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ABSTRACT 

Nitrogen transformations were studied in 1-meter soil columns fed with primary, 

secondary, or nitrified-secondary effluents. The columns were packed with sand or sandy 

loam and operated on 7-day wet, 7-day dry cycles. Cumulative total nitrogen (TN) 

removals during application of secondary effluent or ozonated secondary effluent were 

5% for sand and 38% for sandy loam columns. Significant TN removals were achieved 

using primary/nitrified-secondary effluent blends. Cumulative TN removal was 44% for 

three cycles of operation using a 50/50 blend of primary and nitrified-secondary effluent 

in sand. In a sandy loam column, cumulative TN removals were 32%, 54%, and 72% for 

primary/nitrified-secondary blend ratios of 25/75, 35/65 and 50/50, respectively. 

Assuming a mechanism of denitrification, the supply of carbon was estimated to be less 

than a third of what would be required to account for observed TN removals during 

application of primary/nitrified-secondary blends, suggesting the need to consider other 

possible nitrogen removal mechanisms. 
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1 INTRODUCTION 

Treated municipal wastewater 1s increasingly viewed as a valuable resource, 

especially in the semi-arid southwestern United States, where increased demand for water 

places a strain on already limited water supplies. Soil aquifer treatment (SAT) and 

underground storage of treated wastewater can be economical alternatives to 

above-ground treatment and storage, provided sufficient land and favorable subsurface 

conditions are present. In the Southwest, secondary or higher quality effluent is 

frequently recharged in shallow surface infiltration basins. Previous studies have shown 

that SAT treatment of primary effluent can be more effective than secondary treatment 

(Lance et al., 1980, and Rice and Bouwer, 1984). Recharge of primary effluent may be 

an attractive option for cash-strapped countries that cannot afford to construct and 

maintain secondary or more advanced wastewater treatment systems. 

A clogging layer ( or "schmutzdecke") composed of biological slime and accreted 

organic material and suspended solids commonly develops on the floor of a recharge 

basin over several days of effluent application. The recharge basins are operated on 

alternating wet-dry cycles. The dry phase of the cycle breaks down the clogging layer at 

the soil surface through the action of sun, wind, and aerobic bacteria, and helps to 

rejuvenate infiltration rates in the basins. Recharged water can be stored in the aquifer 

for eventual use at times of high water demand. In Tucson, Arizona, for example, 

recharged water (- 5000 AF/year) is pumped to the surface, chlorinated, and delivered to 

customers such as golf courses, schools, and parks. 
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While nitrate is a beneficial nutrient for turf irrigation, nitrate concentrations in the 

aquifer are of concern from a public health standpoint. Excessive levels of nitrate in 

drinking water may cause methemoglobinemia ( also known as cyanosis or "blue baby 

syndrome") in infants, a dangerous condition in which oxygen supply to the blood is 

restricted, causing a blue tinge to the skin (Comly, 1945). The Federal Drinking Water 

Standard and the Arizona Aquifer Water Quality Standard are both set at 10 mg/1 of 

nitrate as nitrogen. Total nitrogen (TN) concentrations in typical secondary 

effluents range from 15 - 35 mg/1, making nitrogen removal during soil aquifer treatment 

an essential aspect of recharge operations designed for wastewater reclamation. 

1.1 Conventions and nomenclature. 

Throughout this document, nitrogen "removal" is defined as: nitrogen mass in -

nitrogen mass out. For example, total nitrogen (TN) removal is calculated as the TN 

mass entering a column minus the TN mass exiting the column. Ammonia-N removal is 

calculated as the ammonia-N mass entering a column minus the ammonia-N mass exiting 

the column. The sum ofN03--N and N02--N is abbreviated as NOxN. NOxN removal is 

calculated as the NOxN mass -entering a column minus the NOxN mass exiting the 

column. 

1.2 Research Objectives 

The research objectives of this study were to: 

• Characterize nitrogen transformations during simulation of recharge of effluent in 

sand and sandy loam soils. 
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• Evaluate the extent of nitrogen removal through I-meter soil columns .. 

• If possible, maximize nitrogen removal. 

• Identify and evaluate mechanisms for nitrogen removal 
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2 BACKGROUND 

Nitrogen is present as organic, inorganic, and elemental nitrogen in SAT systems. 

Nitrogen is distributed in wastewater as organic nitrogen ( oxidation state minus 3), 

ammonia (minus 3), nitrite (plus 3), and nitrate (plus 5). Ammonia is released by 

deamination of nitrogenous organic compounds during bacterial decomposition 

(ammonification). Ammonia may be sorbed or biologically oxidized to nitrite and nitrate 

(nitrification) during SAT. Under aerobic conditions, ammonia oxidation to nitrite and 

nitrate occurs more rapidly than ammonification. Nitrite is quickly oxidized to nitrate 

and rarely accumulates. Under anaerobic or oxygen limited conditions, nitrate and nitrite 

are converted by denitrifying bacteria to N20 or N2 gas. Under anoxic conditions, nitrate 

may also be biologically reduced to ammonia ( dissimilatory nitrate reduction to 

ammonia, DNRA), a process which, in contrast to denitrification, effectively conserves 

rather than removes available nitrogen in the system. However, ammonia appears to 

dissipate rapidly with depth at effluent recharge sites (probably due to sorption), reaching 

virtually undetectable concentrations at 5 feet below land surface (BLS) (Hafer, et al, 

1999). · Experimental and theoretical observations suggest that denitrification is favored 

over DNRA in carbon-limited environments (Tiedje et al. (1982), Smith and Duff, 1988, 

and Korom, 1992). For the effluents used in this study, carbon was found to limit 

denitrification reactions (Section 5.2). For these reasons, DNRA was not considered to 

be an important mechanism in terms of overall nitrogen removal in this study. 
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Nitrification may be represented as a two-step process mediated by two groups of 

chemo-autotrophic bacteria: 

Ni trosomonas 2N02- + 4H+ + 2H20 + energy ( 1) 
Nitrobacter 

2N03 + energy ( 2) 

--Barnes and Bliss (1983) 

A simplified representation of denitrification using a natural carbon source may be 

written as: 

4(CH20) + 4N03- + 4H+ 

5(CH20) + 4N03- + 4H+ 

---•-- 4C02 + 2N20 + 6H20 

., 5C02 + 2N2 + 7H20 

( 3) 

(4) 

--Burford and Bremner (1975) 

Equations ( 3 ) and ( 4 ) assume that the oxidation state of carbon in natural organic 

matter is zero. Since natural organic matter may be composed of a number of organic 

compounds having various oxidation states, this assumption introduces a possible source 

of error when using the equation to predict carbon requirements for denitrification. 

In reviewing the basic requirements for denitrification, it is apparent that, in addition 

to lowered oxygen tensions and a sufficient supply of a suitable electron donor, nitrogen 

must be available in the NOx (i.e. N03 - or N02-) forms. Unfortunately, less than 1 % of 

the nitrogen in typical primary or secondary effluent is NOx N (Figure 2.1 ). However, 

nitrification of ammonia to N03 - is facilitated by the alternating flooding and drying 

sequences commonly employed in SAT treatment systems (Section 2.2). 
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Figure 2.1, Nitrogen speciation in typical municipal effluent - Source: Barnes 
and Bliss (1983, p.9) 

2.1 Comparison of Nitrogen Removal at various field sites 

25 

Nitrogen removals and site characteristics of four surface recharge sites receiving 

secondary or higher quality effluent are compared in Table 2.1. Three of the four sites 

are located in Arizona. The remaining site is located in Israel. The Sweetwater site in 

Tucson, Arizona, is listed twice because the effluent type recharged and nitrogen removal 

rates have changed over time. 
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Table 2.1, Comparison of nitrogen removal at various field sites. 

Site Soil Type Effluent Type Cycle Time Nitrogen 
Removal 

23rct Ave. Surface: 66% Secondary effluent 2 wks flooding 69% 
Phoenix, AZ loamy sand, 16 mg/I NH3-N 2 wks drying 

34% coarse 2 mg/I Org. N 
sand with 10 .2 mg/I TOC 
gravel. Below 
O.Sm: sand and 
gravel layers 

Flushing Top 3 feet: Secondary effluent Short: 5-10 days Short flooding 
Meadows loamy sand, 30 mg/I NH3-N flooding periods, 0% 
Phoenix, AZ low clay 0-1 mg/I N03-N 2-4 days drying 

content 1-6 mg/I Org. N Long: several wks Long Flooding 
Underlying 10-30 mg/I TOC each periods, 30% 
material: sand 
and gravel 
layers, low 
clay content 

Dan Region Surface: Nitrified- 1 day flooding 45% 
Israel uniform fine denitrified 2 to 3 days drying 

sand Aquifer: 7.5 mg/I NH3-N 
calcareous 3 mg/I N03-N 
sandstone with 4 mg/I Org. N 
silt and clay 18 mg/I DOC 
layers 

Sweetwater Sands and Tertiary Range from 25-36% 
Underground gravel overlain 9 mg/I NH3-N 5 days wet (1992) 
Storage and by alluvium 4.5 mg/I N03-N 7 days dry to 
Recovery material 6.7 mg/I Org. N 2 days wet 
Facility containing 4 days dry 
Tucson, AZ discontinuous Cycle length limited 

clay layers - determined by 
water availability and 
algae growth 

Sweetwater (see above) Secondary effluent Average wet/ dry ratio 74% 
Recharge 14.7 mg/I NH3-N of 6 days wet/ (1996) 
Facilities 1.2 mg/I N03-N 7 days dry Nitrogen 
Tucson, AZ 1.0 mg/I N02-N Wet cycle longer in removal at 

4.8 mg/1 Org. N 1996 than 1992 Sweetwater has 
8 - 15 mg/I DOC because of decline in increased over 

infiltration rates. time. 
Took more time for 
water to infiltrate 
after flooding. 

Revised from Arnold and Quanrud, 1998. Sources: Bouwer et al. (1984), Diab et al. (1988), Ward (1993), 
and Light et al., 1997. 
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Flushing Meadows was a research project located in the bed of the Salt River, west 

of Phoenix. Secondary effluent was recharged in six basins beginning in September 

1967. Wet/dry cycling of the basins ranged from 2 days to several weeks of flooding and 

5 days to several weeks of drying. The Flushing Meadows Project was followed in 1975 

by a larger scale project to treat secondary effluent at the 23rd A venue Wastewater 

Treatment Plant (WWTP) in Phoenix. The project consisted of four, 4-ha rapid 

infiltration basins that were operated on schedules of 2 weeks of flooding followed by 2 

weeks of drying. 

The Sweetwater Underground Storage and Recovery Facility was originally a 

fourteen acre recharge facility comprised of four recharge basins on the west bank of the 

Santa Cruz River in Tucson. After a period of pilot testing, the full-scale facility began 

operation in 1989. In 1997, an additional 14 acres of recharge basins and a 1 7 acre 

constructed wetland were added on the East bank of the Santa Cruz River. The combined 

facilities are referred to as the Sweetwater Recharge Facilities. The length of the wetting 

and drying cycles at Sweetwater is varied in response to algal growth and seasonal 

conditions. The ratio of wet/dry days increased from approximately 0.5 in 1992 to 0.9 in 

1996. The length of the wet period increased due to a decline in average infiltration rates 

(2 ft/day in 1991 -1992 to approximately 1.2 ft/day in 1996). 

The Dan Region Wastewater Reclamation Project began operation in 1987 and treats 

nitrified-denitrified-secondary effluent in two large recharge basins totaling 42 ha. The 

two large basins are divided into 1.5 - 2.0 ha sub-basins. Recharge cycles were operated 

on a schedule of one day of flooding followed by two to three days of drying. 
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Total nitrogen removal at the four projects varied from 25 to 74%. By alternating 

flooding and drying periods, conditions in the clogging layer and upper soil profile were 

cycled between anaerobic and aerobic conditions. As m an above ground 

nitrification/denitrification treatment train, cycling between aerobic and anaerobic 

environments is essential for nitrogen removal. Ammonia-N, which is the predominant 

nitrogen species in secondary effluent, must first be nitrified in an aerobic environment 

before it can be denitrified in an anaerobic environment. 

The length of the wetting and drying periods may also play a role in the effectiveness 

of nitrogen removal in SAT systems, depending on site specific geo-hydrologic 

conditions. At the Flushing Meadows recharge project, Bouwer et al. (1984) observed 

that when the wetting period was shortened to two days wet alternating with four days 

dry, large nitrate peaks were detected in monitoring wells at the site. He determined that 

the four-day drying period was sufficient to nitrify most of the ammonia, which had 

sorbed during the wet cycle. However, it appeared that the short two day wetting period 

was insufficient to establish the denitrifying conditions necessary for nitrogen removal. 

The data collected from the Dan Region Reclamation site indicate that nitrogen removal 

was 45% despite operating the basins on a schedule of only one day wet followed by two 

to three days dry. Apparently silt and clay lenses in the subsurface at the site provided 

opportunities for denitrification in local anaerobic zones. There is evidence that semi

perched conditions and discontinuous subsurface clay layers at the Sweetwater site in 

Tucson also provide favorable conditions for denitrification and nitrogen removal 

(Wilson et al., 1995). 
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Depthwise trends in nitrate concentrations and boron isotopic data collected from 

shallow and deep wells at Sweetwater suggest that ambient high-nitrate regional 

groundwater beneath the facility is gradually being replaced from above by the recharge 

of low-nitrate SAT renovated effluent. Total nitrogen (TN) removal at the Sweetwater 

Recharge Facilities has increased over time (Light et al., 1997). Virtually all of the 

nitrogen in groundwater in the area is in the form of nitrate-N. Ammonia-N disappears 

within the upper five feet of soil, presumably due to sorption or transformation to nitrate 

(Hafer et al., 1999, Amy et al. 1993). The Sweetwater site was intentionally located in 

an area that had high ambient concentrations of nitrate-N in groundwater due to historical 

land uses including effluent-irrigation and wastewater treatment. The average nitrate-N 

concentration in shallow monitor wells beneath or adjacent to the facility declined from a 

pre-recharge level of 14.8 mg/I in 1986 to 5.3 mg/I in 1996. The TN removal rate during 

SAT at the Sweetwater Underground Storage and Recovery Facility increased from 30-

33% in 1991 and 1992 to 74% in 1996. As shown in Figure 2.2, nitrate-N concentrations 

in groundwater near the facility show an increasing trend with depth. The screened 

intervals of both the deep ("EW" series) and shallow ("WR" series) wells plotted in 

Figure 2.2 extend from the bottom of the screened interval (shown) up to the top of the 

regional water table, which is approximately 120 feet BLS. 
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Results for the stable boron isotope parameter 811 B also show an increasing trend 

with well depth for deep and shallow wells at the Sweetwater site (Figure 2.3). The 811 B 

boron isotope parameter is calculated as: 

11 . tl lB/lOB) (1 lB/lOB) X 1000 8 B (per mil)=\ sample - std. 

( 11B/10B) std. 

