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Executive Summary 
This draft Total Nitrogen Reduction Technologies Review Technical Memorandum (TM) 
serves as a guide to the conceptual design of the C-43 Water Quality Treatment and 
Demonstration Project (WQT&DP). This TM is being developed under South Florida Water 
Management District (the “District”) Contract #4600000851, Work Order (WO) #02 – Initial 
Data Collection and Total Nitrogen Reduction Technologies Assessment. The principal 
nitrogen species of concern in this TM is dissolved organic nitrogen (DON). The TM 
describes recent scientific findings on organic nitrogen in the environment and the use of 
these findings in the conceptual design. 

DON is comprised of hundreds of compounds in natural ecosystems. Some are bioavailable, 
some not. Recent evidence has confirmed that species responsible for harmful estuarine and 
coastal algal blooms require DON in their nitrogen budget. A portion of DON is also recal-
citrant on time-scales of thousands of years. Particulate organic nitrogen feeds the DON 
pool, but is a small fraction of the aquatic organic nitrogen pool except for what is actually 
bound in algae.  

The goal of treatment is to remove the bioavailable fraction from DON. The complex mix 
compounds will force use of recently developed analytical methods that provide 
compound-level knowledge of DON constituents. Current methods lump recalcitrant and 
bioavailable elements together and, therefore, cannot provide this insight. 

Review of wetland databases and the scientific literature reveals that DON removal in 
wetland systems dominated by bacteria and limited by light is far better than in wetland 
systems dominated by algae. The conceptual natural system process diagram for DON 
removal begins with a floating aquatic vegetation system (FAV) and is followed by an 
emergent aquatic vegetation (EAV) system. Final treatment is a soil aquifer treatment (SAT) 
cell or a submerged aquatic vegetation (SAV) cell. Removal of total nitrogen (TN) is 
expected to be 30 to 50 percent in the natural treatment system (NTS), which will also 
remove dissolved inorganic nitrogen (DIN), total suspended solids (TSS), total phosphorus 
(TP), and biochemical oxygen demand (BOD). 

Drinking water treatment systems provide the best conceptual models for DON removal by 
conventional treatment technologies. In this case, removal of color or dissolved organic 
matter is a surrogate for DON removal, which is seldom quantified. Reverse osmosis (RO) 
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and advanced oxidation processes can be used, but only with substantial pretreatment 
because of the high humic content of typical Florida river water, such as the Caloosahatchee 
River. It is not known if the residual DON in the effluent of these technologies would be 
bioavailable. 

Assuming a design flow of 64 million gallons per day (mgd) (approximately 6 cm d-1 over 
the wetted treatment area of approximately 1,000 acres), capital cost of the NTS is on the 
order of $52 million, and on the order of $450 million to $500 million for the conventional 
systems analyzed. Yearly operating and monitoring costs for the NTS is estimated at 
$0.4 million, where the cost for a conventional water treatment process is $27 million and for 
an RO process is $75 million. These summary costs are presented to compare treatment 
systems and are not reflective of the conceptual cost of the C-43 WQT&DP. 

Introduction 
This draft Total Nitrogen Reduction Technologies Review TM serves as a guide to the 
conceptual design of the C-43 WQT&DP. This TM is being developed under the District 
Contract #4600000851, WO #02 – Initial Data Collection and Total Nitrogen Reduction 
Technologies Assessment.  

This TM is an overview of available and feasible conventional and natural treatment 
technologies for TN removal. Approximately 80 percent of the TN load entering the 
Caloosahatchee Estuary is organic nitrogen (SFWMD, 2005).  

The biogeochemistry of dissolved nitrogen in surface waters is an active area of scientific 
investigation. Both organic and inorganic forms of nitrogen comprise vital elements of 
lacustrine, riverine, estuarine, and marine microbial nutrient budgets. Until recently, the 
bioavailability of DON was discounted by marine ecologists (Antia et al., 1980), but is now 
known to be important (Bronk et al., 2007). Although far more is known about dissolved 
inorganic nitrogen, even this area of knowledge is undergoing a rapid expansion of 
knowledge. Apparently ubiquitous denitrification pathways in nature have been discovered 
over the last 20 years (Robertson et al., 1990; Strous et al., 2004; Raghoebarsing et al., 2006). It 
is reasonable to suppose that important discoveries will occur in the near future.  

This TM summarizes what is known about removal of dissolved nitrogen from surface 
waters both by natural and technological means. DON currently receives far more attention 
than DIN. The latter is relatively easy to remove and is scientifically understood. The former 
is neither easy to remove nor well understood. In this TM, evidence for DON bioavailability 
is presented first to provide a foundational motivation for devising state-of-the-art means 
for its removal from surface waters in water quality treatment systems. Both conventional 
treatment and NTS technologies are examined for efficacy in DON removal.  

A natural system appears to be most consistent with the characteristics of the C-43 
WQT&DP selected site and the need to treat large volumes of water at a reasonable cost. 
Nevertheless, conventional technologies are an important consideration. Conceptual 
features of both types of technologies applicable to this project will be described. Potential 
combinations of natural and conventional treatment technologies will also be described. 

Relevant data were reviewed to assess DON removal in existing NTS systems in Florida and 
other states. The NTS data include nitrogen removal performance from stormwater treat-
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ment areas (STAs) 1W, 2, 3/4, 5, & 6; Village of Wellington Wetland Treatment Technology 
Demonstration Study; the North American Wetland Treatment Data Base; Everglades 
Nutrient Removal Project Test Cell Research: the American Society of Civil Engineers/U.S. 
Environmental Protection Agency (ASCE/EPA) Stormwater wetland database; and the 
Everglades Protection Areas (North to South transect data).  

In reviewing NTS data and in assessing both NTS and conventional treatment technologies, 
other important treatment parameters will be considered in addition to DON and DIN. 
These treatment performance parameters include BOD, TSS, TN, TP, soluble reactive 
phosphorus, and fecal and total coliforms. 

Another important consideration in assessing treatment technologies is the potential to yield 
undesirable by-products. Examples from wastewater treatment include chemical and 
biological sludges.  

The final section of this TM contains cost summaries for treatment options. It also contains a 
matrix summary comparing natural and conventional treatment systems. 

Nitrogen Processing in Surface Waters 
DON has historically been considered as recalcitrant in aquatic ecosystems despite long-
standing evidence to the contrary (Antia et al., 1968; Antia et al., 1980). Far from recalcitrant, 
the weight of scientific evidence confirms DON as a dynamic participant in aquatic 
ecosystems. Concentrations of DON frequently exceed DIN in marine and freshwater 
ecosystems (Antia et al., 1991; Berman et al., 2003). A significant fraction of DON introduced 
into surface waters is bioavailable within days to weeks to phytoplankton and bacteria 
across marine, estuarine, and freshwater ecosystems, and thus, must be incorporated into 
coastal nitrogen budgets (Berman et al., 2003; Wiegner et al., 2006; Bronk et al., 2007). 
Implication of DON in the eutrophication of estuaries is strong (Seitzinger et al., 1997). 

Berman et al. (2003) surveyed DON in 115 studies across marine, estuarine, and fresh waters 
across the globe (see Exhibit 1). Of the 55 studies reporting both total dissolved nitrogen 
(TDN) and DON, the DON fraction was over half of TDN in all systems except the deep 
ocean. The importance of DON to aquatic nitrogen budgets can be inferred from this survey. 
The deep ocean is beyond the euphotic (sunlit) zone in which phytoplankton grow and is a 
final sink for unused nutrients.  

