denitrification rates in a range of soil types and design conditions.  A database of 

denitrification rates specific to soil treatment units could play an important role in 

improving our understanding of nitrogen removal during wastewater reclamation using 

soil.  The influence of soil type, effluent quality, and HLR on nitrogen removal can be 

quantified in space and time by conducting denitrification rate measurements.  A more 

comprehensive conceptual model for nitrogen fate in soil treatment units may ultimately 

lay the foundation for optimized design and management. 

 Improved characterization of denitrification rates will also assist in computer 

modeling of nitrogen fate.  Numerous investigations have reported the sensitivity of 

nitrogen fate models to the input used for denitrification rates (Heatwole and McCray 

2007; McCray et al. 2010; Beggs et al. 2011).  The methods presented in this thesis 

represent one process that can be used to decrease the variability of denitrification 

rates reported in the literature.  By conducting representative and potential rate 

measurements it may be possible to narrow the range of denitrification rates that 

represent a soil treatment unit under defined conditions.  For example, the immense 

variability of rates displayed in Figure 5-2 could be limited to the bottom quartile rage of 

rates based on measurements conducted in this research.  
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Chapter 6 
 

Conclusions and Recommendations 
 

 The focus on this research was to develop, customize and implement a 

denitrification rate measurement methodology that is applicable to analysis of soil 

samples collected from soil treatment units used for onsite wastewater treatment.  This 

research was conducted on soil intended to be representative of a soil treatment unit in 

Central Florida.  In order to understand the operational conditions of the soil columns 

used in this work, the soil was physically characterized and both effluent and percolate 

for each soil column was analyzed for pH, alkalinity, COD, total nitrogen, ammonia, 

nitrate and dissolved organic carbon.  After 68 days of operation, the soil columns were 

carefully dissected and subject to denitrification rate measurements using denitrification 

enzyme activity and static core acetylene inhibition methods. 

6.1 Summary of Primary Findings 

• A mass balance of nitrogen was conducted prior to quantifying rates of 

denitrification.  There was not a statistically significant removal of nitrogen 

between the concentrations of nitrogen applied to the columns and the 

concentrations of nitrogen in the percolate. 

• After ten weeks of applying septic tank effluent or intermittent sand filter effluent 

at a HLR of 2 cm/d, the Seffner fine sand demonstrated low representative and 

potential rates of denitrification. The STE column had an average potential rate of 

0.037 mg N L-1 day-1 and the ISF column had an average potential rate of 0.026 

mg N L-1 day-1.  The STE and ISF columns had average representative rates 

measured at 0.0020 mg N L-1 day-1 and non-detect. 

• The computer model STUMOD predicted that the concentration of nitrogen would 

be decreased from 41.7 to 36.1 mg N L-1 in the STE column.  Although 

statistically insignificant, the mass balance of average total nitrogen values for 

the STE column demonstrated a decrease from 41.7 - 35.2 mg N L-1. 
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6.2 Conclusions 

 The conclusions presented are specific to soil columns operated for 10 weeks 

designed to be representative of a STU comprised of Seffner fine sand receiving either 

STE or ISF effluent at a HLR of 2 cm/day.  Based on the primary findings from this 

research, the following conclusions have been drawn. 

• The potential for nitrogen removal by denitrification in soil is influenced by the 

application wastewater effluent; as evidenced by the denitrification potential 

increase between native (unamended) soil and soil subject to ten weeks of 

effluent dosing.  

• The quality of effluent applied to a soil treatment unit may influence the capacity 

for nitrogen removal.  This research demonstrated lower potential and 

representative rates of denitrification in the soil column receiving pretreated 

nitrified effluent compared to the column receiving septic tank effluent. 

• Denitrification is not limited to the top 20 centimeters of the soil profile.  Although 

conditions for denitrification are typically more favorable higher in the soil profile, 

the operational characteristics of a STU are unique.   Potential denitrification 

rates were documented at the lowest measured depth within both columns (59 - 

60 cm below the infiltrative surface).  Representative denitrification rates were 

documented at the same depth in the STE column.  

• It is hypothesized that water filled porosity and organic carbon availability were 

the two most important factors limiting denitrification in the soil columns.  

Increasing the hydraulic loading rate of primary treated effluent may stimulate the 

microbial community resulting in greater rates of denitrification. 