The boron standard ratio (11B/0B)std. is measured from National Bureau of Standards, 

Standard Reference Material No. 951 (Leenhouts et al., 1998). The 811 B parameter has 

been measured for secondary effluent at 4-5 per mil for samples collected in 1997 

(Arnold et al., 1997) and 2.2 per mil for a sample collected in 1993 (Leenhouts, et al., 

1998). The 811 B parameter increases from values close to that of secondary effluent at 

shallow depths to higher values (~12 per mil) at greater depths (Figure 2.3). Two 

monitor wells (WR-198A and WR-092A) south (and upgradient) of the Sweetwater 

facility have higher 811 B values (28 - 30 per mil) than monitor wells adjacent to the 

facility. Monitor well ML-002A, located west of Sweetwater, has a 811 B value of 16 per 

mil (Arnold et al., 1997). The high 811 B values south and west of Sweetwater are 

assumed to be representative of pre-recharge background levels in the area. The 

depthwise increase in 811 B value and nitrate values at Sweetwater is consistent with the 

gradual replacement of ambient high-nitrate regional groundwater beneath the facility by 

low-nitrate SAT renovated effluent over time. 
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Figure 2.2, Relationship between depth of wells at the Sweetwater Recharge 
Facilities and the nitrate-N concentrations of samples collected from the wells, 
April, 1997. The depth to the bottom of a well' s screened interval in feet 
below land surface (fbls) is shown on the y-axis. Nitrate-N concentration 
(mg/1) is shown on the x-axis. The top of the screened interval for all of the 
wells is close to or above the water table, which is approximately 120 fbls. 
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Figure 2.3, Relationship between depth of wells at the Sweetwater Recharge 
Facilities and the stable boron isotope signature of samples collected from the 
wells (Arnold et al., 1997). The depth to the bottom of a well's screened 
interval in feet below land surface (fbls) is shown on the y-axis. The 811B 
parameter is shown on the x-axis. 
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2.2 Nitrate Flush Observed in Field Studies 

Previous field studies of artificial recharge in shallow surface spreading basins 

(Bouwer, 1991, and Wilson, et al., 1995) have noted a transient pulse of high nitrate 

concentrations in the vadose zone soon after the beginning of wetting periods. Wilson, et 

al. (1995) measured N03- -N concentrations as high as 170 mg/1 at a depth of 10 feet 

below the bottom of a recharge basin in which tertiary effluent was being recharged. 

Hafer et al. (1999) documented NOxN concentrations of 350 mg/1 in pore water at a depth 

of 2.5 ft and 575 mg/1 at a depth of 1 foot below the surface of a secondary effluent 

recharge basin at the Sweetwater Recharge Facilities in Tucson, AZ, 

Bouwer (1991), Wilson et al., (1995) and others outlined the mechanisms 

responsible for the nitrate flush according to the following sequence: 

1) adsorption of NH4 + to cation exchange sites during a wetting period; 

2) nitrification of adsorbed NH4 + made possible by entry of oxygen into the soil 
column during the drying period; 

3) flushing of highly mobile N03 from soil at the beginning of the next wetting 
period. 

2.3 Nitrogen Removal in Previous Soil Column Studies 

2.3 .1 Soil columns flooded with secondary effluent. 

Lance and Whisler (1972) studied 2-meter soil columns packed with loamy sand 

collected from recharge basins near the Salt River bed in Phoenix, Arizona. The columns 
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were treated with secondary effluent with an average TN content of 26.5 mg/1, distributed 

as 1 mg/1 organic-N, 25 mg/1 ammonia-N, and 0.5 mg/1 nitrate-N. The columns were 

operated under five different wet/dry cycle regimes to examine the relationship between 

nitrogen removal and flooding time. Wet periods of 2, 9, 16, and 23 days were followed 

by 5-day drying periods during the study. The columns were also run for an extended 

120-day period to examine the effects of continuous flooding. Two-day wet periods 

resulted in almost complete nitrification of the nitrogen entering a column, but with no 

net nitrogen removal. For flooding cycles of 9-23 days, the net nitrogen removal was 

30%. For continuous flooding, nitrogen removal was highest for the first 2 to 20 days, 

but declined sharply from 20 to 35 days, and ceased completely after 80 days. Nitrate 

flushes were observed at the beginning of flooding periods. Half of the nitrogen leaving 

the column over the wet period was concentrated in the nitrate flush. Lance and Whisler 

(1972) hypothesized that flooding and drying cycles were necessary for consistent 

nitrogen removal because ammonia could be held in the soil column by sorption during 

the wet cycle, and nitrified during the dry cycle. While this mechanism resulted in the 

release of a concentrated nitrate flush at the beginning of flooding, they believed that 

nitrification of ammonia within the column also created opportunities for denitrification. 

Lance et al. (1978) conducted a second study using the same columns to study the 

effect of plant growth on nitrogen removal during soil-aquifer treatment. Six columns 

were exposed to sunlight, with Common Bermuda grass planted in three of the six 

columns. The bermuda grass in the vegetated columns was clipped during drying 

periods. Nitrogen removal from secondary effluent in the non-vegetated columns 
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averaged 28.5 % as compared to 48.1 % in vegetated columns. The disparity in the 

removal rates was attributed to nitrogen uptake by plants. 

2.3.2 Soil columns flooded with primary effluent. 

Lance et al. (1980) studied nitrogen removal using primary effluent applied to the 

same columns and soils described in Section 2.3.1. Six columns were exposed to 

sunlight and three were planted with Common Bermuda grass. Two control columns 

were not exposed to sunlight. Of the columns exposed to sunlight, nitrogen removal 

averaged 45.6% for non-vegetated columns and 81.8% for vegetated columns. The 

higher nitrogen removals for primary vs. secondary effluent were attributed to the higher 

organic carbon content of primary effluent. 

2.3.3 Stimulation of denitrification in soil columns by adding organic carbon. 

Lance and Whisler (1976) added organic amendments to 2-m soil columns treated 

with secondary effluent in an effort to stimulate denitrification. Although the precise 

distribution of nitrogen species in the secondary effluent used as column influent was not 

specified, it was noted that most of the nitrogen was in the ammonia-N form. The 

columns were packed with soil collected at the Flushing Meadows rapid infiltration 

basins in Phoenix, Arizona. The soil was described as a loamy sand, comprised of 89 

percent sand, 8 percent silt, and 3 percent clay. The columns were operated on a 

schedule of 9 days wet and 5 days dry. Methanol and dextrose were used as organic 

carbon sources. Trials were run adding organic carbon in concentrations of 0, 50, 150, 

and 200 mg/1 C. 
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Addition of methanol was not effective at increasing nitrogen removal. Addition of 

150 mg/1 methanol resulted in a total nitrogen removal of only 12%. The authors 

believed that the 12% removal may have been largely due to uptake of nitrogen in 

microbial biomass. While other studies had demonstrated effective nitrogen removal 

through addition of methanol to continuously flooded columns, Lance and Whisler 

speculated that the alternating flooding and drying periods may have interrupted the 

acclimation of bacteria and inhibited their effectiveness to convert methanol. This 

speculation was based on data gathered by McCarty et al. (1969) which showed that 

denitrification was delayed by five days following the beginning of batch experiments 

using methanol, and that nitrite accumulated for several days prior to complete 

denitrification. 

On the other hand, nitrogen removal increased from 30 to 90 percent when the 

organic carbon content of the secondary effluent was increased to 150 mg/1 via dextrose 

addition. This demonstrated that nitrogen removal during recharge of secondary effluent 

is limited by carbon availability. Addition of dextrose also resulted in increased clogging 

and a reduction in infiltration rates by 22-38%. As a result, ammonia-N comprised a 

much more significant fraction of total nitrogen in column effluent, increasing from cycle 

to cycle. Inefficient nitrification was due to relatively poor reaeration of the columns 

during the 5-day dry periods. 
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3 METHODS AND MATERIALS 

3.1 General 

To answer the research objectives, a series of experiments using I-meter long by 3 

inch diameter soil columns were conducted at the University of Arizona. Independent 

and dependent experimental variables are listed in Table 3.1. Samples taken from the 

influent and effluent of the columns were analyzed for ammonia-N, NOxN, dissolved 

organic carbon (DOC), and pH. DOC and pH were measured in daily grab samples of 

the column effluent, while nitrogen analyses of the column effluent were run on 

refrigerated composite samples. Depthwise measurements of pressure head and 

dissolved oxygen (DO) were also collected. The columns were packed with Agua Fria 

Sand or finer-grained Sweetwater Soil (sandy loam) from Tucson Water's Sweetwater 

Underground Storage and Recovery Facility (Table 3.2). Primary and secondary 

effluents were obtained from the Roger Road Wastewater Treatment Plant in Tucson, 

delivered to The University of Arizona for storage at 4 ° C, and applied to the columns in 

a series of alternating seven-day wet and seven-day dry periods (Table 3.3). 

Table 3.1, Experimental Variables for Soil Column Studies 

Independent Dependent 

Effluent Tvoes Nitrogen Soecies 
Soil Type DOC 
Wet/Dry Cycle Length pH 
Column Length Dissolved Oxygen 

Pressure Head 



Table 3 .2, Properties of soils in University of Arizona I-meter Columns 

Recompacted Cation Total 
Saturated Exchange Organic 

Soil Description USGS Hydraulic Capacity Content 
Designation Conductivity (meq/100 (% by 

(cm/sec) 2 soil) wt) 
Agua Poorly 
Fri a Graded SP NIA 2.4 0.32 
Sand Sand 
Sweet Poorly 
-water Graded SP-SM 1.9 X 10-2 5.7 0.70 

/Silty Sand 

Table 3.3, Typical Nitrogen and DOC Values in the Column Influents Used for 
University of Arizona SAT Simulations 

Effluent Organic-N NH3-N (N03-+ N02-)-N DOC 
(m211) (m211) (m2/l) 

Secondary 4.8 14.7 2.1 
(5-year ave.)* 

Secondary 
(Typical range NIA 8 - 18 4-6 8 - 15 

for experimental 
data) 

Ozonated 
Secondary NIA 12 - 22 5-6 9 - 16 

Nitrified-
secondary NIA 0.2 - 0.7 13 - 19 6-9 

Primary NIA 25 - 30 0.1 - 0.4 14 - 42 

* Average of data collected by Tucson Water for the five year period 1994-1998. 
NIA= "Not Available" 
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Primary effluent was pretreated via rapid-sand filtration to reduce the suspended load 

prior to column application. Secondary effluent was dechlorinated with sodium 

thiosulfate prior to column application for the first 22 wet cycles (308 days). After July 
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1995, (four months into the study) unchlorinated secondary effluent was obtained directly 

from secondary clarifiers at the Roger Road Plant, eliminating the need for 

dechlorination. Ozonation (Section 3.2.4) and nitrification of secondary effluent were 

carried out at The University of Arizona. A simple 10-gallon aquarium was used to 

nitrify secondary effluent for the SAT simulations. A standard under-gravel filter bed at 

the bottom of the aquarium provided attachment sites for the growth of nitrifying 

bacteria. The filter bed consisted of one to two inches of fine gravel placed over a vented 

platform at the bottom of the aquarium tank. The aquarium was equipped with a pump 

(Rolf C. Hagen Corp., Aquaclear Powerhead 201 Model) capable of circulating up to 126 

gal/hr water through and below the gravel filter bed, ensuring that the bacterial 

population attached to the gravel substrate was continuously exposed to a well mixed 

supply of the tank's contents. The outlet of the circulating pump was also equipped with 

a bubbler, which enhanced diffusion of atmospheric oxygen in the aquarium. The 

aquarium, which was loosely covered on top, was maintained in an outdoor location 

where it was exposed to sunlight on the sides. Considerable algal growth was observed 

on the sides of the aquarium after a few cycles of operation. Biogenic decalcification due 

to algal growth was probably responsible for pH values in excess of 9.0 on some finished 

batches of nitrified-secondary effluent. The pH of nitrified effluent was neutralized after 

passing through 1-m soil columns, so that the pH measured in column outflows ranged 

from 7.2 to <8.0. Photosynthetic activity of the algae during daylight hours contributed 

oxygen to the aquarium, which may have accelerated nitrification. The ammonia content 

of the secondary effluent in the aquarium was monitored with a simple kit available from 
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aquarium supply stores (Drytab brand, Ammonia NH3/NH4 + Test Kit, Prod. # 61 ). The 

kit measures total ammonia in the range from O to 4ppm with a detection limit of 0.25 

ppm. The standard gravel filter bed configurations in aquaria are designed to provide an 

environment favorable for nitrification in order to avoid the toxic accumulation of 

ammonia. When monitoring of the aquarium indicated that ammonia concentrations had 

dropped to near zero (typically after approximately 24 hours), the aquarium contents 

were replaced with a batch of fresh secondary effluent. 

Autotrophic nitrifying bacteria in aerobic wastewater treatment systems must 

compete with heterotrophs. Depending on the carbon supply and maturity of the bacterial 

populations in a sample, the heterotrophic population usually outcompetes the 

autotrophic nitrifying population until sources of organic carbon are depleted. This is 

often observed in extended BOD tests, in which a later nitrogenous biochemical oxygen 

demand (NBOD) curve is superimposed on an earlier carbonaceous biochemical oxygen 

demand (CBOD) curve. The reproduction among nitrifying bacteria is relatively slow. It 

typically takes 6-10 days in order for a significant NBOD to be exerted (Metcalf and 

Eddy, 1991). In this study, the first batch of secondary effluent supplied to the aquarium 

took four to five days to be fully nitrified. Thereafter, each batch of secondary effluent 

supplied to the aquarium required only a day or less for complete nitrification. By 

supplying fresh secondary effluent to the aquarium just as the ammonia concentration of 

the previous batch was declining to near zero, it is possible that the autotrophic nitrifying 

populations were enriched over the time period of the experiments. If the aquarium 
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operations were suspended for a few days, then an additional four to five day acclimation 

period was required to reestablish the activity of nitrifying bacteria. 

Treated wastewater was refrigerated at 4 ° C. Before application to the columns, it 

was pumped through an in-line temperature bath to raise the temperature to 22 -25° C. 

The columns were biologically active and fitted with gro-lights to stimulate algal growth 

and promote the development of a schmutzdecke (biological slime layer) in the upper few 

centimeters of soil. A schematic of the 1-m column setup is shown in Figure 3 .1. 

Each cycle of operation consisted of a seven-day flooding period and a seven-day 

drying period. At the beginning of a wet period, ponding developed almost immediately 

at the surface of Sweetwater soil columns treated with secondary effluent and within the 

first day to day and a half in Agua Fria sand columns. Column influent was ponded at a 

constant head of 25 cm. Column effluent was sampled at 4-6 hour intervals over the first 

24 hours of each wet cycle to characterize the anticipated flush of nitrate-rich water. 

Thereafter samples were taken for measurement of ammonia and nitrate plus nitrite, at 

approximately 24-h intervals. 

All effluent from the soil columns was drained to a refrigerator maintained at 4 ° C so 

that representative composite samples suitable for mass balance analyses could be 

collected. All the mass balance bar diagrams and concentration vs. time plots presented 

herein were constructed using data from such composite samples, with the exception of 

results for Cycles 12 and 13 of Sandy Loam Column B and Sand Column E, which were 

spot-sampled intensively to develop characteristic concentration vs. time curves. In view 

of the relative importance of the nitrate flush at the initiation of wet periods (70 - 95% of 
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N03- -N mass out), it is extremely important that composite samples be collected and 

refrigerated in the above manner in order to obtain accurate mass balance estimates. 

Failure to do so could result in gross overestimates of nitrogen removal. Where 

refrigeration is not possible, spot samples must be collected intensively (hourly or bi-

hourly) over the first 12 to 24 hours of flooding to ensure reasonable estimates. 