EXHIBIT 1 
DON Percentage of TDN in Ocean, Coastal, Estuarine, and Freshwater Systems  
Adapted from Berman et al., 2003 

System 

Number of 
Studies 

Cited 

Mean 
TDN,  
μM N 

Mean 
DON, 
μM N 

Studies 
with TDN 

Data 
Mean 

DON:TDN 

% studies 
DON/TDN > 

50% 

Oceanic-surface 39 11 5 17 0.41 59 

Oceanic-deep 23 35 3 9 0.10 10 

Coastal/Continental shelf 13 14 9 9 0.65 78 

Estuarine 11 51 25 7 0.50 83 

Rivers 12 56 35 5 0.62 60 

Lakes 17 49 38 8 0.78 78 
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EXHIBIT 1 
DON Percentage of TDN in Ocean, Coastal, Estuarine, and Freshwater Systems  
Adapted from Berman et al., 2003 

System 

Number of 
Studies 

Cited 

Mean 
TDN,  
μM N 

Mean 
DON, 
μM N 

Studies 
with TDN 

Data 
Mean 

DON:TDN 

% studies 
DON/TDN > 

50% 

Total studies 115   55   

 

Both phytoplankton and bacterioplankton scavenge DIN preferentially to DON. If DON 
were entirely refractory and unavailable as a vital macronutrient for primary and secondary 
productivity, the DON:TDN ratio should be highest in the final nutrient sink, the deep 
ocean. Instead, the DON:TDN ratio is lowest in the deep ocean, indicating that either DON 
is converted to DIN or that there is a preferential uptake of DON. The rate of photolytic 
DON degradation in surficial waters is too small to fully account for these ratios (Wiegner et 
al., 2001). Widespread bioavailability of DON is an obvious inference from this survey. 

Within Florida waters, the bioavailability of DON has been established in a number of 
studies:  

• In Southwest Florida, rapid dissolved DNA turnover has been observed in lakes (Paul et 
al., 1989).  

• In Lake Okeechobee, a significant fraction (16 percent) of nitrogen utilization was from 
urea in a summer cyanobacterial bloom (Gu et al., 1997). It is interesting to note that 
DON utilization exceeded nitrogen fixation (12 percent) within the overall nitrogen 
budget. 

• In Apalachicola Bay, spatial distribution and monthly budgets for DON have been 
established (Mortazavi et al., 2001). DON is clearly an important element of algal 
nutrient budgets. 

• In Florida Bay, cyanobacteria blooms were associated with DON in the central bay, 
whereas diatom and microflagellates were associated with DIN in the east bay (Gilbert 
et al., 2004). Not only did algae respond differentially to DON and DIN, but bacterial 
response differed by location. Bioavailability is, therefore, dependant on microbial 
community structure. 

• In the Everglades, DON has been shown to be bioavailable (Qualls et al., 2002). The fate 
of DON and dissolved organic carbon (DOC) appeared to be closely linked. On a 
landscape scale the Everglades were demonstrated to be a sink for DON. 

Bioavailability of DON can have a profound impact on coastal ecosystems. Many harmful 
microalgae blooms appear to either need elevated DON concentrations or can use DON as 
part on overall nitrogen budget.  

• In the West Florida Shelf, DON concentrations (8–14 μM) exceed DIN by 1 to 2 orders of 
magnitude and are sufficient to support Karenia brevis (red tide) blooms (Vargo et al., 
2008). Inputs of DON to this area are from Tampa Bay, Charlotte Estuary, and the 
Caloosahatchee Estuary. Growth dynamics of K. brevis in the same area and near 
Panama City Beach are most closely correlated with elevated N concentrations (Redalje 
et al., 2008), which by inference are DON. It also appears that K. brevis is physiologically 



C-43 WATER QUALITY TREATMENT AND DEMONSTRATION PROJECT: TOTAL NITROGEN REDUCTION TECHNOLOGIES REVIEW 

GNV310133631578.DOC/080640010  5 

adapted to have the highest specific uptake rates of DON at the lowest DON concen-
trations (Bronk et al., 2004). In light of these studies, there is little reason to doubt the 
bioavailability and harmful environmental impact of DON exported by the 
Caloosahatchee River to at least harmful dinoflagellate blooms.  

• In Chesapeake Bay, nitrogen uptake in dinoflagellate blooms (Prorocentrum minimum) 
had a high affinity for urea, but a preference for ammonia (Fan et al., 2003), suggesting 
that reduced forms of nitrogen are preferred by dinoflagellates. In estuarine aquaculture 
(striped bass) ponds within Chesapeake Bay, the threshold concentration of urea (as N) 
for dinoflagellate blooms to occur may be as low as 1.5 μM (Gilbert et al., 1999). 

• In Long Island Sound, Aureococcus anophagefferens causes brown tides. It was observed in 
in-situ mesocosms studies to have net growth rates under conditions of elevated DON, 
but no net growth when enriched by nitrate (Kana et al., 2004). Within DON fractions A. 
anophagefferens could acquire nitrogen from peptide hydrolysis and then take up 
nitrogen and carbon from amino acids (Mulholland et al., 2002). Uptake of C allows 
heterotrophic augmentation of autotrophic C uptake. The weight of evidence clearly 
implicates DON in brown tide events.  

Multiple lines of evidence, including stable isotope ratios (δ15N) indicate that the unpre-
cedented macroalgae blooms in the southeast Florida reefs are caused by sewage N inputs 
rather than N from deep upwellings (Lapointe et al., 2005). Elevated DIN may play a role in 
these macroalgae blooms, but DON cannot be ruled out in light of evidence that DON 
comprises a major part of macroalgae N budgets in temperate coastal lagoons (Tyler et al., 
2001) and evidence cited earlier of TDN:DON ratios in coastal waters.  

The weight of evidence unequivocally establishes bioavailability of DON worldwide and in 
South Florida waters. The fate and flux of bioavailable DON in surface waters is less clear.  

There is rapid DON turnover and recycling within phytoplankton communities (Paul et al., 
1989; Mortazavi et al., 2001; Tyler et al., 2001). Flux of DON from wetlands in the north-
eastern U.S. to surface waters can be an order of magnitude large than other terrestrial 
sources (Pellerin et al., 2004). On the other hand, the Florida Everglades has been deter-
mined to be a net sink for DON (Qualls et al., 2002). Whether source or sink, DON in 
wetland discharges has been observed to be highly recalcitrant by one study (Stepanauskas 
et al., 1999). Availability of DON to algae may first require DON transformation to DIN and 
or decomposition to simpler DON compounds by bacterial communities (Berman et al., 
2003; Wiegner et al., 2006; Bronk et al., 2007). However, as noted earlier, harmful algae 
blooms can directly use a variety of DON types. 

Sources for DON in surface waters include anthropogenic sources (Lapointe et al., 1992; 
Vitousek et al., 1997), atmospheric deposition (Seitzinger et al., 1999; Pearl et al., 2002), 
cycling of DON within aquatic microbial communities and transformation of DIN to DON 
in microbial communities (Berman et al., 2003; Bronk et al., 2007), fixation in aquatic 
environments (Howarth et al., 1988), and leaching of fixed N from terrestrial ecosystems, 
which is found mainly in humic substances (Berman et al., 2003).  

There is also a strong seasonal variability in DON concentrations in surface waters. Berman 
et al. (2003) cite a striking example from the euphotic (day lit) zone of a seasonally stratified, 
meso-trophic lake in Israel (Lake Kinnert). Although particulate organic nitrogen and 
ammonia fractions remained seasonally constant from 1975 through 1994, the mean DON 
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fraction in March was 39 percent, but 65 percent in September. An opposite trend 
(29 percent vs. 4 percent) was observed for combined nitrate and nitrite. Seasonal variability 
of DON has been observed in the Everglades (Jaffé et al., 2005). 