6.3 Recommendations for Future Work 

• The duration of effluent application for this research was limited to ten weeks.  

Denitrification rates should be quantified after effluent dosing for longer time 

periods to determine how rates may change as a function of time. 

• Future investigations should document denitrification rates in the biomat (the 

upper 2 cm of the soil profile).  Simulations using the nitrogen fate model 
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STUMOD indicate that the highest rates of denitrification may be documented at 

this depth. 

• A soil sample for future molecular sequencing was removed less than one 

centimeter above the location of each of the twenty-four DEA samples.  These 

molecular samples should be analyzed for the functional genes responsible for 

denitrification.  More detailed information is provided in Appendix C. 

• The methodology presented should be repeated using a soil with a higher 

capacity for denitrification, such as a clay loam.  The rates established were 

based on minor increases of nitrous oxide.   A soil with a higher potential would 

provide results with greater contrasts to improve the confidence in established 

trends. 

• This methodology should be tested at the field scale.  Combining the results of a 

nitrogen mass balance with measurement of potential and representative 

denitrification rates will greatly increase the state of knowledge regarding 

nitrogen fate in soil treatment units. 
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APPENDIX A 
 

VAN GENUCHTEN PARAMETERS 
 

 The Tempe cell apparatus used for this reserach was constructed of metal sides, 

an acrylic top that fastens on with bolts, and a ceramic plate bottom.  A ceramic plate 

was used to permit the flow of water out of the tempe cell and restrict the flow of air.  

Prior to attaching the ceramic plate to the bottom of the Tempe cell it was saturated in 

DI water overnight and placed in a container subject to a vacuum (Welch Duo Seal 

Model 1400) for two hours.  This ensured that no air pockets were present in the 

ceramic disk.  The Tempe cell was packed using DI water and a pre measured mass of 

dry Florida soil.  The cell was packed by placing DI water in the cell and iteratively 

adding dry sand.  As sand was added the sides of the cell were rapped in order to 

release the water over the sides and create more room for soil.  This procedure resulted 

in an approximate dry bulk density of 1.9 g / cm3, as some soil is released with the DI 

water during packing.  Once the desired amount of soil has been added to the cell, the 

plastic top was screwed on. To start the experiment the Tempe cell was placed at the 

same elevation as the device that allows water to be released from the cell.  Over time, 

the water-releasing device was lowered in 2.5 cm increments.  As the water-releasing 

device was lowered, the suction force on the Tempe cell was increased.  The volume of 

water released at each increased level of suction was recorded.  Results are displayed 

in Figure A-1. 

 
Figure A-1 Measured water retention curve 

θ
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 The van Genuchten relationship, an empirical mathematical formula, is 

commonly used to correlate capillary force and water content. The van Genuchten 

equation is presented in (A-1 

  

 
(A-1) 

 

 

θ - Volumetric water content 

θs - Volumetric water content at saturation 

θr  - Irreducible minimum water content 

hc - Matric potential 

 Empirical parameter 

m - Empirical parameter 

n - Empirical parameter 
 

 

  

 The van Genuchten equation was applied to the raw data and a representative fit 

was identified with an alpha value of 0.016 and a n value of 9.  The parameters for this 

fit are provided in Table A-1 and a graph of the van Genuchten prediction is displayed in 

Figure A-2. 

Table A-1 van Genuchten parameters 
n 9 

m 0.889 

θr 0.079 

θs 0.275 

θs - θr 0.217 

 0.016 
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Figure A-2 van Genuchten prediction of water retention curve 

 

  

θ
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APPENDIX B 
 

CALCULATION OF DENITRIFICATION RATES 
 

 An example calculation is provided to demonstrate the conversion of ppm(v) N2O 

to a rate of denitrification in mg N kg-1  dry soil day-1.  The example is specific to DEA 

however; the principle is the same for DNR. 

 

1) Correct for removing the 15 mL gas sample and replacing it with 15 mL of pure 
N2 gas that has zero nitrous oxide.  This is done by determining what percentage of 

atmosphere inside the bottle is removed when the 15 mL sample volume is extracted.  

For this example, assume a volume of 12%.  Iteratively add twelve percent of the 

previously measured concentration to the next concentration. 