~/\ 
ug1:SWtE I 

leie'\or 

Figure 3.1 , Schematic representation of 1-m column reactor setup used for 
simulating soil aquifer treatment. Effluent was stored at 4 °C prior to column 
application. Active aeration in ponded water of Sandy Loam Column B and 
Sand Column E was discontinued after cycle 20. Ponded water in Columns A, 
C, and D was not actively aerated. - Source: Quanrud et al. , 1997. 
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For the five year period 1994 to 1998, secondary effluent samples collected by 

Tucson Water averaged 14.7 mg/I ammonia - N, 4.8 mg/I organic-N, 1.2 mg/I nitrate-N 

and 0.9 mg/I nitrite-N (Table 3.3). The secondary effluent supplied to the soil columns 

during this study (3/95 - 11/95) averaged 11.4 mg/I ammonia-N and 4.6 mg/I NOxN. The 

lower ammonia-N and higher NOxN concentrations for the laboratory simulations 

indicates that some nitrification of effluent took place during transit and storage. 

Organic -N is excluded from the mass balance calculations presented here. Lance 

and Whisler (1972) measured organic -N as 5% of total nitrogen in secondary effluent 

collected in Phoenix but noted that effluent samples from their columns contained 

negligible organic -N. They presumed that the organic -N was converted to ammonia in 

the soil columns (ammonification). Organic-N in secondary effluent delivered from 

Roger Road Treatment Plant in Tucson, AZ, averaged 4.8 mg/I or 22% of TN in monthly 

samples collected by Tucson Water over a five year period (Table 3.3). Based on a small 

number of sample results, organic-N concentrations in primary effluent from Roger Road 

Treatment Plant ranged from 18-33% from March-July of 1995. Presuming that most, or 

all, of the influent organic-N is converted to ammonia-N in the soil column, the effect of 

excluding organic-N from the mass balances is to underestimate nitrogen removals. 

Organic-N measurements taken at Arizona State University as part of this study 

confirmed that organic-N was negligible in out-column effluents, even though influent 

organic-N levels were often considerably higher than 5% of total nitrogen. Therefore, 

percent removal figures based on combined NH4 + -N and (N03 - + N02 - ) -N in the results 

section are considered conservative estimates of overall nitrogen removal. 
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Operational histories for the five I-meter columns selected for nitrogen studies are 

provided in Table 3.4 - Table 3.8. The wet/dry cycles covered in the tables are those 

operational cycles in which nitrogen species were analyzed. For convenience, the 1-

meter soil columns are labeled A through E. Where columns were described in previous 

SAT studies using different designations, the former designations are listed in 

parentheses below the current A-E designation in the tables. 

Table 3 .4, Operational Schedule for Column A, Sweetwater Sandy Loam, I-meter. 

(Referred to as "Primary Column # 2" in previous studies) 

Cycle Date Effluent Type Ponded? Comments 
8 7/3/95 - 7/17/95 Primary 
9 7 /18/95 - 7 /31/95 Primary spiked X 

w/ nitrate 
10 8/1/95 - 8/14/95 Primary spiked X 

w/ nitrate 
11 8/15/95 - 9/4/95 Nitrified- Outflow rate 

secondary increased to > 40 ft/ d 
before effort to 

maintain ponding was 
abandoned on day 4. 

12 9/5/95 - 9/18/95 50/50 Primary/ X 
Nitrified Sec. 

13 9/19/95 - 10/3/95 25/75 Primary/ X 
Nitrified Sec. 

14 10/4/95 - 10/16/95 25/75 Primary/ X 
Nitrified Sec. 

15 10/17 /95 - 10/30/95 35/65 Primary/ X 
Nitrified Sec. 

16 10/31/95 - 11/12/95 35/65 Primary/ X 
Nitrified Sec. 
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Table 3.5, Operational Schedule for Column B, Sweetwater Sandy Loam, 1-meter. 

(Referred to as "Column# 5" in previous studies) 

Cycle Date Effluent Ponded? Pond Comments 
Type Aerated? 

12 3/5/95 - 3/18/95 Chlor./Dechlor. X X Grab Samples. 
Secondary Effluent 

Recycled 
13 3/19/95 - 3/26/95 Chlor./Dechlor. X X Grab Samples. 

Secondary Effluent 
Recycled 

18 5/29/95 - 6/12/95 Chlor./Dechlor. X X 
Secondary 

19 6/13/95 - 6/25/95 Chlor./Dechlor. X X 
Secondary 

20 6/26/95 - 7/9/95 Chlor./Dechlor. X X Replaced 6 cm 
Secondary of soil at 

column top 
prior to cycle 

21 7/10/95 - 7/23/95 Chlor./Dechlor. X 
Secondary 

22 7 /24/95 - 8/6/95 Chlor./Dechlor. X 
Secondary 

23 8/7 /95 - 8/20/95 Nitrified Replaced 12 
Secondary cm of soil at 

column top 
prior to cycle. 

24 8/21/95 - 9/4/95 Nitrified Outflow rate 
Secondary increased to 

> 25 ft/d 
before feed 
pump was 

turned down. 
25 9/5/95 - 9/18/95 Nitrified X Outflow rate 

Secondary and ponding 
fluctuated. 

26 9/19/95 - 10/3/95 Nitrified X 
Secondary 

27 10/4/95 - 10/16/95 50/50 Sec./ X 
Nitrified Sec. 
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Table 3.6, Operational Schedule for Column C, Sweetwater Sandy Loam, I-meter. 

(Referred to as "Primary Column # 1" in previous studies) 

Cycle Date Effluent Type Ponded? Comments 
8 7/3/95 - 7/17/95 Primary drip application 
9 7 /18/95 - 7 /31/95 Primary drip application 
10 8/1/95 - 8/14/95 Primary drip application 
15 10/19/95 - 10/30/95 50/50 Sec./ X 

Nitrified Sec 
16 10/31/95 - 11/12/95 50/50 Sec./ scratched surface of 

Nitrified Sec. soil prior to cycle. 
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Table 3.7, Operational Schedule for Column D, Agua Fria Sand, I-meter. 

(Referred to as "Column # 14" in previous studies) 

Cycle Date Effluent Type Ponded? Comments 
1 7 /24/95 - 8/6/95 Chlor./Dechlor. No aeration for all cycles 

Secondary of this column 
2 8/7 /95 - 8/20/95 Chlor./Dechlor. 

Secondary 
3 8/21 - 9/4/95 Chlor./Dechlor. X Full pond by day 5-6. 

Secondary 
4 9/5/95 - 9/18/95 Nitrified- (X) Fluctuating, 

secondary ponded/unponded. 
5 9/19/95 - 10/3/95 Nitrified- (X) Fluctuating, 

secondary ponded/unponded. 
6 10/4/95 - 10/16/95 50/50 Primary/ X Full ponding by day 5. 

Nitrified Sec. 
7 10/17 /95 - 10/30/95 50/50 Primary/ X 

Nitrified Sec. 
8 10/31/95 - 11/12/95 50/50 Primary/ X 

Nitrified Sec. 
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Table 3.8, Operational Schedule for Column E, Agua Fria Sand, 1-meter. 

(Referred to as "Column# 3" in previous studies) 

Cycle Date Effluent Type Ponded? Pond Comments 
Aerated? 

12 3/5/95 - 3/18/95 Chlor./Dechlor. X X Grab Samples. 
Secondary Effluent 

Recycled 
13 3/19/95 - 3/26/95 Chlor./Dechlor. X X Grab Samples. 

Secondary Effluent 
Recycled 

18 5/29/95 - 6/12/95 Chlor./Dechlor. X X 
Secondary 

19 6/13/95 - 6/25/95 Chlor./Dechlor. X X 
Secondary 

20 6/26/95 - 7 /9/95 Ozonated X X 
Secondary 

21 7 /10/95 - 7 /23/95 Ozonated X 
Secondary 

3.2 ANALYTICAL METHODS 

3.2.1 Nitrogen 

A simple microdiffusion technique modeled after the work of Saghir, et. al. (1993)4 

was used to determine NH3 - N and (N03- + No2-) -N. In this method, a sample is 

placed in a 1-pint (473-ml) wide-mouth mason jar and NH/ is liberated as NH3 by the 

addition of a mild alkali (MgO, magnesium oxide). The liberated NH3 is then trapped in 
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a boric acid solution contained in a 60-mm (dia.) petri dish suspended from the lid of the 

mason jar. The NH3 is allowed to diffuse from the sample to the boric acid trap over a 

24 hr+ period The acid trap is removed and NH3 -N is then quantitatively determined by 

titrimetry using 0.0025 M H2S04. Upon determination of NH3 -N, Devarda's Alloy is 

added to the original sample for the purpose of reducing N03- and N02- to NH4+. A fresh 

boric acid trap and MgO powder are placed in the mason jar and NH3 is once again 

liberated, trapped, and titrated with H2S04 as described above. This yields a value for 

(nitrate + nitrite) -N. The combined (nitrate + nitrite) -N determination is sufficient for 

the completion of nitrogen balances as in the case of soil-water samples in which N02 1s 

often assumed negligible or is a minor intermediate species. 

The microdiffusion method offers several advantages over other methods for the 

determination of inorganic N in wastewater. Colorimetric methods are in widespread use 

but are best suited to drinking water or comparably "clean" samples. Sources such as 

Standard Methods and the Hach Company advise that wastewater samples must be 

distilled before colorimetric analyses, owing to interferences which may be present. The 

steam distillation method, as described by Bremner and Shaw (1955), eliminates such 

interference problems, has the great advantage that it may be used with colored or turbid 

samples, and provides highly accurate analyses. However, steam distillation is labor 

intensive and requires an elaborate laboratory setup to run a large volume of samples 

efficiently. Microdiffusion effectively accomplishes the same goal as steam distillation 

(i.e. removing NH4 + from the sample matrix and trapping it in boric acid for titration), but 

does so without requiring extensive laboratory setup and expense. In fact, Saghir et al. 
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point out that there should be less chance of interference due to the release of NH3 from 

alkali-labile organic compounds (a potential source of minor error when Devarda's Alloy 

is used) since microdiffusion (unlike steam distillation) is conducted at room temperature. 

Microdiffusion has been less widely employed than steam distillation both because of the 

1-2 day diffusion period and because prior to the paper of Saghir et al., no more than 4-10 

mis of sample could be analyzed at a time. With the mason jar reactors, samples ranging 

from a few mis to 50 mis can be analyzed. Such a size range is useful both for small

volume soil-water samples gathered through suction samplers and for soil extracts which 

require larger volumes of sample to obtain representative results. It is not necessary to 

filter samples prior to analysis. 

3.2.2 DOC 

For discussion of analytical methods used to measure DOC see Quanrud et al. (1996) 

and Soto (1996). 

3.2.3 Oxygen 

For discussion of analytical methods used to measure oxygen see Soto (1996) and 

Soto et al. (1995). 

3.2.4 Ozonation 

The secondary effluent applied to Sand Column E was ozonated during cycles 20 and 21 

for the purpose of studying the potential benefit of ozonation pretreatment with respect to 

organics removal. The ozone dosage was based on the DOC content of the secondary 

effluent such that 1 part 0 3 was transferred per part of DOC. Ozonation was carried out 



using a Griffin ozone generator model GTClB and medical grade oxygen. For a 

complete description of the ozonation methodology refer to Quanrud et al, 1997 and 

Hillman, 1996. 
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4 RESULTS 

The first two sections of the chapter present depthwise data on hydraulics and 

oxygen levels in the columns used for nitrogen studies. Some of the results presented in 

the hydraulics and oxygen sections were gathered by colleagues in The University of 

Arizona SAT research group as indicated in the text and figures . A brief discussion of 

nitrogen transformations under unponded conditions is followed by sections dealing with 

the performance of columns under ponded conditions. Plots of nitrogen species 

concentrations and infiltration rates versus time for individual wet/dry cycles are 

provided in Appendix A. A subset of representative plots from Appendix A are 

presented in the following sections. The performance of individual columns with respect 

to nitrogen transformation and removal are summarized in a series of mass balance 

diagrams. Mass balance diagrams are followed by a summary of nitrogen 

transformations and removals. The Results Chapter concludes with a series of figures 

illustrating mean influent and effluent DOC concentrations and removal efficiencies. 

4.1 Hydraulics 

Typical profiles of pressure head distribution vs. depth for sand and sandy loam 

columns are shown in Figure 4.1 and Figure 4.2. The presence of a clogging layer is 

indicated by an abrupt transition from positive pressure to a negative pressure (i.e., a zone 

of rapid head loss). As a clogging layer develops, positive pressure is evident due to 

ponding at the top of the column above the clogging layer. 
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The clogging layer (scmutzdecke) in sand columns typically developed close to the 

surface, in the upper 2 cm of soil, as shown by the zone of rapid head loss at the top of 

the column in Figure 4.1. In contrast, the zone of rapid head loss in sandy loam columns 

was lower in the profile, indicating that the clogging layer was located within the upper 

12 cm of soil (Figure 4.2). Results suggest that the depth and extent of schmutzdecke 

development may be partially controlled by the grain size distribution of soils (Quanrud 

et al., 1995). 

Surface clogging and ponding developed after 3-6 cycles of operation in sand 

columns treated with secondary effluent. In contrast, sandy loam columns developed 

ponding within the first cycle of operation. Infiltration rates in sand columns typically 

ranged from 8 to 10 ft/day at the beginning of a wet period and decreased over time to 

less than half a foot per day by the end of a wet period. Infiltration rates in sandy loam 

columns were generally lower, ranging from around 3 to 4 feet per day at the beginning 

of a wet period to less than half a foot per day by the end of a wet period (Figure 4.3). 

Cumulative hydraulic loading for the columns used in nitrogen studies is shown in Figure 

4.4. Hydraulic loadings for individual wet/dry cycles are summarized in Figure 4.5. 

Column A (sandy loam) exhibited infiltration rates comparable to the sand columns 

during the period in which nitrogen species were examined (Cycles 9-16). Sandy Loam 

Column B was a poor hydraulic performer during nitrogen studies, with inconsistent and 

generally very low infiltration rates. The upper few cm of soil in Column B was replaced 

on two occasions (Table 3.5) in an attempt to restore infiltration rates, with varying 

effectiveness. Hydraulic loading was consistently low during the first eight wet/dry 
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cycles in Sandy Loam Column A and the first 14 wet/dry cycles of Sandy Loam Column 

C because the columns were intentionally operated in a drip-application, unponded 

aerobic mode to promote degradation of organics during treatment of primary effluent 

(Soto, 1995). Cycles in which nitrified-secondary effluent was applied to soil columns 

yielded abnormally high infiltration rates (Figure 4.5). 
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Figure 4.1, Pressure head distribution with depth for Agua Fria Sand Column 
E - Secondary Effluent, Wet Cycle 11. 
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Figure 4.2, Pressure head distribution with depth for Sweetwater Sandy Loam 
Column B, Cycle 3. 
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Typically, the infiltration during these cycles was so rapid that ponding could 
not be maintained at the top of the column, and the hydraulic loading rate was 
effectively controlled by the rate at which nitrified-secondary effluent was 
pumped to the column. 

4.2 Oxygen 
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Oxygen availability in soil profiles is determined primarily by whether columns are 

operated under ponded or unponded conditions, and secondarily by the oxygen demand 

of the influent water. Soto et al. (1995) showed that under unponded conditions, oxygen 

diffused readily through the soil surface of 1-meter sand columns treated with secondary 

effluent (Figure 4.6). Oxygen levels in unponded columns fed with secondary effluent 

remained close to ambient atmospheric levels after six days of wetting. Soto (1996) also 

observed persistent oxygen availability during wet cycles in primary effluent was fed to 
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sandy loam columns that operated under unponded conditions (Figure 4.8). In these 

columns, however, oxygen was depleted at rates on the order of -2.6 to -3.2% (in air) of 

0 2 per day below 12 cm and at rates approaching -5% (in air) of 0 2 per day near the 

surface of the column. 