The ultimate sinks for DON in surface waters appear to be bacterial uptake, phytoplankton 
uptake, photochemical decomposition, and abiotic adsorption (Bronk, 2002). Bacteria are the 
major share of N flux out of the DON pool (Berman et al., 2003). Wiegner et al. (2006) tested 
bioavailability of DON to bacteria in nine rivers in the eastern U.S. They added freshwater 
bacteria to sterile filter river water and monitored DON concentrations daily for 6 days. The 
percentage of DON used ranged from 40 percent (±19) to 0 percent (±0) (see Exhibit 2). 
There is no clear explanation for such a large range of DON removal percentages. Both 
samples where zero DON was used by bacteria came from watersheds (Bass and Pocomoke 
Rivers) with a large percentage of wetlands. On the other hand, the Pocomoke and 
Choptank Rivers have very similar watersheds, yet 22 percent of DON was used in the 
Choptank River sample. Variability in the bioavailability assays could be an artifact of the 
short exposure period that may not have allowed time for bacteria to induce enzymes to 
degrade DON in the sample. Moreover, the study did not analyze variability in the compo-
sition of DON between the watersheds or seasonal distribution of TDN fractions. One can 
conclude from this study that bacteria can be a significant sink for DON, and also that there 
are other unknown countervailing factors. 

Photochemical decomposition (photolysis) releases a small, but significant, fraction of the 
DON pool associated with humic substances (Wiegner et al., 2001). Exposure to ultraviolet 
(UV) light releases inorganic nitrogen (Bushaw et al., 1996; Gao et al., 1998; Bushaw-Newton 
et al., 1999) and small labile organic molecules (for example, amino acids and urea) into the 
surrounding environment (Amador et al., 1989; Jørgensen et al., 1998; Bushaw-Newton et 
al., 1999). Of these compounds, NH4+ generally has the greatest observed rates of pro-
duction. 

There is a strong association of DON with humic substances (Wiegner et al., 2001; Bronk et 
al., 2007). Adsorption of UV light by organic carbon occurs most strongly near 300 nano-
meters in the light wavelength spectrum (Amador et al., 1989; Kieber et al., 1990). The half-
life of humic substances in Florida marine environments is on the order of 5 to 15 years 
(Kieber et al., 1990). Release of DON from humic substances or conversion of refractory 
DON to bioavailable DON is, therefore, related to humic fraction association and time in the 
marine environment. Further complicating the fate of DON in marine systems is that there 
are probably synergistic effects between photochemical and bacterial degradation of the 
humic faction in the marine environment (Moran et al., 1994).  

The extent of conversion of recalcitrant to bioavailable DON between freshwater and marine 
ecosystems is not clear. Within freshwater systems, total DON photochemical conversion to 
DIN or highly labile DON fractions appears to be on the order of 10 percent (Bushaw-
Newton et al., 1999; Wiegner et al., 2001), but little to no photochemical reduction of riverine 
DON has also been observed (Stepanauskas et al., 2000). It appears safe to say that if time of 
exposure determines the extent of photochemical degradation, then this process is probably 
more important in marine than freshwater ecosystems.   

In terms of the goals of this project, photochemical degradation rates should be assessed 
within the NTS system to determine to what extent it can be used as a design element of 
treatment.  
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EXHIBIT 2 
Percentage DON Used in Bacteria Dark Bioavailability Assays by Watershed 
Adapted from Wiegner et al. (2006) 

River 
% DON 
used 

Standard error, 
± 

% 
Urban 

% 
Ag. 

% 
Forest 

% 
Wetland 

% 
Other 

Forest 17a 40 19 0 0 100 0 0 

Bass 0 0 2 0 83 14 1 

Delaware 19 3 3 17 75 2 3 

Hudson 33 8 6 20 64 NA 9 

Altamaha 12 24 3 26 64 5 1 

Savannah 22 6 5 25 52 NA 17 

Pocomoke 0 1 1 45 36 17 1 

Choptank 22 2 2 55 26 14 2 

Peconic 12 8 33 10 19 NA 38 

Median 19 6      

        

Turnover and uptake of DON varies greatly. Across many study freshwater systems 
reported by Berman et al. (2003) the median turnover time for DON, urea, dissolved free 
amino acids (DFAA), and dissolved combined amino acids (DCAA) was approximately 
30 days, with a minimum of 0.6 days and a maximum of 430 days (see Exhibit 3). The survey 
did not distinguish between bacterial and algal activity.  

EXHIBIT 3 
DON Turnover Times in Freshwater Systems 
Adapted from Berman et al., 2003 

System 
DON 
form 

Turnover 
time, da 

Uptake rates, 
nmol N / L / ha 

Lake Kizaki, Japan 11 NA 

Lake Kinneret, Israel 
DON 

70 10.9 

Lake Dom Helvicio, Brazil 8 2.5 

Lake Jacare, Brazil 39 1.4 

Lake Carioca, Brazil 34 5.4 

Lake Biwa, Japan (surface) 

Urea 

215 NA 

Lake Constance, Germany 23.5 NA 

Lake Constance, Germany 
DFAA 

26.3 5.8 

Lake Constance, Germany DCAA 61.8 25.2 

Lake Constance, Germany Protein 1 NA 

FW Median  30 6 

Note: 
aMean values of ranges cited, nanomolars nitrogen/liter/hour 
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EXHIBIT 4 
Schematic Wetland Nitrogen Cycle 

Results of this survey and the study by Wiegner et al. (2006) are in broad agreement. If zero-
order (linear) kinetics are assumed in studies cited by Wiegner et al. (2006), the mean 
percent of DON used in 6 days would, if extended to 30 days, result in an approximate 
30-day turnover time.1 An engineering process theory cannot be easily drawn from these 
studies because of extreme variability of data, site-specific factors, and the lack of large, 
relevant database. However, these observations do provide a starting point for considering 
design residence times.  

The complicated, and perhaps contradictory, evidence for bioavailability, fate, and flux of 
DON in surface waters reflects substantial ecosystem specificity for DON processing, source 
specific variation of the elements comprising DON, and an early state of scientific 
knowledge of DON. Therefore, hypotheses drawn from the literature should be carefully 
tested within a specific watershed or receiving water body. Assumptions drawn from the 
literature may not apply to a given site. 

Dynamics of DON turnover and removal within wetland treatment systems is of special 
interesting to this TM because of the emphasis on NTS. Conceptual diagrams assist in 
synthesizing results of many studies cited in this TM. The place of DON within the wetland 
nitrogen cycle is an important starting place (see Exhibit 4). Organic nitrogen is formed by 

fixation within the 
wetland system by 
cyanobacteria. A 
wide variety of 
microbial processes 
transforms DON into 
other forms of 
nitrogen. Organic 
nitrogen, along with 
other forms of 
nitrogen may also be 
imported into 
wetlands by surface 
water, runoff, or 
atmospheric 
deposition.  

                                                      
1Turnover time is the period in which 100 percent of DON is lost or regenerated. The recalcitrant fraction may remain 
recalcitrant in a complete turnover as measured by bulk TN analyses. Thus, labile and semi-labile DON may undergo more 
than one cycle of cellular processing to make up for the refractory fraction lack of turnover. Turnover figures must be regarded 
with this caveat in mind. 
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Exhibit 4 provides a broad view of DON within an idealized and simplified wetland 
nitrogen cycle. It is also help to take a similar approach to viewing DON dynamics with a 
wetland system (see Exhibit 5). Dynamics of DON are complex and not well understood 
quantitatively. In a wetland system that is a sink for bioavailable DON, internal dynamics 
tend to process DON into DIN and denitrification, sequester DON in sediments, or 
transform DON into highly recalcitrant forms. Internal processes could also favor fixation of 
DON by cyanobacteria and export of bioavailable DON. Ecosystem structure and dynamics 
provide wide latitude for DON dynamics. 