 

 

Second concentration measured + 

(0.12 * First concentration measured)  

 

Iteratively add this difference to each concentration 

 (1) 

 

2) Determine the increase of N2O concentration for each measurement.  The 

concentration of the background sample is subtracted from each measurement for that 

specific incubation.  This expresses the results as the increase, above background, of 

N2O. 

 

 

0.15 ppm(v) – 0.10 ppm(v) = 0.05 ppm(v) for one time increment 
(2) 

 

3) Convert the change in ppm(v) into an exact volume of N2O present in the 
incubation jar.  This is done by multiplying the ppm(v) concentration by the effective 

volume (L) in the DEA bottle.  The effective volume of the jar takes into consideration 

the volume occupied by the soil and the DEA solution. 
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0.05 ppm(v) = 0.05 μL/L * 0.12063 L effective volume  =  

 

0.0060315 μL of N2O 

(3) 

 

4) Use the ideal gas law to convert from a known volume of N2O into a molar 
quantity.  Use the pressure and temperature of the lab where the GC work is done.  

Although the ppm(v) concentration may change between Colorado and California the 

mass of nitrogen is equal when pressure and temperature are accounted for.   

 

 

Ideal gas law: PV = nRT 

 

n = PV/RT 

 

 

n = 2.5 X 10-10 mol N2O 

(4) 

 

5) Express the molar quantity as mg N  
 

 

 

 

  

(5) 

 

6) Account for the N2O that is dissolved into solution.  This conversion is based on 

Henry’s law and is conducted according to the reference paper ‘Correction for dissolved 

nitrous oxide in nitrogen studies’ (Moraghan and Buresh 1977) 
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7) Normalize the mass of N to the mass (kg) of dry soil that was present in the 
DEA bottle 

 

 

(7) 

 

8) Plot the increase in mg N kg-1 versus the time of the incubation.  Fit a linear 
regression and the slope of the line is your rate of denitrification. 

 

 = mg of dissolved N2O in solution 

 = solubility of N20 = 0.169 (vol N20/vol H20) at 20  C and 0.25 water 

volume : atmosphere volume in the DEA bottle 

x = mg of N2O in flask atmosphere 

 

 

 

  mg N dissolved in pore water 

 

Total amount of N2O =  

 

  mg N in gas phase  

 

+ mg N dissolved in pore water 

 

 total mg N 

(6) 
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Converting to STUMOD units 

 

The computer model STUMOD uses denitrification rates with unique units.  The units 

used in the model are mg N L-1 day-1.  The liter refers to the total volume of pore space. 

 

 

 

L = liter of total pore space 

(1) 

 

 

 

 

 

(2) 
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APPENDIX C 
 

MOLECULAR SAMPLES 
 

 On December 11th, 2012 a total of twenty-four molecular samples were removed 

from the STE and the ISF soil columns.  The soil samples were removed using a sterile 

metal spatula and placed into sterile 3 mL clear plastic conicles.  Between each sample 

the spatula was sterilized by dipping it into ethyl alcohol and burning off the alcohol with 

a flame.  The molecular samples were isolated from approximately one centimeter 

above each DEA sample.  The labeling on the vials corresponds to the location of the 

DEA sample, details on exact locations are provided in Figure 3-8.  The molecular 

samples are located in the cryogenic freezer in John Spear’s lab in the geology 

museum building on the Colorado School of Mines campus.  These samples should be 

run for the presence of nir S and noz Z enzymes and the dataset should be compared 

with rates of denitrification recorded in this work.   
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APPENDIX D 
 

URINE SEPARATION 
 

 The desire to accurately quantify and predict an environment’s potential for 

denitrification is based on the premise that anthropogenic activities are contributing an 

excess of biologically available nitrogen.   

There is a mounting concern about the adverse effects of nutrient loading on 

watersheds throughout the world.  An EPA nutrient innovation task group recently 

summarized the issue as follows. “In terms of growing drinking water impacts, 

expanding impairment of inland waters, and compromised coastal estuaries, nitrogen 

and phosphorus pollution has the potential to become one of the costliest, most difficult 

environmental problems we face in the 21st century” (Boesch 1999).  In concert, the 

United States of America faces a looming urban water infrastructure crisis.  A 2011 

report by the American Society of Civil Engineers highlights a drastic lack of investment 

in rehabilitating aging infrastructure (ASCE 2011)  . Arguably, there has never been a 

greater demand for innovative 21st century water solutions.  Source separation is one 

solution that has the potential to beneficially transform our industry.  