Under ponded conditions, oxygen in columns treated with secondary and primary 

effluent was depleted within the first 12 hours of wetting (Soto et al., 1995). Diffusion of 

atmospheric oxygen through the soil surface is reduced as ponding develops, and the 

dissolved oxygen content of the infiltrating water becomes the primary supply of 

molecular oxygen to the column. Carbonaceous biochemical oxygen demand (CBOD) 

and (if nitrification occurs) nitrogenous biochemical oxygen demand (NBOD) rapidly 

consume the available oxygen supply in the column. Soto et al. (1995) estimated that for 

columns fed with primary effluent, only 10 percent of the carbonaceous biochemical 

oxygen demand could be satisfied by the dissolved oxygen content of the primary feed. 

When a 50/50 ratio of primary/nitrified-secondary effluent was applied to a sandy loam 

column, the dissolved oxygen content of ponded water at the top of the column was 

below 0.5 ppm within the first day of column operation (Chipello et al., 1996). Columns 

operated under these conditions can be considered to be anoxic within a day of wetting. 

During wetting, dissolved oxygen was reduced by 80% below saturation through the 

first 10 cm in columns treated with secondary effluent. Rapid depletion of oxygen in the 

upper 10 cm of the column may reflect intensive oxygen demand in the biologically 

active schmutzdecke. Below 10 cm, the columns were anaerobic (unpublished data). 
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During the seven-day drying periods, gas phase oxygen levels in unponded columns 

recovered to near atmospheric levels (Figure 4.8). In soil columns operated under 

ponded conditions, recovery of oxygen during the drying period appeared to be more 

complete in sand columns than in sandy loam columns (Figure 4.9). 
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Figure 4.9, Recovery of oxygen levels as a function of depth and time during 
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4.3 Nitrogen Transformations Under Unponded Conditions: 

4.3 .1 Soil Columns Treated with Primary and Secondary Effluent. 

Under unponded conditions, soil columns effectively functioned as nitrifying 

reactors, converting influent ammonia to nitrate at the column outlet. When primary 

effluent was applied at a slow rate (approximately 0.8 ft/d) to Sandy Loam column A 

(Figure 4.10), ponded conditions did not develop at the top of the column. A nitrate 

spike in the column effluent typically occurred at the beginning of the wet cycle, 

probably due to the ammonification, nitrification, and release of organic -N sorbed 

during the preceding wet cycle, or from the nitrification and release of sorbed ammonia. 

Nitrogen transformations were studied over three successive cycles of unponded primary 

effluent application to Sandy Loam Column B with similar results (Appendix A). 

Figure 4.11 shows a similar nitrogen profile for secondary effluent applied to Sand 

Column D under unponded conditions. It is noteworthy that the infiltration rates in 

Column D were an order of magnitude greater than those in Column A. The ammonia 

concentration of the secondary effluent feed was also significantly lower than that of 

primary effluent. 

Most of the influent ammoma was apparently converted to nitrate through the 

column. This was the second cycle of operation for this column, and feed rates could not 

be maintained high enough to induce ponding due to the lack of a sufficiently well 

developed surface clogging layer. The clogging layer developed sufficiently to depress 

infiltration rates and induce ponding during the latter part of the third operational cycle 

(Figure 5 .8). 
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Figure 4.10, (a) Ammonia -N concentration and infiltration rate vs. time. (b) 
NOxN concentration and infiltration rate vs. time. Sweetwater Sandy Loam 
Column A - primary effluent, Cycle 8. No ponding during this cycle (drip 
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operation for this column. 
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4.4 Nitrogen Transformations Under Ponded Conditions: 

4.4.1 Nitrogen Transformations in Soil Columns Treated with Primary and Secondary 

Effluent. 

4.4.1.1 Ammonia Concentrations in Sand Columns. 

A typical sequence of influent and effluent ammonia concentrations for a seven-day 

wet cycle in Agua Fria Sand is shown in Figure 4.12. Secondary effluent was applied to 

the column. The characteristic effluent curve for ammonia can be divided into three 

phases: I) brief initial spike of ammonia, II) drop in ammonia concentration to O - 3 mg/I 

NH4+ -N within 10 hours, III) breakthrough of ammonia to near-influent levels over a 2 

- 3 day period. Ammonia breakthrough was noted in all sand columns fed primary or 

secondary effluent under ponded conditions. 
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Figure 4.12, Ammonia -N concentration and infiltration rate vs. time. Agua 
Fria Sand Column E -- secondary effluent, Cycle 12. Note ammonia 
breakthrough on days 2 and 3. Intensive grab sampling was conducted on 
Cycles 12 and 13 of Columns B and E. (All other nitrogen samples were 
composites.) 
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The mass of ammonia released in the phase I spike made a small contribution to the 

overall nitrogen budget when compared to the overall mass of nitrogen exiting the 

column. For the six wet cycles studied in Sand Column D, ammonia mass released in the 

phase I spike averaged 6% (± 5%) of total effluent ammonia mass and 2% (± 2%) of the 

total effluent nitrogen mass. During some cycles the mass released in the phase I spike 

was negligible (Figures A.27, A.28, A.36, and A.39). 

4.4.1.2 Ammonia Concentrations in Sandy Loam Columns. 

Breakthrough of ammonia was usually not observed in columns packed with sandy 

loam due to lower flow rates, which reduced ammonia loading (Figure 4.13). As shown 
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in Figure 4.13, the ammonia concentration in the influent and ponded water are similar, 

indicating that ammonia sorption or removal occurred in the column. The higher cation 

exchange capacity of sandy loam (5 .7 meq/lOOg soil) compared to sand (2.4 meq/lOOg 

soil) contributed to the delay of ammonia breakthrough. 

During some wet periods in which a sandy loam column was fed primary effluent, a 

combination of high infiltration rates and high influent ammonia concentrations increased 

ammonia loading to the point where ammonia breakthrough was observed (Figure 4.14). 
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Figure 4.13, Ammonia-N concentration and infiltration rate vs. time. 
Sweetwater Sandy-Loam Column B -- secondary effluent, Cycle 22. In the 
legend, "pond" refers to samples collected from the 25 cm of ponded water at 
the top of the columns prior to percolation through the column. "In" refers to 
samples collected from the refrigerated influent source prior to being pumped 
to the ponded water at the top of the column. 



25 10 
9 -. 

'"Cl 

8 ~ --7 
9' 6 
Q) 

5 ~ 
~ 

4 i:: 
0 

3 -~ 
-= 2 ~ 

;.....' 20 
el) 
a -- 15 ~ 
~ 

·2 
10 0 a a 

~ 
5 

X- --- -x_ 

1 .s 
0 0 

0 50 100 150 200 

hours since begin outflow 

• IN • OUT -- -x- - - Q I 
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4.4.1.3 Nitrate and Nitrite Concentrations in Sandy Loam Columns 

69 

During the application of unblended secondary or primary effluent to 1-m soil 

columns, the beginning of wet cycles in both sand and sandy-loam soils were 

characterized by the transient release of concentrated nitrate. As shown in Figure 4.15, a 

composite sample collected between 2 and 4 hours of the first outflow from the column 

had an NOxN concentration of 185 mg/I. Although the highest nitrate concentrations had 

passed by the second day of the wet period, the cumulative mass of total nitrogen in the 

column effluent was dominated by the initial peak concentrations. 93% of 

the total NOxN mass out for the cycle shown was released within the first 20 hours. The 

flow-weighted average NOxN concentration for the wet cycle was 22 mg/I. However, 

there was some evidence that significant nitrogen removal could occur during the latter 
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portion of the wet period, once ponded conditions and lower oxygen concentrations had 

been established (Figure 4.16). 
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Figure 4.15, NOxN concentration and infiltration rate vs. time. Sweetwater 
Sandy-Loam Column B -- secondary effluent, Cycle 22. 

50 

45 

40 

cs 35 

& 30 
'--' 

z 25 
>( 20 

0 
z 15 

10 

5 

0 

0 20 40 60 80 100 120 

hours following appearance of column effluent 

Figure 4.16, NOxN concentration and infiltration rate vs. time. Sweetwater 
Sandy-Loam Column B -- secondary effluent, Cycle 13. For both cycles 12 
and 13, the overflow from the pond at the top of the column was recycled back 
to the refrigerated influent source, resulting in increasing nitrate in the influent 
over time. Figure is scaled to show evidence of nitrate removal in latter 
portion of wet cycle. Nitrate-N peak value (off the chart) was measured at 454 
mg/1 in grab sample collected 3 hours after the first outflow from the column. 
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4.4.2 Nitrogen Transformations in a Soil Column fed Primary Effluent that was spiked 

with Nitrate. 

To determine whether denitrification was possible after the onset of ponded 

conditions, 15 - 20 mg/1 of nitrate-N was added to the primary effluent feed, 6 hours after 

the first flow from the column was observed. NOxN concentrations in the column 

effluent were reduced to virtually zero after slightly more than 50 hours of column 

operation (Figure 4.17), i.e. after ponding was established. The average influent NOxN 

concentration of 18.1 mg/1 was reduced to 7.7 mg/1 (implying that 57% ofNOxN mass 

was removed) in the column outflow. These removals occurred despite the fact that the 

average DOC level of the primary effluent was only 15.4 mg/1 as carbon, a relatively low 

concentration for primary effluent. Similar nitrogen removal performance was observed 

in the subsequent cycle. 
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4.4.3 Nitrogen Transformations in Soil Columns Treated with Nitrified-secondary 

Effluent. 
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Negative or negligible nitrogen removal was observed in soil columns treated with 

nitrified-secondary effluent. A small peak of nitrate was observed in the column effluent 

at the beginning of some wet cycles. The initial nitrate peak was probably due to the 

nitrification and release of sorbed organic-N or ammonia-N leftover from previous 

cycles. Influent and effluent NOxN concentrations were roughly equf:11 following the 

initial flush of nitrate. Ammonia concentrations in the column influent and effluent were 

very low or negligible (Figure 4.18). 

The application of nitrified-secondary effluent to soil columns resulted in 

exceptionally high flow rates during most wet periods (Figure 4.5). Because nitrified

secondary effluent was not applied to any column for more than four wet cycles in 

succession, it is not known whether the marked increase in infiltration rates would have 

been sustained over the long term. 
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Figure 4.18, (a) Ammonia-N concentration and infiltration rate vs. time. (b) 
NOxN concentration and infiltration rate vs. time. Agua Fria Sand Column D 
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4.4.4 Nitrogen Removal in Soil Columns Treated with a Blend of Primary Effluent and 

Nitrified-secondary Effluent. 

4.4.4.1 Nitrogen Removal in Sandy Loam Columns treated with Primary/Nitrified

secondary Effluent Blends: 

A 50/50 blend of primary/nitrified-secondary effluent was applied to a sandy loam 

column. The ammonia concentration curve for the column effluent was similar to 

characteristic ammonia curves for columns fed unblended secondary effluent or primary 

effluent (see above). In this case, relatively high infiltration rates resulted in the 

beginning of ammonia breakthrough toward the latter part of the wet period (Figure 

4.19). 
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Figure 4.19, Ammonia -N concentration and infiltration rate vs. time. 
Sweetwater Sandy Loam Column A - 50/50 blend of primary and nitrified
secondary effluents, Cycle 12. 
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Effluent NOxN concentrations dropped below 1.5 mg/I after the first day of column 

operation (Figure 4.20). The average influent NOxN concentration of 7.8 mg/I was 

reduced to 3.6 mg/I in the column effluent. Virtually all of the nitrate removal was 

accounted for by denitrification activity that took place in ponded water prior to 

percolation through the column. Dissolved oxygen in the influent pond dropped 

precipitously to near-zero on the first day of ponding. It should be noted that nitrified-

effluent only was applied in the previous wet-dry cycle in order to acclimate the column 

to a different microbial population. This may have contributed to enhanced removals in 

the following cycle by diminishing the amount of stored ammonia available for 

nitrification and subsequent release in the nitrate flush. 
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Figure 4.20, NOxN concentration and infiltration rate vs. time. Sweetwater 
Sandy Loam Column A - 50/50 blend of primary and nitrified-secondary 
effluents, Cycle 12. Denitrification in ponded water accounted for most of the 
nitrate removal. Overall removal of ( ammonia, nitrate, and nitrite) nitrogen 
was 72%. 
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Two subsequent wet-dry cycles were run using a 25/75 ratio of primary/nitrified

secondary effluent. Average NOxN removal for the two cycles was 25%. NOxN 

concentrations in the influent pond were intermediate between the column influent and 

outflow (Figures A.6 and A.7). 

Subsequently, two additional wet-dry cycles were run usmg a 35/75 ratio of 

primary/nitrified-secondary effluent. NOxN removal averaged 27%, although removal in 

the first of the two cycles was 3 7% as compared to only 16% in the second cycle. NOxN 

removal in the influent pond was substantial during the first of the two cycles but failed 

midway through the second cycle. The average influent DOC concentration for the first 

cycle was 13.6 mg/I compared to 9.0 mg/1 for the second cycle (Figures A.8 and A.9). 

4.4.4.2 Nitrogen Removal in Sand Columns treated with Primary/Nitrified-secondary 

Effluent Blends: 

A 50/50 blend of primary/nitrified-secondary effluent applied to a sand column 

yielded 83% removal of NOxN and 51 % removal of TN (Figure 4.21 ). Although only 

one sample was collected from the influent pond towards the end of the cycle, NOxN was 

below detection limits, implying that denitrification occurred primarily in the influent 

pond prior to infiltration into the column. The previous two cycles had been conditioned 

with nitrified-secondary only, which may have contributed to enhanced removals in the 

following cycle by diminishing the amount of stored ammonia available for release in the 

nitrate flush. However, the two subsequent cycles of this column were also run on a 

50/50 primary/nitrified-secondary effluent blend and yielded substantial NOxN removals 
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of 81 % and 66%, for an average of 77% over the three cycles. TN removals were 42% 

and 38%, for an average of 44% over the three cycles. Two samples were collected from 

the influent pond during the second cycle, and each had NOxN concentrations which were 

far below column influent concentrations and slightly above column outflow 

concentrations (Figure A.32). A series of samples collected from the influent pond 

during the third cycle showed NOxN concentrations intermediate between column 

influent and outflow (Figure A.33). 
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Figure 4.21, NOxN concentration and infiltration rate vs. time. (Agua Fria 
Sand Column D -- 50/50 blend of primary and nitrified-secondary effluents, 
Cycle 6. Full ponded conditions by day 5. Significant denitrification was 
achieved early in the cycle (24-50 hrs) , despite the lack of full ponding. 



4.4.5 Nitrogen Removal in Soil Columns Treated with a Blend of Secondary Effluent 

and Nitrified-secondary Effluent 
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Results for the three cycles of secondary/nitrified-secondary effluent blends applied 

to sandy loam columns were inconclusive. Results for TN, ammonia-N, and NOxN 

removal are shown in Table 4.1. Ponding could not be maintained during one of the three 

cycles due to very high infiltration rates in Sandy Loam Column C (> 10 ft/day). The 

large difference in hydraulic loading between Columns B and C may have contributed to 

higher removals in Column B. Complete removal of ammonia-N in Column B was 

similar to the performance of unblended secondary effluent. NOxN removal during the 

latter part of the wet period in Column B is evident in a plot of concentration vs. time ( 

Figure 4.22). The shape of the NOxN curve is similar to NOxN profiles of 

primary/nitrified effluent blends in Sandy Loam Column A, although the infiltration rates 

were much lower. The NOxN profile for the ponded cycle run using Sandy Loam 

Column C shows an anomalous rise in nitrate during the latter portion of the wet cycle 

(Figure A.24). It is not known why this rise occurred, although Column C had an 

extended drying period of several weeks prior to the first application of 

secondary/nitrified-secondary effluent. The subsequent unponded cycle of operation in 

Sandy Loam Column C did not show a similar nitrate increase in the latter portion of the 

wet cycle (Figure A.25). As expected however, there was little evidence of 

denitrification and NOxN removal due to a lack of ponding. More trials using 

secondary/nitrified-secondary effluent blends would be needed to establish characteristic 

nitrogen removal rates. 
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Table 4.1, Summary ofNitrogen removal in I-meter sandy loam and sand columns. 