 
 

Wetland system

DIN

ALGAE

DONR

DONL

EPS
BACTERIA

DONFRDONSL

PLANTS

DENITRIFICATION

EXUDATES
& 

SENESCENCE

DONL

 
 

EXHIBIT 5 
Idealized DON Dynamics within a Wetland System 
Recalcitrant DON (DONR) is divided into semi-labile (DONSL) and fully recalcitrant fractions (DONFR). Bacteria and algae 
living in wetland biofilms are embedded in extra-polymeric substances (EPS), which are a slimy matrix created by biofilms 
cells. EPS is rich in DON (Sutherland, 2001). In a wetland system that is a sink for labile DON (DONL), nitrogen will leave 
the system primarily as nitrogen gas (denitrification) and as recalcitrant DON (e.g. bacteria cell wall material). Internal 
wetland dynamics can also cause labile DON to be exported (not depicted in diagram). 

Organic Nitrogen Composition and Constraints to Removal 
Greater than 75 percent of the DON pool in surface water and wastewater still remains 
uncharacterized (Berman et al., 2003; Sedlak et al., 2004; Seitzinger et al., 2005; Bronk et al., 
2007). DON is defined as the fraction of total Kjeldahl nitrogen (TKN) less ammonia 
nitrogen (NH4-N) from filtered samples of water (N organic = TKN – NH4-N). Two broad 
approaches to characterizing DON are commonly used: size fractionation and lability to 
algal or bacterial growth (Bronk et al., 2007). Both approaches use a bulk determination of 
DON, which is calculated from the difference between TDN and total DIN. Recently, a 
novel analytical method using electrospray-ionization mass spectrometry has been used to 
provide insight into compound-level changes in the dissolved organic matter (DOM) pool, 
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which includes DON, as affected by microbial uptake of DOM compounds (Seitzinger et al., 
2005).  

Size fractionation by ultrafiltration (UF) divides DON into a low molecular weight (LMW) 
fraction (< 1 kilo-Daltons [kDa] or 1000 atomic mass units [amu]) and a high molecular 
weight (HMW) retained fraction (>1 kDa). Known components of the LMW fraction in 
marine waters include urea, peptides, dissolved free amino acids, amino sugars, purines, 
pyrimidines, pteridines, amides, and methyl amides (Antia et al., 1991). Known components 
of the HMW faction in marine waters include amide groups in peptidoglycan (organic 
sugar-amino acid polymers), enantiomers (nonsuperimposable stereoisomers2) of alanine, 
asparagine, glutamic acid and serine; all of which are characteristic of cellular and, 
particularly, bacterial origin (McCarthy et al., 1996; McCarthy et al., 1997; McCarthy et al., 
1998; Dittmar et al., 2001; Ogawa et al., 2001). Most of the HMW DON in oceans appears to 
be in the amide (see Exhibit 6) or amide-linked form (McCarthy et al., 1997). Amides are 
kinetically stable to hydrolysis under physiological conditions and are resistant to 
biodegradation (March et al., 2007). A review of the biochemistry and lability of these 
compounds is beyond the scope of this report. It is sufficient at this point to note the 
complexity and mixed availability of DON compounds.  

 

EXHIBIT 6 
Amide Functional Group 
The oxygen-carbon-nitrogen chain forms is the basic amide group. Each R is a functional group. 

Bioavailability does not correspond precisely with molecular weight. Transport of molecules 
across cell membranes is limited by size. Microorganisms must use extracellular or cell-wall 
enzymes to break down larger compounds into transportable subunits (Burns et al., 2002). 
Smaller compounds might be more bioavailable than larger compounds because there 
would be less need for enzymatic degradation, and hence less energy expenditure by 
microbes, to render them transportable across cell membranes. A competing theory is the 
size-continuum model, which proposes that the reactivity of DOM decreases along a 
continuum of size from large to small (Amon et al., 1996; Rainer et al., 1996). 

There is supporting evidence for either theory. Sedlak and Pehlivanoglu (2004) determined 
that almost all of the bioavailable DON in treated wastewater samples was LMW, but it was 
only directly bioavailable to freshwater bacteria, not freshwater algae. Seitzinger and 
Sanders (1997) cite several studies that demonstrate rapid uptake of LMW compounds, such 
as urea and amino acids, by bacteria and some algae. On the hand, there are studies 
demonstrating increased bioavailability (nitrogen uptake) for HMW compounds (Rainer et 
                                                      
2Isomers are compounds with the same molecular formula, but different structure. Isomers do not necessarily share similar 
properties unless they also have the same functional groups. (Source Wikipedia). 
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al., 1996; See et al., 2006). At least some bioavailability of HMW compounds can be 
attributed to labile moieties (functional groups) that can be enzymatically cleaved off of the 
main molecule (Bronk et al., 2007). 

Seitzinger et al. (2005) have substantially resolved these conflicting findings with 
electrospray-ionization mass spectrometry (ESI-MS) to characterize DOM3 at the compound 
level. A key finding was that although a larger proportion of HMW DOM was bioavailable 
than LMW DOM, the ion abundance of LMW DOM was far higher than HMW DOM. In this 
case, the overall mass effect of bioavailability would make the LMW fraction appear to be 
more bioavailable than the HMW fraction from a fractionated sample. The ratio of 
HMW:LMW DON fractions varies substantially from different ecosystems, which makes the 
determination of bioavailability by size fraction only meaningful at resolutions close to or at 
compound level. Their findings did generally support the size-continuum model, but with a 
division at 600 Da (amu)4, rather than 1000 Da. Thus, the 1kDa UF fractionation method 
lumps a fraction of functionally HMW compounds in the LMW category, which could have 
confounded bioavailability findings by other researchers if the molecular weight 
bioavailability relation observed by Sietzinger et al. (2006) holds across ecosystems. 

Although a significant fraction of DON in the ocean is recalcitrant over time spans of 
thousands of years (Reemtsma et al., 2008), the ultimate constraints to DON removal are 
fundamentally unknowable if DON is mysterious at the compound level. There is no 
compound-based mechanistic understanding of DOM lability, recalcitrance, or generation 
within a pool averaging over a thousand compounds per milliliter of water (Seitzinger et al., 
2005). Because DOC and DON are so closely associated, the unknown DON fraction 
comprises the major share of total DOM (Seitzinger et al., 2005). Percentage of bulk DON 
removal ranges from 0 to 70 percent in nature and bioassays (Seitzinger et al., 1997; Berman 
et al., 2003; Seitzinger et al., 2005; Wiegner et al., 2006; Bronk et al., 2007). Results from ESI-
MS analyses suggest that the apparently capricious range of bulk DON removal efficiencies 
would be resolved if compound-specific analyses were applied to DON fate and flux across 
ecosystems (Seitzinger et al., 2005). To do so, a standard method of analysis is needed.  

To date, ESI-MS is the only technique available to comprehensively determine individual 
molecular species in the complex mix of DOM (Seitzinger et al., 2005; Reemtsma et al., 2008). 
The alternatives to EIS-MS methods are either bulk analyses or methods that recover 
restricted classes of compounds (Seitzinger et al., 1997; Berman et al., 2003; Seitzinger et al., 
2005; Wiegner et al., 2006; Bronk et al., 2007; Reemtsma et al., 2008), and thus are inadequate 
tools to investigate DOC and DON in nature. What is needed is a method “to chemically 
characterize the large fraction of previously uncharacterized DOM in aquatic …ecosystems; 
understand the compound-level dynamics of DOM production, utilization, transport, and 
ecosystem effects; and develop and test ecological theories of microbial resource utilization” 
(Seitzinger et al., 2005).  