 Wastewater is typically viewed as a combined flow containing contaminants from 

many unique sources. Table D-1 presents an analysis of nutrient and pathogen levels 

from domestic wastewater sources (Otterpohl et al. 2003; Siegrist 2012). 

Table D-1 Nutrient levels in individual components of wastewater (Otterpohl et al. 2003; 
Siegrist 2012) 

 
 

Parameter Units Total Graywater 
Blackwater 

Urine Faeces 

Flow % 
kL 

100% 
24 - 100 

99% 
24 - 100 

<1% 
0.5 

<<1% 
0.05 

Nitrogen Kg-N 4.5 3% 87% 10% 

Phosphorus Kg-P 0.75 10% 50% 40% 

Potassium Kg-K 1.4 23% 60% 17% 

Pathogens - Significant Limited Limited Significant 
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 As demonstrated in Table D-1, the majority of nitrogen in domestic wastewater is 

contained in urine.  Urine represents less than one percent of the combined wastewater 

flow.  Isolating urine out of the combined waste stream provides an opportunity for more 

efficient water treatment and potential reuse of valuable nutrients.  

 Urine separating toilets allow the diversion of a waste source that is rich in 

nutrients and low in pathogens.  The average human produces approximately 1.5 L of 

urine a day (Vinnerås 2002).  If properly designed and managed human urine can be 

used as a fertilizer.  Figure K-1 shows a traditional urine separating toilet.  The toilet has 

two basins, the front basin is designed to collect the urine and the back basin is 

designed to collect feces. 

 

 

Figure D-1 Urine seprating toilet (Rhapsody)  

 Source separation of urine allows for treatment and reuse design options that 

view urine as a resource.  Urine can be collected and stored in the same building where 

it is separated.  Nitrogen in urine is then rapidly converted from its organic form urea to 

inorganic ammonium.  Ammonification results in a marked pH decrease that is toxic 

towards many of the microorganisms present in the urine.  Simply diverting urine and 

providing storage on the time scale of months can be sufficient to reduce pathogen 

concentrations to levels acceptable for reuse (Vinnerås 2002).  
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 The GIZ building in the urban area of Eschborn, Germany has an innovative 

wastewater collection system that utilizes many state of the art technologies including 

urine separation (Winker and Saadoun 2011).  In 2005, the building was equipped with 

38 urine diversion flush toilets.  Separated urine is collected and stored in four 

polyethylene tanks with a total volume of 10 m3 (2,632 gallons).  It takes approximately 

three months for the urine tanks to fill and excess flow can be diverted to the municipal 

sewer line.  The only treatment of the urine is storage in the polyethylene tanks.  After 

storage and treatment the urine is used as a fertilizer.  The urine is applied directly to a 

research agricultural field that grows wheat, filed beans and miscanthus (a perennial 

grass).  Operators of the system are currently working with regulators to obtain a permit 

to apply the urine as a fertilizer on local agricultural fields (Winker and Saadoun 2011). 

 The National Academy of Engineering has identified thirteen ‘grand challenges’ 

of engineering.  Restore and improve urban infrastructure and manage the nitrogen 

cycle are two of the grand challenges.  Urine separation is a simple process that can 

make significant improvements in the quest to solve some of the most pressing 

engineering challenges of the 21st century. 
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APPENDIX E 
 

SUPPLEMENTAL ELECTRONIC FILES 
 

 All of the data collected as part of this research is included in supplemental 

electronic files. 

 

Name of File Brief Description 

FL soil grain size 

analysis.xlxs 

Data that was collected during the grain 

size analysis conducted on the Seffner fine 

sand obtained form Florida. 

ISF grain size 

analysis.xlxs 

Data that was collected during the grain 

size analysis conducted on the coarse sand 

used in the intermittent sand filters. 

DEA method.pdf 

Additional details are provided regarding 

conducting DEA analysis.  This may be a 

useful reference if there is a desire to 

repeat the method. 

DNR method.pdf 

Additional details are provided regarding 

conducting DNR analysis.  This may be a 

useful reference if there is a desire to 

repeat the method. 

Mass balance data.xlxs 
Data collected for effluent and percolate 

water quality analysis.  

Denitrification rate / 

saturation data.xlxs 

Data and calculations used to report 

denitrification rates and water filled 

porosities.  

 