Column Effluent Ponding Cycle Ammonia-N Ammonia-N NOxN NOxN %Ammonia-N %NOxN %TN 

Name Type1 (X indicates Number IN (mg) OUT (mg) IN (mg) OUT (mg) Removal Removal Removal 

ponding) 

A p 8 188.8 3.3 3.7 225.2 98.3 -18 .7 

A P Spiked X 9 958.0 316.5 655.1 371 .1 67.0 43.4 57.4 

A P Spiked X 10 902.2 655.3 665.2 99.2 27.4 85.1 51 .9 

A NS 11 23.7 348.2 1975.2 2282.1 -1369.2 -15.5 -31.6 

A 50150 PINS X 12 456.6 70.3 325.8 150.7 84.6 53.7 71 .8 

A 25175 PINS X 13 289.1 173.6 580.0 456.4 39.9 21 .3 27.5 

A 25175 PINS X 14 189.4 68.9 547.0 405.9 63.6 25.8 35.5 

A 35165 PINS X 15 222.3 23.7 369.2 223.8 89.3 39.4 58.2 

A 35165 PINS X 16 289.8 20.0 340.1 292.1 93.1 14.1 50.5 

B s X 12 370.8 136.2 226.0 179.5 63.3 20.6 47.1 

B s X 13 188.9 60.3 61 .1 229.4 68.1 -275.1 -15.8 

B s X 19 72.8 0.0 19.5 54.8 100.0 -180.5 40.7 

B s X 20 177.1 8.4 21.4 65.4 95.3 -205.7 62.8 

B s X 21 37.9 2.2 15.2 15.5 94.2 -1 .6 66.7 

B s X 22 59.4 5.4 40.0 121.2 90.8 -202.7 -27.3 

B NS 23 61.3 71 .8 1133.0 1344.7 -17.2 -18 .7 -18 .6 

B NS 24 88.0 80.8 1988.3 1993.8 8.1 -0.3 0.1 

B NS X 25 7.5 11.4 1919.6 1853.1 -51 .6 3.5 3.2 

B NS X 26 2.7 1.7 377.5 364.6 35.5 3.4 3.7 

B 50150 SINS X 27 92.4 0.0 74.0 67.1 100.0 9.4 59 .7 

C p 8 192.2 7.4 0.4 203.9 96.1 -47645.3 -9.7 

C p 9 144.8 4.5 0.0 150.5 96.9 NA3 -7.1 

C p 10 185.5 5.4 0.0 180.8 97.1 NA3 -0.4 

C 50150 SINS X 15 746.1 297.3 602.9 623.1 60.1 -3.3 31.8 

C 50150 SINS 16 1092.5 423.7 1114.1 1399.7 61.2 -25.6 17.4 

D s 1 1519.4 733.3 1106.8 1865.9 51 .7 -68.6 1.0 

D s 2 396.9 51 .8 476.4 933.5 86.9 -96.0 -12.8 

D s X 3 1165.4 659.7 452.6 574.9 43.4 -27.0 23.7 

D NS (X)2 4 4.4 24.9 2182.1 2243.6 -469.3 -2.8 -3.8 

D NS (X)2 5 21 .0 25.5 2153.6 2225.5 -21 .3 -3.3 -3.5 

D 50150 PINS X 6 1090.9 855.7 986.2 164.2 21 .6 83.4 50.9 

D 50150 PINS X 7 1042.7 883.4 737.5 142.8 15.3 80.6 42.4 

D 50150 PINS X 8 1079.9 845.4 626.9 211.4 21 .7 66.3 38.1 

E s X 12 1176.1 606.3 121 .2 470.1 48.4 -287.9 17.0 

E s X 13 671 .0 367.8 44.6 363.4 45.2 -714.7 -2.2 

E s X 18 896.5 376.7 205.6 491 .6 58.0 -139.1 21 .2 

E s X 19 405.2 57.9 97.1 473.6 85.7 -387.9 -5.8 

E 03S X 20 381 .9 72.9 88.7 426.4 80.9 -380.5 -6.1 

E 03S X 21 135.5 5.1 47.5 238.3 96 .2 -401 .8 -33.0 

- - - -Effluent Types: P - Pnmary, P Spiked - Pnmary spiked w/ mtrate, S - Secondary, NS - Nitnfied
secondary, 03 S = Ozonated Secondary 

2 (X) indicates partial ponding or fluctuating ponded/unponded condition 
3 Division by zero. Result cannot be calculated. 

4.5 Mass Balance Summaries for Nitrogen in Individual Soil Columns 

Nitrogen Mass Balance Summaries for individual soil columns are shown in Figures 

4.23 -4.27. 
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Figure 4.27, Nitrogen Mass Balance Summary for Sand Column E. 

4.6 Summary of Nitrogen Transformations and Nitrogen removal 

A summary list of observations based on the data presented in this chapter follows: 

4.6.1 Unblended Secondary or Primary Effluent, Ponded Conditions 

1. Ammonia breakthrough occurred in 2-3 days in sand columns. 

2. Ammonia breakthrough was usually absent in sandy-loam columns. 

3. Field observations of nitrate flush were confirmed in laboratory columns. 

4. The initial flush of nitrate accounted for as much as 93% of the NOxN mass exiting 

soil columns. 

5. Apparent nitrogen removals varied from positive to negative. It is difficult to draw 

conclusions with respect to nitrogen removal from Sandy Loam Column B results 

because of 1) low infiltration rates 2) periodic removal of soil at top of column to 

stimulate infiltration and 3) use of ozonated secondary effluent during cycles 20 and 

21. 
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4.6.2 Nitrified-Secondary Effluent 

1. Both the influent and effluent of columns receiving nitrified-secondary effluent was 

dominated by nitrate. 

2. There was negligible or negative nitrogen removal in most cycles. 

3. Infiltration rates usually exceeded the rate at which effluent could be pumped to the 

column(> 10 ft/day), which resulted in unponded conditions. 

4.6.3 Nitrified/Non-Nitrified Effluent Blends 

Significant nitrogen removals were achieved in I-meter soil columns using a blend 

of primary effluent and nitrified-secondary effluent. Results differed significantly for 

columns containing sand and sandy loam soils. 

4.6.3.1 Sand: 

1. The 50/50 ratio of primary/nitrified-secondary effluent yielded consistent TN 

removal, averaging 44% over three wet/dry cycles. 

2. The majority of nitrogen removal was accounted for by a 77% reduction in NOxN. 

Ammonia-N was reduced by 20%. 

3. Significant reductions in NOxN were measured m the influent pond before 

percolation through the column. 

4.6.3.2 Sandy-Loam: 

1. Overall nitrogen removals increased from 33% to 73% as the ratio of primary to 

nitrified-secondary effluent was increased from 25/75 to 50/50. 
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2. Ammonia -N removals (43% to 94%) were proportionally higher in sandy loam 

than in sand columns. 

3. Significant reductions in NOxN were measured in the influent pond. 

4. There is some evidence for nitrogen removal using a Secondary/Nitrified

Secondary Effluent blend, but results are inconclusive as only three cycles were 

studied, with varying results. 

4. 7 Dissolved Organic Carbon 

Mean influent and effluent dissolved orgamc carbon (DOC) concentrations and 

percent mean DOC removal for columns A-E are plotted as a function of wet cycle 

number in Figure 4.28 - Figure 4.37. Soto (1996) observed DOC removal rates of 84.2% 

for mean-steady state operation of a column receiving unponded primary effluent ( cycles 

12-14 of Sandy Loam Column C), and Quanrud et al. (1996) measured DOC removal 

rates of 56.1 % for mean steady-state operation of a column receiving ponded secondary 

effluent ( cycles 13-20 of Sandy Loam Column B). The mean DOC concentration of 

water exiting the columns during mean-steady state operation was 4. 73± 1.4 7 mg/1 for 

unponded primary and 5.45±1.44 mg/1 for ponded secondary effluent. Thus, the end

product DOC concentrations for unponded primary and ponded secondary 1-meter soil 

column treatments were essentially the same. The 4 to 5 mg/1 residual DOC 

concentration is believed to contain an appreciable fraction of DOC, that is 

"biorefractory" or resistant to biodegradation (Arnold, 1996). DOC results for cycles in 

which nitrogen species were studied are shown in Table 4.2. DOC removal rates for 
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nitrified-secondary effluent application averaged only 12% as compared to 47% for 

primary, secondary, ozonated secondary, or nitrified/non-nitrified effluent blends. 



Table 4.2, Summary of DOC results for cycles in which nitrogen species were 
studied. 

Column Effluent Type 1 Ponding Cycle DOC In DOC out %DOC 

Name (X indicates Number (mg/I) (mg/L) removal 

ponding) 

A p 8 13.56 4.51 66.73 

A P Spiked X 9 15.41 6.40 58.45 

A P Spiked X 10 14.05 8.05 42.74 

A NS 11 8.42 7.71 8.42 

A 50/50 PINS X 12 11.74 9.59 18.35 

A 25/75 PINS X 13 7.48 5.75 23.10 

A 25/75 PINS X 14 10.44 5.66 45.76 

A 35/65 PINS X 15 12.56 7.03 44.01 

A 35/65 PINS X 16 9.00 5.54 38.44 

B s X 12 13.52 7.49 44.60 

B s X 13 10.93 4.54 58.46 

B s X 19 11.60 4.63 60.09 

B 03 Sec X 20 11.51 4.60 60.03 

B 03Sec X 21 10.40 5.44 47.69 

B s X 22 12.70 5.93 53.31 

B NS 23 11.30 9.93 12.13 

B NS 24 NA3 

B NS X 25 NA 

B NS X 26 NA 
B 50/50 SINS X 27 9.79 3.58 63.47 

C p 8 13.73 4.76 65.34 

C p 9 15.72 2.80 82.21 
C p 10 13.60 2.96 78.21 

C 50/50 SINS X 15 8.91 5.77 35.28 
C 50/50 SINS 16 8.47 6.03 28.78 

D s 1 NA NA NA 

D s 2 NA NA NA 
D s X 3 NA NA NA 

D NS (X)2 4 7.06 5.85 17.07 

D NS (X)2 5 5.79 5.09 12.20 
D 50/50 PINS X 6 12.58 9.18 27.00 
D 50/50 PINS X 7 11.40 9.17 19.51 
D 50/50 PINS X 8 10.68 7.86 26.44 

E s X 12 12.33 8.00 35.12 
E s X 13 10.90 5.98 45.14 

E s X 18 11 .58 7.72 33.33 
E s X 19 11.33 5.76 49.16 
E 03S X 20 10.59 5.47 48.35 
E 03S X 21 12.32 5.08 58.77 

1Effluent Types: P = Primary, P Spiked= Primary spiked w/ nitrate, S = Secondary, NS 
= Nitrified-secondary, 03 S = Ozonated Secondary 

2 (X) indicates partial ponding or fluctuating ponded/unponded condition 
3 NA = DOC data not available. 

87 



45.0 

40.0 

35.0 

:=:- 30.0 
~ 

S 25.0 
u 
0 

20.0 Q 

15.0 

10.0 

5.0 

0.0 

0 

Primary 

Primary Spiked wl Nitrified Primary/ Nitrified-
Nitrate Sec. Sec. Blends 

)()( )~ 55~0 )(5/75)( )(5/65 )( X 
Unponded Ponded 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

Wet Cycle# 

I -Er lnfl . DOC ........ Effl. DOC I 
Figure 4.28, Mean influent and effluent DOC concentrations as a function of 
wet cycle number for Sweetwater Sandy Loam Column A. Error bars span 
two standard deviations (n = 6 to 7) . 

Primary Spiked wl Nitrified Primary/ Ni/rifted-Sec. 

100 
Nitrate (Jee. Blends 

A / 5010 25/75 35/65 
90 

"eij ... 80 0 
E 
Q; 

70 "' u 
0 60 
Q 
C 

50 cu 
Q; 

~ 

= 40 
Q; 
CJ 
I., 30 Q; 

=--
20 

10 

0 

Primary 

)( )( )( )( )~ )( )( )( )( 
Unponde~( Ponded 

(Semi-Ponded) 

0 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

Wet Cycle# 

-+- %DOC Removed 

Figure 4.29, Percent mean DOC removal as a function of wet cycle number in 
Sweetwater Sandy Loam Column A. 

88 



45.0 

40.0 

35.0 

30.0 

~ 25.0 
!, 
u 
0 20 .0 
Q 

15.0 

10.0 

5.0 

0.0 

0 

100 

90 

80 -; 
~ 
Q 

70 E 
~ 

i::z:: 
u 60 
0 
Q 

50 = ~ 
~ 

~ 40 

= ~ 
30 CJ 

I,, 
~ 
~ 

20 

10 

0 

0 

50/50 Sec.I 
Secondary Nitrified-Sec. 

>p< )< x \ \< Secondary 

Ozonated Nitrified-
Secondary Secondary 

)~ ( Ponded Ponded 
Unpo ded 

No DOC data 72~2: 
• 

2 4 6 8 10 12 14 16 18 20 22 24 26 28 
Wet Cycle# 

I -o- Intluent ---- Eftly~nt 

Figure 4.30, Mean influent and effluent DOC concentrations as a function of 
wet cycle number for Sweetwater Sandy Loam Column B. Error bars span 
two standard deviations (n = 6 to 7). 

50/50 Sec.I 

Secondary Nitrified-Sec. 

Secondary 

Ozonated 
\ 

Nitrified-
Secondary Secondary 

>t,»<Ponded Ponded 

Unponded ,a 

,' 

,' 

No DOC data 
Cycles 24-26 

2 4 6 8 10 12 14 16 18 20 22 24 26 28 
Wet Cycle# 

-o- 0/QDQC R~mQv~g 

Figure 4.31 , Percent mean DOC removal as a function of wet cycle number in 
Sweetwater Sandy Loam Column B. 

89 



45.0 

40.0 

35 .0 

c 30.0 
bl, 

§, 25.0 
u 
0 
Q 20.0 

15.0 

10.0 

5.0 

0.0 

0 

100 

90 
~ 
~ 80 C 
E 
q,I 

70 ci::: 
u 
0 60 
Q 
C 

50 c,: 
q,I 

~ 
40 c 

q,I 
~ 

30 I. 
q,I 

=--
20 

10 

0 

0 

Unponded Primary for Cycles 1-14. 

ded 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

Wet Cycle# 

! -o- rnfl . DOC -9-- Eftl. DOC ! 

Figure 4.32, Mean influent and effluent DOC concentrations as a function of 
wet cycle number for Sweetwater Sandy Loam Column C. Error bars span 
two standard deviations (n = 6 to 7). Unponded primary effluent application 
during all wet cycles. 