Preliminary findings of ESI-MS analyses suggest that results and trends of DOM utilization 
are replicable across similar ecosystems (Seitzinger et al., 2005; Kim et al., 2006; Reemtsma et 
al., 2008). The ESI-MS methods may satisfy the method called for by Seitzinger et al. (2005) 

                                                      
3DOM is comprised of dissolved organic carbon and dissolved organic nitrogen. 

4The atomic mass unit (amu), or dalton (Da), is a small unit of mass used to express atomic and molecular. It is defined to be 
one twelfth of the mass of an unbound atom of 12C at rest and in its ground state (Source Wikipedia). 
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(see Exhibit 7). Unless competing methods are developed by the time the C-43 WQT&DP is 
operational, ESI-MS analytical methods will be an obligatory element of assessing treatment 
efficacy and bioavailability in receiving waters. 

 

EXHIBIT 7 
Excerpt of Figure from Kim et al. (2006) 
Note the change in EIS-MS spectra of DON compounds between influent and effluent data from a bacterial biofilm reactor. 
Effluent bioavailability was not tested in additional bacterial or algal treatment systems. Spectral MS analyses are at present 
the only candidate method for observing treatment of DON at a compound level and establishing treatment target models to 
remove labile DON and discharge recalcitrant DON. 

There are different ESI-MS analytical methods. One is a low resolution method explored by 
Seitzinger et al. (2005). Others involve ESI with higher resolution methods (Kujawinski, 
2002; Kim et al., 2006; Reemtsma et al., 2008). Electrospray ionization is a low fragmentation 
ionization technique that preferentially ionizes polar functional groups prior to mass 
spectrometry analyses that provides compound-level information on mass, abundance, and 
functional groups (Cole, 1997; Kujawinski, 2002). Non-polar fractions of DOM will be poorly 
detected. Parallel ESI methods may be needed to detect both LMW and HMW DOM (These 
et al., 2003), but the compound size class detection range is 50 to greater than 100,000 Da 
(Seitzinger et al., 2005). Resolution of analyses involves a choice of post-ESI analytical 
method. Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS) is an 
ultra-high resolution method that enables detection of DOM individual compound 
formulae, but not structure (Reemtsma et al., 2008). Low-resolution ESI-MS separates 
compounds into subsets (“bins”) by mass/charge (m/z) ratio. Seitzinger et al. (2006) used a 
resolution of 50 units. They were able to determine that virtually all in their study systems 
DOM was monovalent. Therefore the m/z ratio corresponds to molecular weight. Treatment 
would be traced by changes in bin spectra in the lower resolution method. Ultimately, the 
higher precision of the high-resolution methods will have to be balanced with the easier 
interpretation of low-resolution methods. 

It is not clear at this time whether low- or high-resolution methods will more useful to 
analyze treatment performance. Because any ESI-MS method used is relatively new, results 
would have to be used with caution and done in parallel with standard bulk methods. 
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Another application of ESI-MS methods would be to understand what DON compounds in 
treatment system effluent are bioavailable to marine and estuarine phytoplankton. A 
compound-level analysis will allow targeting of specific compounds or classes of 
compounds to remove the eutrophication potential of freshwater discharge to the estuary. 
Mesocosm studies along salinity gradients with saline-amended effluent would establish 
bioavailability of freshwater recalcitrant DON to estuarine and marine microbial consortia 
(bacteria + phytoplankton). Lack of or substantially reduced bioavailability of treatment 
system effluent DON would be the basic criteria for ultimate project success. 

Recalcitrant DON compounds are, by definition, not bioavailable. Defining recalcitrance, 
however, is not simple. Certain DON compounds may be recalcitrant to algae, but labile to 
bacteria (Amon et al., 1996; Bronk, 2002; Seitzinger et al., 2005; Bronk et al., 2007). 
Recalcitrant organic compounds may be degraded by bacteria after long acclimation or 
culture enrichment times (> 30 days) (Buitrón et al., 1998), but with one exception (Kim et 
al., 2006) bacterial bioassays cited in this report were 14 days in length. Moreover, a com-
pound with slow kinetic rate of degradation would be recalcitrant if it passed quickly 
through a treatment system. If a compound is recalcitrant in a wetland, will it be recalcitrant 
in a coastal planktonic ecosystem? Recalcitrance is, therefore, more of an operationally 
defined quality than an absolute characteristic of a given compound.  

The preponderance of evidence is that bacteria degrade DON and are an important DON 
sink in terms of conversion of DON to DIN (and then N2) or highly recalcitrant DON 
(Tulonen et al., 1991; Amon et al., 1996; Rainer et al., 1996; McCarthy et al., 1997; McCarthy 
et al., 1998; Stepanauskas et al., 1999; Stepanauskas et al., 2000; Ogawa et al., 2001; Bronk, 
2002; Berman et al., 2003; Sedlak et al., 2004; Kim et al., 2006; Wiegner et al., 2006). A 
bacteria-dominated treatment system is, therefore, the best candidate for degradation of 
bioavailable and semi-recalcitrant DON. Bacterial biofilms are preferred over suspended 
growth systems to increase the mean cell residence time (MCRT) of resident bacteria.  

The importance of MCRT can be observed in slow-growing bacteria responsible for denitri-
fication of DIN. Anaerobic ammonia oxidizing bacteria (anammox) are ubiquitous in marine 
sediments and are a key element of nitrogen loss in global nitrogen cycles (Kuypers et al., 
2003; Kuypers et al., 2005). Anammox has a doubling time of more than 30 days (Van de 
Graff et al., 1996) and therefore requires very long MCRTs, such as found in biofilms, to 
significantly affect nitrogen loss in a system. By analogy with anammox and other slow-
growing nitrogen cycle bacteria, the probability of optimizing DON bacteria removal will be 
greatest within resident biofilm populations rather than suspended growth systems which 
are carried away with the flow of water. 

Recalcitrance would have a two-fold meaning within the context of a natural treatment 
system:  

1. Recalcitrant DON would be the fraction remaining after exposure to long-MCRT 
biofilms over a period of days. 

2. Recalcitrant DON would be the effluent fraction that fails to stimulate algae growth 
within estuarine and coastal ecosystems. 

In the latter case, bioassays along a salinity gradient would be used to determine 
recalcitrance. In the former case, recalcitrance would be seen in a constant TN concentration 
and a constant spectrum of DON compounds beyond a certain time or distance in a 
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treatment system. If the former predicts the latter, then treatment would be considered 
complete.  

Conventional Technologies for Nitrogen Removal: Types, 
Benefits, Limits 
Conventional treatment systems are the alternative to natural treatment systems. It is 
important to consider all technologies that could be feasible and effective for DON removal. 
Within conventional treatment, there is a general division between wastewater and drinking 
water technologies. Wastewater treatment can be ruled out because a widely accepted best 
available technology (BAT) TN effluent standard for wastewater is 3.0 milligrams per liter 
(mg/L) (Metcalf and Eddy, 2003), which is approximately twice the expected TN concen-
tration in the Caloosahatchee River. Drinking water treatment is a better model than waste-
water treatment for this application.  

Treatment of Caloosahatchee River water to remove bioavailable DON entails achieving a 
discharge standard of less than 1.0 mg/L TN. Although an explicit TN standard (except for 
nitrate) is not part of EPA drinking water standards (USEPA, 2006), drinking water 
treatment for taste and color entails removal of natural organic matter (DOM), of which 
DON is a subset. Therefore, DOM is a surrogate parameter for DON removal.  

There is a large treatment literature for DOM removal in drinking water, but very little for 
DON explicitly (excepting N-nitrosodimethylamine [NDMA]). It is possible to infer treat-
ment of DON in a high efficiency DOM removal process, but the inference is not strong 
enough to constitute a design basis. In particular, bioavailability of the untreated DON 
fraction is unknown. Efficacy of a given conventional treatment technologies to remove 
DON sufficiently to protect receiving waters is, therefore, open to question. Detailed 
treatment studies coupled with bioavailability assays relevant to receiving water would be 
needed prior to design of a conventional treatment technology.  

For the purposes of this TM, treatment efficacy is an assumption based on drinking water 
treatment methods. The candidate methods are advanced oxidation, membrane filtration 
(UF, nanofiltration [NF], and RO), coagulation and sedimentation, and adsorption (for 
example, activated carbon). 

Direct advanced oxidation to remove DON cannot work. Advanced oxidation processes 
start with an oxidant (for example, ozone, hydrogen peroxide, chlorine dioxide) followed by 
UV irradiation. UV and oxidation effectively remove NDMA, a DON compound created in 
wastewater chlorine disinfection (Sharpless et al., 2003). In clear water, these methods could 
be effective across a wide spectrum of DON compounds. However, the high humic content 
of Caloosahatchee River water precludes direct use of photolysis because of UV adsorption 
and also creates an impracticably large oxidant demand.  

The high humic content also presents problems for other conventional treatment 
technologies. UF, NF, and RO are all capable of size fractionation5 for DON compounds. It 
is not known if bioavailability of DON from the Caloosahatchee River is affected by 
molecular weight. In sewage, LMW fractions tend to be more labile (Sedlak et al., 2004), but 
                                                      
5Dividing DON into low and high molecular weight fractions. Doing so entails dividing water into a filtrate (water passing 
through the filter) and a retentate (backwash or reject water) streams. 
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in surface waters HMW fraction can also be labile (Amon et al., 1996; Seitzinger et al., 2005). 
However, if effective, these filtration methods are all vulnerable to fouling by dissolved 
organic matter (Fan et al., 2001; Zhang et al., 2003; Lee et al., 2004; Mosqueda-Jimenez et al., 
2006; Gur-Reznik et al., In press). Pretreatment is required to protect membranes. 

Depending on the molecular weight cut-off, RO membranes can efficiently reject high 
molecular weight organic matter (characterized as humic and fulvic acids). However, 
approximately 40 to 50 percent of the remaining TOC in permeates consists of low 
molecular weight acids and neutrals representing a molecular weight range of 500 Da and 
less (Drewes et al., 2003). Size fraction by UF is a common method of DON analysis and 
would have to be scaled up for treatment. Nanofiltration would fractionate DON at 
molecular weight intermediate between RO and UF. 

Evaluating efficacy of DON removal by membrane processes is hampered by a lack of 
compound-specific information. For the Caloosahatchee River water, it is not known if there 
is a relationship between the bioavailability and molecular weight of DON. If there is a 
relationship, then filtration could be effective if filter permeate (discharge) is not bio-
available and filter reject can be effectively treated to remove bioavailable DON. If permeate 
DON is bioavailable, then further treatment is needed and the cost of filtration is hard to 
justify. 

With these caveats in mind, unit processes common to drinking water treatment can be used 
to determine order-of-magnitude costs. Two process diagrams have been selected at 64 mgd 
(see NTS discussion for flows): 

1. Option A: Riverbank filtration + coagulation/sedimentation + advanced oxidation + 
filtration + granulated activated carbon (GAC) (see Exhibit 8). 

Riverbank 
filtration

Coagulation / 
sedimentation

advanced 
oxidation

media 
filtrationGACQ Q

 

EXHIBIT 8 
Option A Process Schematic 
Q is forward flow. Discharge to river. 

 
2. Option B: Media filtration + coagulation/sedimentation + reverse osmosis + RO reject 

deep well injection (see Exhibit 9). 

Media 
filtration

Coagulation / 
sedimentation ROQ Q permeate

RO 
reject Q reject

Deep 
well 

injection
 

EXHIBIT 9 
Option B Process Schematic 
Permeate discharge is to river. Influent from pump station. 
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Option A begins with riverbank filtration. Low hydraulic conductivity of local soils may 
prevent this option. It is included because riverbank filtration is well-known method for 
removing DOM from water (Kuehn et al., 2000; Schmidt et al., 2003). With long subsurface 
transit times (30 days), river TOC concentrations of 10 mg/L can be reduced to 2 to 3 mg/L. 
Riverbank filtration includes an impermeable barrier to avoid infiltration of groundwater 
not of river-water origin. 

Coagulation and sedimentation are included in both Option A and B to continue treatment 
by riverbank or media filtration. The production of chemical sludges is undesirable, but 
both advanced oxidation (AO) and RO may need the additional pretreatment to function. In 
Option A, it is possible that pretreatment will not remove sufficient DOC to make AO 
practicable. 

Option A continues to filtration and GAC treatment. These last two unit processes may not 
be necessary if AO is highly effective. They are included within the conceptual process 
diagram because both processes would be included in drinking water treatment.  

Option B uses media filtration and coagulation/sedimentation to pre-treat water prior to 
RO. If RO permeate DON (MW < 500 kDa) is not bioavailable, it can be directly discharged. 
If readily labile, it could be treated by passive, natural systems. Reject from RO would need 
to be injected into deep saline aquifers, requiring additional permitting, maintenance, and 
cost.  

Natural System Technologies for Nitrogen Removal: Types, 
Benefits, Limits 
NTS are typically passive or semi-passive6 methods of removing pollutants from water. 
Examples of NTS include constructed wetlands, lagoons, and soil treatment systems. NTS 
typically occupy far more land area than conventional treatment systems, but use far less 
electrical or fossil fuel energy.  

Determination of the most effective natural treatment method for DON removal entails 
consideration of performance data from existing systems. Six data sets or databases have 
been used to evaluate DON removal in NTS: 

1. Everglades STAs 1W, 2, 3/4, 5, and 6; 

2. Village of Wellington Wetland Treatment Technology Demonstration Study; 

3. North American Wetland Treatment Data Base (NADB);  

4. Everglades Nutrient Removal Project (ENRP); 

5. ASCE/EPA Stormwater wetland database; and 

6. Everglades Protection Areas (North to South transect data). 

Data (2007 water year) from the Everglades STAs (Pietro et al., 2007) reveal that TN removal 
a linear loading relationship by TN area loading rate (see Exhibit 10). This relationship holds 
for nitrate-nitrite removal (see Exhibit 11), but not for TKN removal (see Exhibit 12). 
Although ammonia removal data are not available in Pietro et al. (2007), the linear ammonia 

                                                      
6 A semi-passive process may use limited mechanical inputs, such as pumping, to assist and other wise passive process. 
Examples would be recycle pumping or lifting water to a passive treatment system. 
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removal relationship can be seen across a wide variety of surface flow wetland systems (see 
Exhibit 13). A similar trend is observed for denitrification in Exhibit 14. Because TKN is 
comprised of DON and NH4-N, removal of DON is the constituent that shows the greatest 
variance along a linear loading removal rate relationship. 