Unponded Primary for Cycles 1-1 4. 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

Wet Cycle# 

-0- %DOC Removed 
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Sweetwater Sandy Loam Column C. 
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5 Discussion 

5.1 Characterization of Nitrogen Transformations and Nitrogen Removal 

5 .1.1 Summary of Key Findings 

The initial NOxN profiles generated in SAT studies of one-meter columns treated 

with secondary effluent were somewhat discouraging from the point of view of nitrogen 

management. That is, the initial flush of nitrate was shown to be a significant contributor 

of nitrate mass out of the columns. The initial nitrate flush averaged 80 percent of TN 

out for secondary effluent cycles 19-22 of sandy loam column B, and 26 percent of TN 

out for secondary and ozonated secondary effluent cycles 18-20 of sand column E. There 

appeared to be little prospect for effective control of this nitrate release since the flush 

left the column so rapidly ( several hours in Agua Fria Sand and up to a day and a half in 

Sweetwater Sandy Loam). 

Efforts to enhance TN nitrogen removals focused on achieving measurable and 

consistent increases in NOxN removal through the columns. The requirements for 

denitrification include oxygen-limited conditions coupled with a sufficient carbon supply 

and the presence of nitrogen in the form of nitrate or nitrite. An adequate population of 

heterotrophic denitrifying bacteria is also required, but presumably these microorganisms 

would be ubiquitous in a soil substrate continually exposed to application of effluent. 

The basic operational strategy was to supply a greater proportion of effluent as nitrate 

throughout the wet period, to take advantage of the oxygen limited conditions which 
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developed after ponding, and to supply adequate carbon for denitrification to proceed 

(see Figure 4.16). It was known that application of nitrified-secondary effluent alone 

would be insufficient to stimulate denitrification, since trials with nitrified effluent had 

shown virtually no TN removal (Sections 4.4.3 and 4.6.2). Trials in which primary 

effluent was spiked with nitrate salts indicated that NOxN removal could be very 

effective. Since primary effluent has a higher C:N ratio and exerts greater oxygen 

demand than secondary effluent, blends of primary and nitrified-secondary effluents were 

chosen for further study. 

In Chapter 4, results for individual wet/dry cycles were presented along with 

observed "removals" for ammonia-N and NOxN. Since ammonia-N can be adsorbed or 

transformed to NOxN in the soil column without resulting in nitrogen loss, it is necessary 

to assess nitrogen removal in the context of long-term column performance. A long

term, cumulative balance for total nitrogen should provide a reasonable estimate of the 

amount of nitrogen lost to denitrification. Plots of cumulative total nitrogen in and out of 

each of the five columns studied are provided in Figures 5.1 - 5.5. A summary of 

cumulative total nitrogen removal is shown in Table 5.1. 



10000 

9000 

8000 

7000 

ci 6000 
.§. 
C 
Cl) 
C, 

5000 

g 
z 4000 

3000 

2000 

1000 

0 

10000 

9000 

8000 

7000 

ci 6000 
.§. 
C 
Cl) 
C, 

5000 

0 
b z 4000 

3000 

2000 

1000 

0 

7 

Primary spiked 
w/ nitrate 

Unponded 
rimary 

8 9 

25/75 Primary/Nitrified-

10 11 12 

Cycle Number 

13 

35/65 Primary/Nitrified
Secondary 

14 15 

--Cumulative TN In ...... Cumulative TN Out 

16 17 
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Figure 5 .4, Cumulative TN in influent and effluent of Sand Loam Column D 
vs. Cycle Number. Cumulative TN removals increased significantly when 
50/50 primary/nitrified-secondary effluent blend was used. 
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Figure 5.5, Cumulative TN in influent and effluent of Sand Column E vs. 
Cycle Number. Cumulative TN removal over four cycles of secondary or 
ozonated secondary effluent application was 5%. 
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Table 5.1, Summary of Percent Cumulative Total Nitrogen Removal 

Effluent Type Sand Sandy Loam No. of Cycles 
(Sand, Sandy Loam) 

Unponded Primary -- -61 0,3 

Secondary or 5 38 4,4 
Ozonated Secondary 
2517 5 Primary/ -- 31 0,2 
Nitrified-Secondary 
35/65 Primary/ -- 54 0,2 
Nitrified-Secondary 
50/50 Primary/ 44 72 3, 1 
Nitrified-Secondary 
50/50 Secondary/ -- 232 0,2 
Nitrified-Secondary 
12 Percent cumulative TN removal for three consecutive cycles m Sandy Loam Column C. Percent TN 
removal for a single cycle of application to Sandy Loam Column A was -19%. 
2Percent cumulative TN removal for two consecutive cycles in Sandy Loam Column C. Percent TN 
removal for a single cycle of application to Sandy Loam Column B was 60%. 

In sand columns, the primary/nitrified-secondary effluent blends clearly 

outperformed unblended secondary or ozonated secondary effluent in terms of TN 

removal (Table 5.1). Cumulative TN removal was 44% for three cycles of operation with 

a 50/50 blend of primary and nitrified-secondary effluent. Cumulative TN removal for 

unblended secondary or ozonated secondary was 5% over four cycles of operation. 

Cumulative TN removals in Sandy Loam Column A were 31, 54, and 72% for 

primary/nitrified-secondary effluent blend ratios of 25:75 (two cycles), 35:65 (two 

cycles), and 50:50 (one cycle). It is noteworthy that the 50:50 primary/nitrified-

secondary cycle was preceded by an unblended nitrified-secondary effluent cycle. Since 

the ammonia content of nitrified-secondary effluent is negligible, less ammonia would be 

sorbed, nitrified ( during the dry cycle), and later released as a flush of nitrate in the 
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subsequent wet cycle. The 72% removal figure may therefore over-estimate the typical 

nitrogen removal for a 50:50 primary/nitrified-secondary effluent blend applied to sandy 

loam. Cumulative TN removal for secondary effluent applied to four cycles in Sandy 

Loam Column B was 38%. Unfortunately, this column was a poor hydraulic performer 

during the secondary effluent trials, with inconsistent and generally very low infiltration 

rates (Figure 5.2). It is therefore difficult to project the 38% estimate for nitrogen 

removal to higher mass loadings. Furthermore, TN removals for the four individual 

cycles of secondary effluent application to Sandy Loam Column B were sporadic, 

ranging from -27% to + 67% (SD = 43 .6). By comparison, TN removals for five cycles 

of primary/nitrified-secondary effluent blends in Sandy Loam column A were more 

consistent (SD = 17.7). Furthermore, as the ratio of primary to nitrified-secondary 

effluent was increased from 25/75 to 50/50, TN removals in Sandy Loam Column A 

exhibited a consistent pattern of increase (Figure 5.6). 
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Figure 5.6, Percent total nitrogen removal for application of primary/nitrified
secondary effluent blends to Sandy Loam Column A. The 25/75 and 35/65 
blends were each applied for two cycles. The 50/50 blend was applied for one 
cycle. 
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In addition to enhanced nitrogen removal, a lower proportion of ammonia in the 

primary/nitrified-secondary effluent blends contributed to a reduced initial flush of nitrate 

during flooding periods. In sandy loam columns, the initial NOxN flush averaged 80% of 

total TN out for secondary or ozonated secondary cycles as compared to 4 7% of TN out 

for primary/nitrified-secondary effluent cycles. In sand columns, the initial NOxN flush 

averaged 26% of total TN out for secondary or ozonated secondary cycles as compared to 

8% of TN out for primary/nitrified-secondary effluent cycles. 

Ammonia-N removal accounted for an average of 61 % (SD=16.0) of the TN removal 

for primary/nitrified-secondary effluent blends applied to Sandy Loam Column A, and 

for nearly all of the positive TN removal for unblended secondary effluent cycles in 

Sandy Loam Column B. By comparison, ammonia-N removal accounted for an average 

of only 26% of the TN removal for the 50/50 primary nitrified-secondary effluent blends 

applied to Sand Column D. A key question is whether the relatively high TN removal 

rates observed for some cycles in sandy loam columns are sustainable, given that they are 

dependent primarily on "removal" of ammonia which can sorb and be available for 

release as nitrate in subsequent wetting periods. The fate of ammonia is explored further 

in Section 5.1.2. 

Results for the three cycles of secondary/nitrified-secondary effluent blends applied 

to sandy loam columns were inconclusive (Section 4.4.5). More trials using 

secondary/nitrified-secondary effluent blends would be needed to establish characteristic 

nitrogen removal rates. 
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5.1.2 Fate of Ammonia 

5 .1.2.1 Ammonia Sorption and Cation Exchange Capacity 

Ammonia breakthrough was characteristic of sand columns treated with primary or 

secondary effluent and primary/nitrified-secondary effluent blends; breakthrough was 

usually apparent 1 or 2 days from the beginning of wetting periods. Ammonia 

breakthrough was typically absent in the sandy loam columns studied. Ammonia 

breakthrough was not observed in Sandy Loam Column B, which had much lower 

infiltration rates and hydraulic loading than the sand columns. However, higher 

infiltration rates resulted in partial ammonia breakthrough for cycles 9, 10, and 12 of 

Sandy Loam Column A (Figures A.2, A.3, and A.5), and Cycle 15 of Sandy Loam 

Column C (Figure A.24). 

The consistent pattern of ammonia breakthrough in sand columns indicated that the 

capacity of the columns to sorb ammonia was being exceeded. The capacity for 

ammonia sorption was estimated by taking the difference between ammonia mass in and 

out of a column for wet periods in which breakthrough was observed (Table 5.2). This 

calculation assumes that all ammonia "removal" during these cycles was accounted for 

by sorption, and that no appreciable transformation of NH/, such as nitrification, 

occurred prior to, or during breakthrough. This assumption may be invalid, especially for 

sand columns (Section 5.1.2.2). Therefore, the estimates of ammonia sorption provided 

in Table 5.2 probably represent an upper limit for the operational conditions studied. 
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Table 5 .2, Averaged estimates of column capacities for ammonia sorption, based on 
wet cycles in which ammonia breakthrough was observed. 

Soil Type Total Column 

Cation Sorptive 

Capacity (meq)* 

A 

Agua Fria Sand 168 

Sweetwater 408 
Sandy Loam 

Total Column 

Sorptive Capacity 

[= Col Ax 14mg 

Nlmeq] 

(mg ammonia -N) 

B 

2356 

5716 

Average mass Average ammonia-N 

of ammonia-N Sorption as percentage of 

Sorbed Total Column Sorptive 

(mg) Capacity 

C D 

354 14% 

431 7% 

*Based on CEC values of 2.4 meq/ lOOg (Sand) and 5.7 meq/lOOg (Sandy Loam) reported by Houston 
(1995), and soil dry mass measurements for Sand Column E and Sandy Loam Column B. 

The estimated average mass of ammonia-N sorbed during breakthrough cycles was 

354 mg NH/-N for sand columns and 431 mg NH/-N for sandy loam columns. These 

estimates were compared to the theoretical total column sorptive capacity, which was 

calculated from the CEC values reported by Houston (1995) multiplied by estimated or 

known soil dry mass measurements of sand and sandy loam columns. The soil dry mass 

values for Sandy Loam Columns A and C were assumed equal to the measured value for 

Sandy Loam Column B. The soil dry mass value for Sand Column D was assumed equal 

to the measured value for Sand Column E. Although the sorptive capacity of a column 

would presumably have to be exceeded in order for ammonia breakthrough to occur, 

ammonia-N sorption during breakthrough cycles averaged only 14% and 7% of the total 

column sorptive capacity for sand and sandy loam soils, respectively. Two factors may 

contribute to the apparent lack of affinity of ammonium ion for column media: 

1) Individual cation species such as NH4 + must compete with other cations such as 

sodium and calcium for available cation exchange sites. NH4 + accounted for 10. 7 % of 
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the major cations in secondary effluent on a milliequivalent basis over a two-year period 

including 1994-1995 (Table 5.3). Although the distribution of aqueous cation species 

differs from the distribution of sorbed species, the estimates obtained for ammonia 

sorption appear reasonable in comparison to the cation distribution in secondary effluent. 

Table 5.3, Cation distribution in secondary effluent for the period 1994 - 1995. 

Cation Concentration Concentration Percentage of Major 

(mg/I)* (meq/L) Cations based on 

equivalents per liter 

Ca2+ 48.2 2.4 25.4 

12.9 0.33 3.5 

9.4 0.77 8.1 

113.5 4.9 52.2 

17.2 1.0 10.7 

*Average of monthly sample data from Tucson Water. 

2) The flow regime m the columns, which is dominated by clogging in the 

schmutzdecke layer (upper few centimeters of the column), decreases the moisture 

content of the mid to lower regions of the columns as clogging proceeds. Warrick and 

Yeh (1990) and Takagi (1960), discussed the development of unsaturated zones in two-

layer systems dominated by an upper layer of low hydraulic conductivity. The effective 

volume of soil in contact with water is reduced, and opportunities for NH4 + sorption are 

diminished. Moreover, the onset of clogging due to biological activity in the 

schmutzdecke (biological slime layer) may be quite rapid so that the effective surface of 

soil available for cation adsorption may vary from cycle to cycle and generally decrease 

with biological growth. 
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Ammonia breakthrough was not observed in Sandy Loam Column B. The difference 

between the ammonia mass in and out of Sandy Loam Column B was less than 3% of the 

total sorptive capacity of the column for all wet periods that were tested. Breakthrough 

of ammonia was also absent during cycles 13-16 in Sandy Loam Column A, in which 

primary/nitrified-secondary effluent blends were applied. The difference between the 

ammonia mass in and out for cycles 13-16 averaged 3% of the estimated total cation 

exchange capacity of the column. 

5 .1.2.2 Ammonia Breakthrough in Sand Columns 

In Chapter 4, it was shown that soil columns operated at low influent rates and 

unponded conditions for a complete wet period acted essentially as nitrifying reactors, 

converting influent ammonia to nitrate at the column outlet. This raises the possibility 

that ammonia was converted to nitrate prior to the development of ponded conditions in 

sand columns, which typically required one to 1.0 - 1.5 days of effluent application at 

higher rates to develop surface clogging and ponding. The time period required for the 

development of ponding in sand columns roughly coincided with the onset of ammonia 

breakthrough. A reduction in oxygen availability, as a consequence of ponding, could be 

a critical determinant of ammonia breakthrough in sand columns. 

An inverse relationship between ammonia and nitrate concentrations was observed in 

effluent from sand columns fed secondary effluent; i.e., as ammonia concentrations began 

to rise toward breakthrough, nitrate concentrations began to decline (Figures A.28, A.3 l

A.34, and A.36-A.38). The declining trend in effluent nitrate frequently obscured in plots 

of concentration vs. time due to the magnitude of the initial nitrate spike (Figure 5.7). 
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The relationship between increasing ammonia concentrations and declining nitrate 

concentrations could be attributed to a shift from oxygen levels sufficient to support 
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nitrification to more oxygen-limited conditions. The elimination or inhibition of 

nitrification, would eliminate influent ammonia as a source of effluent nitrate. Nitrate 

samples collected from the first couple of hours of effluent flow from sand columns 

typically had extremely high nitrate concentrations measured in the hundreds of mg/1. 

This rapid release of highly concentrated nitrate probably represented the first flush of 

nitrate produced via the oxidation of ammonia and organic nitrogen that was sorbed 

during the previous wet period. This general model was invoked by previous researchers 

to explain observations of high nitrate at the beginning of recharge cycles. However, 

broad secondary nitrate plateaus of lower magnitude were observed in some sand column 

experiments following the initial transient release of a nitrate spike (Figures A.28, A.35, 

A.36, A.37, and A.38). These secondary plateaus probably represent the post-flush 

release of influent ammonia that was oxidized as it passed through the column. This 

hypothesis is supported by the fact that the persistent secondary nitrate plateaus observed 

in the effluent of sand columns produced a concentration a range which that was 

approximated by summing the values of influent ammonia and nitrate concentrations. 