Data from Water Years 2004, 2005, and 2006 follow trends similar to 2007 with the exception 
of TN, which does not exhibit the strong linear loading relationship of Exhibit 10. Data from 
STA 3/4 (August 2005–April 2006) revealed that effluent TN is almost entirely DON (see 
Exhibit 15). There is very little particulate organic nitrogen. Chimney (2007) summarized 
influent and effluent TN fractions (see Exhibit 16). In all of the periphyton treatment cells, 
the effluent DON fraction was significantly higher than in the influent, despite an overall 
reduction in TN concentrations. There was no significant relationship between area mass 
loading of DON and effluent DON concentrations (see Exhibit 17). These data suggest at 
least preferential uptake of DIN and cycling of DON in STAs. Given the heavy dominance 
of cyanobacteria in the STAs (McCormick et al., 2006; Pietro et al., 2006) nitrogen fixation is 
a likely contributor to DON concentrations. 

The DON removal characteristics of the STAs are seen in other data. In the NADB there is 
no significant relationship between DON areal loading and DON removal (see Exhibit 18). 
In the ENRP, high removal efficiencies of NH4-N and nitrate-nitrate were not matched by 
TN, leaving DON as the recalcitrant N-species (Gu et al., 2006). Unlike DIN removal, which 
is highly predictable in free water surface (FWS) wetlands (Kadlec et al., 2008), there is no 
correlation between treatment area and DON removal with STA, ENRP, and NADB data.  
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EXHIBIT 10 
STA Specific TN Removal Rate, Water Year 2007 
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EXHIBIT 11 
STA Specific Nitrate-Nitrite Removal Performance, Water Year 2007 
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EXHIBIT 12 
STA Specific TKN Treatment Performance, Water Year 2007 
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Overlay of Model Results on NADB v.2.0 Data
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EXHIBIT 13 
Specific Ammonia Loading and Removal Data with Regression Model from the North American Treatment Wetland 
Database, V 2.0 

Overlay of Model Results on NADB v.2.0 Data
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EXHIBIT 14 
Nitrate-Nitrogen Loading Coordinate Graph with Regression Model from the North American Treatment Wetland Database, 
V 2.0 
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EXHIBIT 15 
Nitrogen Fraction in STA 3/4 Effluent (SFWMD, 2007) 
Numerical values are mg/L and percent of total 
 
 

 
EXHIBIT 16 
STA DON Influent and Effluent Fractions (Chimney, 2007) 
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EXHIBIT 17 
DON Removal in STAs (Chimney, 2007) 
There is no significant relationship between DON loading and DON effluent concentrations. STAs add or cycle DON. 
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EXHIBIT 18 
Specific Organic-N Loading and Removal Data with Regression Model from the North American Treatment Wetland 
Database, V 2.0 
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The ASCE/EPA National Stormwater Wetland Database provides little insight into NTS for 
DON removal. Stormwater wetlands are both sources and sinks for TN or organic-N across 
the database. There is not sufficient information to differentiate between design differences 
or monitoring methods that would explain the range of performance results. Therefore, this 
database will no longer be considered in this TM. 

Performance data from the Village of Wellington Wetland Treatment Technology 
Demonstration Study provides insight into DON treatment for existing NTS systems in 
Florida (CH2M HILL, 2003). The study divided the C-7 Canal (Palm Beach County, Florida) 
into two treatment trains (see Exhibit 19). Each train was comprised of three cells in series. 
The west train began with a water hyacinth cell (W1-FAV), followed by an emergent 
macrophyte cell (W2-EAV), and then a periphyton-dominated cell (W3-PSTA). The east 
train began with an emergent macrophyte cell (E1-EAV), followed by a submerged 
macrophyte cell (E2-SAV), and then a periphyton-dominated cell (E3-PSTA).  

In comparing (95 percent confidence) the mean TKN removal between the first cells of each 
train (see Exhibit 20) during the high-flow period, there is a statistically significant 
difference (p < 0.001) between W1-FAV (47 percent) and E1-EAV (26 percent). There is no 
statistically significant difference between TKN means in the west train. All TKN removal 
occurred in the water hyacinth cell. There is no statistically significant difference in TKN 
effluent concentrations between cells in the east train, but there is a statistically significant 
difference (p < 0.005) between influent and E1-EAV effluent values. Therefore, treatment can 
be attributed to E1-EAV in the east train.  

 
EXHIBIT 19 
Schematic Layout of Village of Wellington Wetland Treatment Technology Demonstration Study 
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EXHIBIT 20 
Village of Wellington Wetland Treatment Technology Demonstration Study Hydraulic Loading Rate and TKN Removal by 
Treatment Cell Type (CH2M HILL, 2003) 

Parameter Influent E1-EAV E2-SAV E3-PSTA W1-FAV W2-EAV W3-PSTA 

High flow HLR, cm/d-1 NA 38.3 23.5 24.7 39.3 13.1 11.9 

TKN, mg/L-1        

Mean 1.71 1.27 1.23 1.11 0.90 0.90 0.97 

Geometric Mean 1.61 1.17 1.10 1.03 0.88 0.86 0.92 

St. Dev 0.57 0.51 0.48 0.33 0.18 0.23 0.24 

Count 26 26 26 26 25 26 23 

Low flow HLR, cm/d-1 NA 18.7 13.5 15.1 33.1 13.2 12.0 

TKN, mg/L-1        

Mean 1.11 1.08 1.05 0.98 0.94 0.89 0.96 

Geometric Mean 1.04 1.05 1.03 0.96 0.93 0.87 0.96 

St. Dev 0.34 0.24 0.16 0.17 0.16 0.18 0.17 

Count 20 20 20 19 20 20 19 

Note: 
HLR=hydraulic loading rate 

In the low-flow period, significant differences remain between W1-FAV and E1-EAV (p < 
0.036). There are no significant differences between other cells within each train. There is no 
significant difference between influent and effluent of the east train, whereas there is one 
between the influent and W1-FAV effluent (p < 0.05). Removal of TKN by W1-FAV during 
the low flow period was 15 percent. 

The water hyacinth cell exhibited the only significant treatment of TKN of all cells under all 
flow regimes. The water column in the water hyacinth cell is light-limited and bacteria-
dominated. It fits literature findings that DON degradation is mediated primarily by 
bacteria. Although TKN is comprised of both organic-N and NH4-N, the mean TKN value is 
close to the C*7 value for organic-N (Kadlec et al., 2008). Ammonia data are not available but 
can be assumed to be negligible given the lack of continued treatment for TKN in the west 
train (see linear ammonia removal rate above). Therefore, only the water hyacinth cell could 
be regarded as performing significant treatment of DON in both practical and statistical 
terms. 

In comparison to STA, ENRP, and NADP data, only the water hyacinth cells exhibited 
substantial DON removal. Data from STA, ENRP, and Village of Wellington projects reveal 
that periphyton systems exhibit no tendency to remove DON and may even add to it. 
Nitrogen fixation is an intrinsic feature of periphyton systems (Inglett et al., 2004; Vargas et 
al., 2007) and FWS wetlands (Mitsch et al., 2000; Kadlec et al., 2008). Inglett et al. (2004) 
report yearly N-fixation in the Northern Everglades as 10 g N m-2 yr-1, but a nearly order-of-

                                                      
7C* represents the irreducible background concentration of a given parameter. It is irreducible because of recalcitrance or 
because internal processes within a wetland continually regenerate the C* fraction. 
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magnitude difference between winter and summer peak N-fixation. Flux of DON from fixed 
nitrogen to the water column is unknown, but is unlikely to be insignificant. 

At very low TN concentrations, DON comprises the bulk of nitrogen species in wetland 
systems (Stepanauskas et al., 1999; Wiegner et al., 2004; Gu et al., 2006). Therefore, at low 
concentrations both bioavailability of DON and nitrogen fixation affect DON removal in 
wetland treatment system, as can readily be seen in the NADB (see Exhibits 18 and 21). If 
DON cycles in periphyton system and is augmented by fixation, the significant DON 
removal will not occur. Only treatment systems with a light-limited water column can 
remove significant DON concentrations. 