The secondary nitrate plateaus persisted for one or two days, roughly coincident with the 

development of ponded conditions and the onset of ammonia breakthrough. The 

hypothesis that the secondary nitrate plateaus were derived from the transformation of 

influent ammonia to nitrate and did not result from the initial nitrate flush is significant in 

that the role of ammonia storage and sorption from the previous recharge cycle may be 

less important to the nitrate effluent mass balance than previously supposed. The mass of 

nitrate in the broad secondary plateaus was of the same approximate magnitude as that of 
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the initial nitrate flush (Table 5.4). Merely calculating the difference between ammonia 

mass in and out of the column would over-estimate ammonia sorption, given that a 

significant mass of ammonia is converted to nitrate over the first two days of the wet 

period when infiltration rates are usually highest. 

Table 5 .4, Comparison of nitrogen mass in initial NOxN flush and in secondary NOxN 
plateau. 

Sand Column: Cycle Number Initial NOxN Secondary NOxN Secondary: Initial 
Flush Plateau Mass Ratio 
(mg) (mg) 

E 13 161.50 186.84 1.16 

E 18 165.12 325.25 1.97 

E 19 216.02 158.46 0.73 

E 20 119.66 125.19 1.05 

5.1.2.3 Nitrogen transformations during initial operation of a sand column 

Data gathered during the first three wet/dry cycles of operation in Sand Column D 

demonstrated the effect of surface clogging and ponding on nitrogen transformations. 

Secondary effluent was applied during all three cycles. During the first cycle of 

operation, a brief initial spike of NOxN in excess of 30 mg/I was measured in the column 

effluent. Low ammonia concentrations (< 2 mg/I) were also observed in the column 

effluent during the first 4 to 5 hours of sample collection (Figure 5.8). The data are 

attributable to leaching of background nitrogen from the sand and simultaneous sorption 

of ammonia to cation exchange sites. Ammonia concentrations in the column effluent 

climbed sharply to near influent levels from 5-15 hours and remained elevated until about 
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50 hours had elapsed, at which time an abrupt decline in ammonia concentrations and a 

concurrent rise in NOxN concentrations was evident. This shift can be defines the onset 

of nitrification in the column. The 50+ hour period of operation preceding the shift may 

represent an acclimation period for nitrifying bacteria in the column. Ammonia 

breakthrough began only 5 hours after the first outflow from the column; much sooner 

than in established sand columns. Ammonia breakthrough occurred despite unponded 

conditions, presumably because the nitrifying population was not yet established. The 

mass of ammonia sorbed to the column was estimated by taking the difference between 

influent and effluent ammonia mass up to the point where effluent ammonia approached 

influent levels. The result (107 mg ammonia-N) provides an estimate of the practical 

sorptive capacity of the column at the given influent ammonia concentration. This is 

roughly 4.5% of the estimated total cation exchange capacity of the column. 
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Nitrogen transformations during the second cycle of operation in Sand Column D 

followed a pattern that is typically observed in columns operated under unponded 
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conditions (Figure 4.11 ). That is, under unponded conditions, nearly all of the influent 

ammonia was converted to nitrate in the column effluent, so that the column functioned 

essentially as a nitrifying reactor. 

The surface clogging layer in Sand Column D had developed sufficiently to produce 

ponded water midway through cycle three. A full pond (25 cm) was evident by day five 

of the seven day wet period. Infiltration rates declined abruptly after four days and 

ammonia concentrations began rising simultaneously (Figure 5.9). 

Following an initial flush of nitrate from the column, a secondary plateau in effluent 

NOxN concentrations preceded the breakthrough of ammonia. The secondary plateau in 

NOxN concentrations can be attributed to the nitrification of a portion of influent 

ammonia to nitrate through the column. The fact that the time to ponding and ammonia 

breakthrough (four to five days) were both delayed relative to more mature sand columns 

supports the interpretation that the processes of nitrification and ammonia breakthrough 

are strongly controlled by ponding, and hence by oxygen availability. 
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5.1.2.4 Fate of Ammonia in Sandy Loam Columns 

Most of the nitrogen removal that is apparent in sandy loam columns was accounted 

for by a reduction in ammonia concentration in and out of the column (Table 4.1 ). The 

fate of ammonia in sandy loam columns is therefore critical to an evaluation of the 

sustainability of nitrogen removal from cycle to cycle. If ammonia is removed via 

adsorption during the wetting period, then it can be nitrified during the drying period and 

later released as nitrate. Under these circumstances, nitrogen removal would depend on 

denitrification, which should be sensitive to the concentration of dissolved oxygen ( and 

thus to flow conditions). 

Although sorbed ammonia gets nitrified during the dry period and becomes 

concentrated in the flush of nitrate released at the beginning of a wet period, the TN data 

from successive cycles indicate that a portion of the ammonia-N is actually removed 

from the column (Figure 5.2 and Table 5.1). Whisler (1972) obtained a TN removal rate 

of 30% for six soil columns receiving secondary effluent. The columns were filled with 

loamy sand from recharge basins located in the Salt River Bed near Phoenix, AZ. The 

30% TN removal rate was obtained for four consecutive wet/dry cycles of nine days wet 

and five days dry. Some of the columns were also flooded continuously for 120 days, 

during which time nitrogen removal dropped sharply between day 20 and 35, and then 

decreased more gradually until denitrification ceased entirely after 80 days. Whisler 

noted that sorption of ammonia was not an important permanent N removal mechanism, 

but that it was of great importance as a temporary removal reaction. He proposed that 

significant denitrification could not take place unless ammonia was removed from the 
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effluent by cation exchange and retained by the soil until it could be nitrified during the 

dry period. Therefore, the wet/dry cycling of recharge basins would be important not 

only for the purpose of restoring hydraulic performance, but also from the point of view 

of promoting nitrogen removal. 

It is important to recognize that there is probably a continuum of nitrogen 

transformation processes occurring in the soil columns over the course of a wet/dry cycle. 

Residual nitrate not released in the initial nitrate flush may be denitrified during the wet 

period. Although nitrification of sorbed ammonia occurs primarily during the dry period, 

there may be adjacent anaerobic microsites in drying soil where denitrification occurs 

simultaneously (Knowles, 1982 and Bouwer et al., 1974). Studies of soils flooded for 

irrigation have demonstrated that an oxygen gradient several millimeters thick develops 

below the soil/water interface (Watanabe et al., 1980 and Patrick, 1968). The rate of 

nitrification is affected by the thickness of the surface oxidized zone. Ammonia may be 

nitrified to N03 in the oxidized zone followed by denitrification in the underlying 

reduced zone. It is thus possible for the nitrification/denitrification sequence to proceed 

as water infiltrates over a distance of only a few millimeters into the soil, depending on 

the thickness of the oxidized zone and the rate of infiltration. It is not known whether 

such a process could have caused the absence of ammonia breakthrough during some 

wetting periods in sandy loam columns, since depth-wise analyses of nitrogen species 

were not performed in this study. Loss of nitrogen via this process is a common problem 

encountered in the production of rice. The problem has been mitigated in some parts of 
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the world by placing ammomum fertilizer several inches below the oxidized surface 

zone, where it is protected from nitrification by the reducing conditions (Patrick, 1968). 

Simultaneous nitrification/denitrification processes have been optimized for the 

treatment of municipal wastewater. In the patented SymBio process, NADH levels in 

sludge floes are monitored to provide an indication of the aerobic and anaerobic activity 

of bacteria in the floes (N0rgaard et al., 1996). With this information, dissolved oxygen 

levels can be maintained in an evenly mixed wastewater tank so that nitrification and 

denitrification can proceed simultaneously in the outer aerobic and inner anaerobic zones 

of the sludge floes. In more traditional single-tank treatment schemes, wastewater and 

sludge are cycled through aerobic and anaerobic phases to promote 

nitrification/denitrification reactions. While the conditions in recharge basins cannot be 

manipulated to optimize nitrogen removal to the extent possible in a treatment plant, the 

concept of cycling aerobic and anaerobic phases is very important. The same concept can 

be applied to wetland treatment systems, in which the coexistence of aerobic and 

anaerobic zones have the net effect of promoting nitrogen removal through 

nitrification/denitrification. 
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5.2 The carbon budget and denitrification 

5.2.1 Carbon Budget for primary/nitrified-secondary effluent blends. 

Dissolved organic carbon (DOC) measurements were used to determine whether 

organic carbon removal could account for observed levels of nitrogen removal via 

denitrification. The carbon available for denitrification was assumed to be equivalent to 

the difference between the mean DOC concentrations in and out of a column for a wet 

period multiplied by the total volume of water which flowed out of the column for the 

wet period, i.e., 

Mean (DOCn (mg/!) - Mean DOCout (mg/I)) (Total Volume Column Effluent (L)) = 

DOC removed (mg) 

The mass of carbon required to account for the observed levels of nitrogen removal 

was calculated based on an electron balance for denitrification reactions. The following 

equation gives the stoichiometry for the microbial reduction of N(V) in nitrate to 

elemental nitrogen N(O), and the evolution of CO2 from the decomposition of natural 

organic matter (Burford and Bremner, 1975): 

- + 
5(CH

2
0) + 4N0

3 
+ 4H = 5C0

2 
+ 2N

2 
+ 7H

2
o 

Assuming that organic carbon in wastewater is in an average oxidation state of C(O), 

the stoichiometry from the left side of the equation can be used to determine the mass of 

carbon required for denitrification: 
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For Carbon (C): For N03-N: 

5 mols (12g/mol C) = 60g 4 mols (14 g/mol N) = 56 g 

C required= (60g C)/(56g N03-N) = 1.07g C/lg N03-N 

For three consecutive cycles of 50/50 primary/nitrified-secondary effluent 

application to Sand Column D, the amount of carbon available as DOC was only 27% of 

the calculated carbon requirement on a cumulative basis (Figure 5.10), i.e., the amount of 

DOC removed through the column was insufficient to account for the observed removal 

of total nitrogen, assuming a mechanism of denitrification. Similarly, for four 

consecutive cycles of primary/nitrified-secondary effluent application to Sandy Loam 

Column A, the amount of carbon available as DOC was only 32% of the calculated 

carbon requirement on a cumulative basis (Figure 5 .11 ). Based on these observations, the 

possibility that electron donors other than organic carbon may contribute to nitrogen 

removal during SAT should be considered (Section 5.3). The above calculations take no 

account of cell synthesis and growth, which would add approximately another 30% to the 

carbon requirement based on experience with above-ground biological treatment systems 

(Viessman and Hammer, 1993). Additionally, dissolved oxygen concentrations are not 

considered, although carbon consumption would be required to reduce dissolved oxygen 

concentrations to levels that are low enough for denitrification to proceed. 
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Figure 5.10, Carbon budget for denitrification in Sand Column D. A 50/50 
Primary/Nitrified-secondary effluent blend was applied to the column for wet 
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In a study of denitrification in a series of soils, Burford and Bremner (1975) found 

that "mineralizable" carbon (i.e., readily decomposable carbon) accounted for 1.36 times 

the amount of carbon needed for the observed denitrification, while water soluble carbon 

provided only 0.72 times the amount needed. TOC was present at 193 times the amount 

of carbon required. Contribution from particulate organic matter may help explain the 

shortfall in the DOC budget for denitrification during application of primary/nitrified-

secondary effluent blends in Sand Column D and Sandy Loam Column A. Presumably, 

TOC in soils subjected to effluent recharge would contain a greater proportion of readily 

decomposable organic matter than the soils used in Burford and Bremner's study. 

However, some long-term steady state condition would presumably be reached with 
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respect to soil organics, i.e., soil organics couldn't provide a source of electrons for 

denitrification indefinitely. 

5.2.2 Low DOC and TN removals and high infiltration rates for nitrified-secondary 

effluent. 

TN removals were typically negligible or negative during cycles in which nitrified

secondary effluent was applied to sand or sandy loam columns (Figures 4.23 - 4.27). 

DOC removals were also lower than for other effluent types, averaging 12% for nitrified

secondary effluent (four cycles) vs. 47% for primary, secondary, or nitrified/non-nitrified 

effluent blends (fourteen cycles). Secondary effluent was nitrified in an aquarium 

equipped with a circulating pump for the soil column experiments because a source of 

nitrified-secondary effluent was not available. DOC concentrations dropped an average 

of only 17% from the original secondary effluent values during the nitrification process 

(Figure 5.12). 

Ponding was partial or absent during five of the seven nitrified-secondary effluent 

cycles studied due to high infiltration rates. The lack of ponding during these cycles 

would have inhibited denitrification. However, average nitrogen removal during the two 

ponded nitrified-secondary effluent cycles was still only 3%. The absence of ponding 

also does not explain the low DOC removal rates. While less carbon would have been 

consumed to fuel denitrification reactions, aerobic processes in the soil should have 

consumed carbon in the absence of ponding. Soto (1995) demonstrated high DOC 

removal efficiencies for unponded primary effluent application, albeit at much lower 

infiltration rates (Section 4. 7). It is possible that extremely high infiltration rates during 
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nitrified-secondary effluent cycles could have reduced DOC removals, but prev10us 

research on the same columns concluded that there was no significant correlation 

between infiltration rates and DOC removal efficiency (Quanrud et al., 1995b ). Another 

possibility is that the DOC content of the nitrified-secondary effluent was reduced to a 

concentration close to the suspected biorefractory concentration of 4 to 5 mg/1, resulting 

in lower than average DOC removals. The average DOC content of the nitrified

secondary effluent was 8.1±2.4 mg/1 based on DOC data collected during four out of 

seven trials. This value compares with an average DOC content of 12.41±2.0 and a 

percent DOC removal of 56.1 % for steady state operation of a sandy loam column treated 

with secondary effluent (Quanrud et al., 1996). The lower DOC content of the nitrified

secondary effluent provides a possible explanation for the low 12% DOC removal rate. 

Given a starting DOC concentration of 8.1±2.4 mg/1 and an assumed biorefractory DOC 

concentration of 5 mg/1, DOC removals anywhere in the range from 12.2 to 52.4% could 

have been predicted for the nitrified-secondary effluent. It is also possible that the 

concentration of biorefractory DOC in the post-aquarium nitrified-secondary effluent 

was, for some reason, higher than in non-nitrified effluent. This hypothesis could be 

tested by performing biodegradable organic carbon (BDOC) tests on the nitrified

secondary effluent, although such measurements were not carried out. 
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Figure 5.12, Results for DOC samples collected before and after nitrification 
in an aquarium. 
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12 13 

Infiltration rates during recharge of effluent may be depressed by gas entrapment. 

Gas production may be caused by release of CO2 during aerobic respiration or N2 gas 

production during denitrification. The higher infiltration rates observed during cycles in 

which nitrified-secondary effluent was applied may have been due, in part, to a 

combination of reduced biological growth and reductions in CO2 and N2 gas production. 

Ankenay and McCord (1999) demonstrated threefold decreases in infiltration rates in 20 

cm long soil columns packed with fine (30 mesh) sand when CO2 saturated water was 

applied. The reduction in infiltration rates was attributed to gas entrapment. The authors 

noted that ebullition, which refers to the release of gas from porous media by bubbling, is 

commonly observed in recharge basins, wetlands, and estuaries and provides empirical 
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evidence of gas oversaturated conditions in the subsurface. A fifteen-fold decrease in 

infiltration rates was observed when CO2 saturated water was applied to a 20 cm column 

packed with 3 cm of fine (30 mesh) sand overlying 17 cm of coarser (10-20 mesh) sand. 

Such a two-layered system approximates the conditions created by the development of a 

schmutzdecke or clogging layer in recharge basins. The fifteen-fold reduction in 

infiltration rates in the two-layered column was attributed to the higher air-entry value of 

the upper fine-grained layer, which controlled the release of entrapped gas from the 

underlying coarse layer. The production of N2 gas due to denitrification may 

significantly depress infiltration rates during recharge of secondary or primary effluent. 

Field testing in recharge basins would help to determine if infiltration rates could 

effectively be increased by strategic placement of venting pipes extending below the 

surface clogging layer. 



5.3 An alternative mechanism for Nitrogen Removal 

ANAMMOX 
(Anaerobic Ammonia Oxidation) 

Reaction L1GO' 
(kJ mo! of NH4 +) 

-297 

-358 

Figure 5.13, Gibbs free energy for two possible Anammox reactions. Based 
on experiments conducted by Van de Graf et al., 1995, it is believed that the 
second reaction gives the correct stoichiometry. 
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The apparent shortfall in the carbon budget for denitrification led to speculation 

concerning alternative mechanisms for nitrogen removal. Recent papers by researchers 

in the Netherlands have described a newly discovered process whereby ammonium 

serves as the electron donor for autotrophic bacteria which effectively reduce nitrate -N 

to elemental nitrogen. Experimental evidence suggests that a two-step process (perhaps 

involving two different microorganisms) may be involved, in which nitrate is first 

reduced to nitrite, with the latter species actually serving as the electron acceptor for the 

reaction. The free energy of the reaction and the rate of conversion of ammonium are 

comparable to aerobic nitrification reactions (Figure 5.13). In 1977, Broda wrote a 

theoretical paper entitled "Two kinds of Lithotrophs Missing in Nature" which speculated 

on the existence of such organisms based on the free energy available in the reaction. 



124 

Enrichment cultures were developed which enhanced nitrogen removal rates and enabled 

the researchers to identify the dominant species; an irregularly shaped cell with an 

unusual morphology. 

The Netherlands researchers dubbed the process ANAMMOX, which stands for 

Anaerobic Ammonium Oxidation. The ANAMMOX process was discovered in a 

denitrifying fluidized bed reactor, which was treating effluent from a methanogenic 

reactor. Therefore, the organism(s) responsible for ANAMMOX were selected for in a 

relatively extreme environment. There is no reason to presuppose that such an organism 

exists or could compete in a soil environment such as that encountered beneath a recharge 

basin. The observation that ANAMMOX could proceed, after a delay, in flasks exposed 

to air through cotton plugs, at least suggests the possibility that the organism could 

tolerate some threshold level of oxygen, although oxygen was observed to inhibit the 

reaction. 

Circumstantial evidence for and against the likelihood of ANAMMOX activity in 

Soil Aquifer Treatment is discussed below as a prelude to controlled experiments that 

could test the hypothesis. 

In (Figure 5.14), nitrate-N removal in the influent pond of the sand column is 

apparent. Although removal ofnitrate-N should be accompanied by a reduction in (NH/ 

-N) in the influent pond when the ANAMMOX process is occurring, a reduction in NH4+ 

-N was not observed. 
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Figure 5.14, (a) Ammonia -N concentration and infiltration rate vs. time. (b) 
NOxN concentration and infiltration rate vs. time. Sandy Loam Column D -
50/50 primary/nitrified-secondary effluent blend Cycle 8. 
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ANAMMOX activity in the influent ponds of sandy-loam columns also appears 

unlikely, since a typical ammonia profile (Figure 5 .15) shows no reduction in influent 

pond ammonia despite simultaneous removal of (nitrate + nitrite) -N. ANAMMOX 

activity at depth cannot be ruled out in sandy-loam columns, since the ammonia-Nin the 

column outflow is typically far below influent levels. However, the disappearance of 

ammonia -N is normally attributed to sorption. 
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Figure 5.15, Arnmonia-N concentration and infiltration rate vs. time. Sandy 
Loam Column A -- 25/75 blend of primary and nitrified-secondary effluents, 
Cycle 14. 
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Light, oxygen, and the presence of organic electron donors were identified as 

inhibitors of ANAMMOX activity. These parameters are likely to be elevated in the 

influent pond of a soil column relative to the subsurface. Field and column studies have 
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also shown that dissolved organic carbon is depleted rapidly with depth. In field studies 

at the Sweetwater Underground Storage and Recovery Facility in Tucson, Wilson et al. 

(1993) noted DOC reductions of 60% - 70% in the upper 1.5 - 3.1 m (10 ft) of sandy

loam soil. However, a sharp increase in nitrate removal was noted below this depth, 

particularly in a perched water zone from 3.1 m (10 ft) to 5.2 m (17 ft) below surface. 

DOC concentrations were little changed across this zone, having already been depleted to 

concentrations approaching refractory background levels. The possible role of 

ANAMMOX in carbon-limited subsurface environments is an intriguing topic for future 

research. 
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6 Conclusions 

One of the potential problems associated with artificial recharge of effluent is the 

introduction of nitrate into groundwater. The phenomenon of a prominent nitrate flush 

after the beginning of flooding in recharge basins has been observed in field and 

laboratory studies. In this study, total nitrogen removal was optimized using 

nitrified/non-nitrified effluent blends. 

Overall nitrogen removal for secondary or ozonated secondary effluent application to 

sand was 5%. Nitrogen removal for secondary effluent application to sandy loam was 

38%, but high variability of individual cycles and poor hydraulic performance of the 

column hindered interpretation. The occasional observation of broad secondary NOxN 

plateaus following the initial NOxN flush in the effluent of sand columns adds detail to 

the understanding of N transformations in soil column and SAT studies. The transition 

from nitrifying conditions to the onset of ammonia breakthrough appears to be controlled 

by the development of ponding at the soil surface, which restricts oxygen availability 

through the soil profile. 

Significant nitrogen removals were achieved usmg primary/nitrified-secondary 

effluent blends. Cumulative TN removal was 44% for three cycles of operation with a 

50/50 blend of primary and nitrified-secondary effluent in sand. In a sandy loam column, 

TN removals were 31 %, 54%, and 72% for primary/nitrified-secondary blend ratios of 

25/75, 35/65 and 50/50, respectively. In addition to enhanced nitrogen removal, a lower 

proportion of ammonia in the blended effluents contributed to a reduced initial flush of 
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nitrate during flooding periods. Although denitrification was assumed to be the primary 

nitrogen removal mechanism, an apparent shortfall in the carbon supply suggests the 

need to consider other possible electron donors and nitrogen removal mechanisms. 

Based on measurements of DOC, available carbon was estimated to account for only 27% 

and 32% of the total nitrogen removed during application of primary-nitrified-secondary 

blends to sand and sandy loam columns. 

A limited number of trials using secondary/nitrified-secondary effluent blends in this 

study were inconclusive with regard to nitrogen removal. In the case of nitrified

secondary effluent application however, a combination of high infiltration rates and 

negligible nitrogen removal was observed. 

Cumulative nitrogen removal was negative (-6%) during drip-application of primary 

effluent to sandy loam columns under unponded conditions. Under unponded conditions, 

soil columns effectively functioned as nitrifying reactors, converting influent ammonia to 

nitrate in the column effluent. 

A management strategy employing nitrified/non-nitrified effluent blends may 

provide a degree of control over nitrogen transformations and enhance nitrogen removals 

during SAT. Application of primary effluent/nitrified-secondary effluent blends to 

recharge basins may not be permitted in many areas of the United States. Utilization of 

nitrified/non-nitrified effluent blends could be applied however, to achieve nitrogen 

removal in lined lagoons or at constructed wetland systems such as the Sweetwater 

Wetlands. The Sweetwater Wetlands were designed to treat the backwash-water used to 

flush sand/anthracite filters at a tertiary treatment plant. TN in the backwash-water is 
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primarily present as ammonia-N. BOD concentrations are similar to primary effluent. 

Backwash-water could be blended with a nitrified-secondary effluent source to achieve 

higher nitrogen removals and improved water quality through the wetlands. 
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7 Future Research 

• If technically and economically feasible, TKN should be included in the analysis of 
nitrogen species to reduce uncertainty in nitrogen mass balances. 

• Depthwise oxygen profiling would help to establish whether ammonia breakthrough 
in sand columns is partially controlled by oxygen availability and the development of 
ponded conditions. 

• Additional trials using secondary effluent in sandy loam columns are needed to 
establish long-term TN removal rates. Ideally, columns exhibiting adequate 
infiltration rates and reasonably consistent hydraulic performance should be used in 
the study. Periodic chemical analyses of soil extracts would help to refine nitrogen 
mass balances and estimates of ammonia sorption. 

• Additional column and field studies are needed to evaluate TN removal using 
secondary/secondary-nitrified effluent blends as the source water for recharge. 

• The performance of backwash-water/nitrified-secondary effluent blends in a 
constructed wetland environment could be evaluated at the Sweetwater Wetlands in 
Tucson. Use of these blends may boost TN removals and overall water quality 
through the wetlands. 

• Column and batch studies could be performed to isolate variables as a test of whether 
ANAMMOX is a potential nitrogen removal mechanism during SAT. 
Fundamentally, such tests would involve measurement of DOC and nitrogen in 
effluent and addition or subtraction of inorganic ammonia and external carbon 
sources such as methanol. Demonstration that nitrate removal could be enhanced 
solely through addition of inorganic ammonia would provide circumstantial evidence 
of ANAMMOX activity. Efforts could then be made to produce an enrichment 
culture or isolate of the microorganism(s) responsible for the ANAMMOX activity. 
Batch studies would provide the best means for controlling oxygen at anaerobic or 
nearly anaerobic conditions, and would facilitate gas-phase analyses. Utilization of 
nitrogen isotope tracers as in the batch studies described by Van de Graaf et al. (1995) 
would make it possible to determine the most probable reaction stoichiometry for the 
process. 

• BDOC tests could determine if there is a higher biorefractory portion of DOC in 
secondary effluent after it has been nitrified in an aquarium. 

• Examine depthwise profiles of nitrate, ammonia, and carbon in the subsurface of 
recharge basins. If it can be demonstrated that significant nitrate removal takes place 
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at depths below which most bio-available carbon has been removed, then 
circumstantial evidence for a nitrate removal mechanism other than denitrification is 
suggested. 

• Infiltration rates during recharge of effluent may be depressed by gas entrapment. 
Gas production may be caused by release of CO2 during aerobic respiration or N2 gas 
production during denitrification. Field testing in recharge basins would help to 
determine if gas entrapment is a significant process and whether infiltration rates 
could be enhanced by strategic placement of venting pipes extending below the 
surface clogging layer. 



APPENDIX A: 

Plots of Concentration vs. Time for 

Ammonia-N and (Nitrate+Nitrite)-N 

and 

Infiltration Rates for I-meter Sandy Loam and Sand Columns 

133 



30 ~~~~~~~~~~~~~~~-,---

~ ' 25 
~ 
5 20 

2.0 
---"O 

-----¢:: 
'-"' 

1.5 p 
~ ~ 
ro 15 1.0 "E 
·g 

10 
-xx. -. * .. ---x -... ·><· .• -. ).( ....• ·>~ _. __ . }< .§ 

~ 0.5 ~ 
5 G 

.s 
0 --PH:::::::ll:::=::r::!!t:::~t:=::::::,l===:=!!!t::::::ll]!__ _ _ --1- 0.0 

0 50 100 150 200 

hours since begin outflow 

• IN • our ---x--- QI 

~ 2.0 

e- 80 
00 
S 70 

'-"' 

---"O 

-----¢:: 

1.5 '-"' 

~ ro p 
~ 50 ..... 
Ii 

40 ·a 
~ 

1.0 
..... 
ro 
I-< 

~ 

+ 30 
~ ..... 
ro 20 b ·a 10 

0 ..... ..... 
0.5 

ro 
I-< ..... 
G 
~ ..... 

0 0.0 

0 50 100 150 200 

hours since begin outflow 

• IN • our --->'"- - - QI 

Figure A.I, Ammonia -N concentration and infiltration rate vs. time (top). (Nitrate+ 
nitrite)-N concentration and infiltration rate vs. time (bottom). Sweetwater Soil 
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Figure A.4, Ammonia -N concentration and infiltration rate vs. time (top) . (Nitrate + 
nitrite) -N concentration and infiltration rate vs. time (bottom). Sweetwater Soil 
Column A - nitrified-secondary effluent, Cycle 11. Ponding could not be maintained 
after day 4 of the cycle due to exceptionally high infiltration rates . 
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Figure A.6, Ammonia -N concentration and infiltration rate vs. time (top).(Nitrate + 
nitrite) -N concentration and infiltration rate vs. time (bottom). Sweetwater Soil 
Column A -- 25/75 blend of primary and nitrified-secondary effluents, Cycle 13. The 
majority of denitrification took place through the column rather than in ponded water, 
in contrast to the 50/50 blend used in Cycle 12. 
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Figure A.7, Ammonia -N concentration and infiltration rate vs. time (top).(Nitrate + 
nitrite) -N concentration and infiltration rate vs. time (bottom). Sweetwater Soil 
Column A -- 25/75 blend of primary and nitrified-secondary effluents, Cycle 14. 
Significant denitrification occurred both in ponded water and through the column. 
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Figure A.8, Ammonia -N concentration and infiltration rate vs. time (top).(Nitrate + 
nitrite) -N concentration and infiltration rate vs. time (bottom). Sweetwater Soil 
Column A -- 35/75 blend of primary and nitrified-secondary effluents, Cycle 15. 
Significant denitrification occurred both in ponded water and through the column. 
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Figure A.9, Ammonia -N concentration and infiltration rate vs. time (top) .(Nitrate + 
nitrite) -N concentration and infiltration rate vs. time (bottom). Sweetwater Soil 
Column A -- 35/75 blend of primary and nitrified-secondary effluents, Cycle 16. 
Denitrification activity in ponded water decreased midway through the cycle. 
Ammonia -N removal was the highest of any cycle (93.1 %). 
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nitrite) -N concentration and infiltration rate vs. time (bottom). Sweetwater Sandy
Loam Column B -- secondary effluent, Cycle 20. 6-cm of soil at the top of the column 
was replaced prior to the start of the cycle to reestablish adequate infiltration rates. Last 
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lowering of feed pump during overnight periods. There was minimal or no ponding 
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Figure A.27, Ammonia -N concentration and infiltration rate vs. time (top).(Nitrate + 
nitrite) -N concentration and infiltration rate vs. time (bottom). Agua Fria Sand 
Column D - secondary effluent, Cycle 2. 
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Column E -- secondary effluent, Cycle 13. Decrease in influent ammonia 
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minute pump failure.) 

169 



18 14 
16 • 12 

,_ 

' 
"C -E'14 I ¢:: . 

0/) ' 10 ---. 
S 12 X O' ---zlO 8 

0 
I 

~ ro 8 6 ·- i-. 
i::: i::: 
0 6 0 

~ 
4 ·-4 ~ . 

' 
i-. ...... x. 2 -2 ~ ··x ... X· ...... i::: ·-0 0 

0 20 40 fl) 80 100 120 140 160 

mus~ lajn mtflow 

I · ...... IN " P(N) • CXJf ... X· •. Q I 

300 14 

--~250 12 8' 
---s ¢::: 

'-" IO~ z:m . 
~ I p -- 8 (I) (I) 

-~ 150 ..... 
Cd 

.b ~ 

·a 6 ~ 

+ 100 .s 
X 

..... 
(I) 4 Cd ..... .b 
Cd r.a .b 50 ·a 2 .s 
'-" 

0 

0 X) 40 (J) ffi 100 IX) 140 l(J) 

I~ Ave. IN --k-RN) -W-a.JT · · * · · QI 
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was caused by active aeration of ponded water which enhanced nitrification. Active 
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