Empirical evidence from existing treatment systems is sufficient to devise conceptual 
treatment models (see Exhibit 22). A bacteria-dominated, light-limited system is most likely 
to convert the largest possible DON fraction into DIN, which is denitrified, and refractory 
DON. Combining this conceptual model with state-of-the-art design knowledge and 
empirical hydraulic loading rates allows design to proceed. However, there is no 
compound-specific characterization of DON in the Caloosahatchee River, nor is there any 
compound-specific knowledge of DON flux and fate in NTS systems, nor is there compound 
specific knowledge of DON bioavailability of NTS effluent in estuarine and marine systems. 
Better design knowledge will be obtained from monitoring of the treatment system itself. 
Operational research and a monitoring program that supports a mechanistic understanding 
of DON fate and flux in NTS system will be necessary to explore limitations to treatment. 
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EXHIBIT 21 
NADB Results for TN Removal by TN Loading 
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EXHIBIT 22 
Conceptual NTS Treatment of DON 
Abbreviations are bioavailable DON (BDON), refractory DON (RDON), dissolved inorganic nitrogen (DIN). Diagram 
assumes elimination of nitrogen fixation by light limitation, atmospheric DON deposition enters the NTS BDON pool, and 
negligible export of DIN and BDON. 

A proprietary periphyton technology—the Algal Turf Scrubber® (ATS™)—is marketed by 
Hydromentia. ATS™ systems are designed as a mass removal technology and not to meet 
an effluent concentration discharge. TN removal data take from the Hydromentia website 
(see Exhibit 23) reveal a removal rate of approximately one-third of influent mass loading.   
 

 
EXHIBIT 23 
ATS™ Total Nitrogen Removal 
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ATS™ systems have hydraulic loading rates that are over an order of magnitude higher 
than any wetland treatment technology contemplated in this TM. According to 
Hydromentia, the accompanying mass removal rate is consistently near 29 percent of 
influent TN. A representative data set (Hydromentia, 2005) was analyzed for organic 
nitrogen removal from the South ATS flow-way treating water from Lake Okeechobee. 
Organic nitrogen removal was 17 percent and erratic (St. Dev. = 22%, n = 21), whereas 
ammonia removal was consistently 97 percent (St. Dev = 1%, n = 21). Given the near absence 
of nitrate in the influent, highly stable ammonia removal rate explains most of the 
Hydromentia TN removal rates (see Exhibits 24 and 25).   

Given that the ATS™ is a periphyton system, it appears to have similar fundamental 
biological limitations to the STA periphyton system for DON removal. The excellent TN 
mass removal performance of the ATS™ is fundamentally a function of efficient ammonia 
removal. Effluent organic-N concentrations have not been demonstrated to meet project 
concentration goals, nor has process stability for organic-N removal been demonstrated. 
Additionally, there are (unpublished) issues of scale-up hydraulics and algal growth that 
may affect organic-N treatment performance. All of these issues must be addressed before 
further consideration can be given to ATS™ technology for organic-N removal. The only 
NTS technologies demonstrating consistent organic-N removal data to date are non-
periphyton systems; FAV and SAV technologies. 

EXHIBIT 24 
ATS™ Summary Comparison of TN, Ammonia-N, and Organic-N Treatment Performance 

TN, mg/L Ammonia, mg/L Organic-N, mg/L 

 Influent Effluent Influent Effluent Influent Effluent 

Mean 1.84 1.33 0.18 0.00 1.60 1.29 

Stdev 0.55 0.48 0.13 0.01 0.51 0.45 

n 21 21 21 21 21 21 

 

Conceptual Approaches to Enhancing Nitrogen Removal in 
Natural Systems  
Based on existing performance data, the first element of a conceptual treatment diagram for 
the C-43 project is an FAV cell to optimize DON removal. The second element is an EAV cell 
to optimize removal of TSS, including particulate phosphorus and nitrogen, and BOD spikes 
above the C* (background concentration) value. An EAV and FAV in series would be a basic 
treatment unit. Other cells are possible and will be discussed below. 

Choice of plants in the FAV is an important issue. Candidates in probable order of efficacy 
are Eichhornia crassipes (water hyacinth), Pistia stratiodes (water lettuce), Hydrocotyle sp. (H. 
ranunculoides, H. umbellate, H. bonariensis) (water pennywort), and Limnobium spongia (frogs-
bit). Efficacy is a combination of percent surface coverage, root surface area, carbon fixation, 
and lack of nitrogen fixation.  
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EXHIBIT 25 
Comparative Frequency Distribution of Ammonia and Organic Nitrogen Fraction Removal in the ATS™ System   
In approximately 80 percent of samples, ammonia was removed to non-detect concentration values. In contrast, in 
20 percent of samples organic nitrogen values increased (removal fraction > 1.0). Median organic-N removal was 
approximately 20 percent.   
 
Water hyacinths grow aggressively, covering the water surface with a dense mat that is 
resistant to wind dispersal. Water lettuce and pennywort surface coverage is less robust, 
probably followed by frogs-bit. Other floating macrophyte genera such as Lemna, Wolffia, 
and Azolla are easily wind-dispersed and should be excluded from design, but will likely be 
present within the plant mass naturally. Incidental, marginal colonization is not a concern 
for these small species. 

The surface area of submerged roots is colonized by microbial biofilms. Heterotrophic 
bacteria within these biofilms are the design sink for labile and semi-recalcitrant DON. To 
optimize treatment, the surface area of submerged FAV roots should substantially exceed 
the cell bottom area.  

Under nutrient-rich conditions of treated sewage effluent the effective surface area of water 
hyacinths is an order-of-magnitude greater than floating mat area (Mayo et al., 2007). Root 
surface area is a direct function of root length, which is inversely related to the nitrogen 
concentration in the water the plants grow on (Crites et al., 2005). In river systems with 
depleted nutrients, water hyacinth roots have been observed to grow close to 50 cm in 
length, but average 22 cm near agricultural discharges (Hongo et al., 2002). Water hyacinth 
roots close to 2 meters in length have been observed under low nitrogen conditions in 
experimental wastewater test cells (Tchobanoglous, 1995). The specific surface of water 
hyacinth roots reported by Mayo and Kalibbala (2007) can, therefore, be regarded as con-
servative because the high nutrient load in their study. 

The specific surface area (m2 root surface/m2 FAV water surface) of water lettuce was not 
found in the scientific literature. It is probably less than water hyacinth because of less dense 
growth patterns and less finely divided root-hair morphology than water hyacinth. Water 
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pennywort and frogbit have much smaller root systems than water hyacinth or water 
lettuce. Lemna, Wolffia, and Azolla have negligible roots systems. 

Despite many functional advantages, water hyacinth suffers the profound disadvantage of 
being an invasive pest species, and is subject to performance variation through chemical and 
biological control methods. Similar functional advantages could be gained by inducing 
native plant species to form floating mats or islands known as tussocks (Mallison et al., 2001). 
Tussocks occur naturally, with and without hyacinths, and offer a natural model for a viable, 
sustainable floating aquatic plant system. Often considered a nuisance in recreational 
settings, tussocks could be engineered for stability and sustained coverage within deeper 
zones located along the conceptual NTS flow-path. Plants within the tussocks tend to send 
roots deep into the water column to scavenge sufficient nutrients, including nitrogen, for 
growth. Biofilms will cover the underside of tussocks and the plant roots. All the advantages 
of water hyacinth could be achieved with careful selection of native tussock plant species. 
The importance of the relative difference in root mass surface area to DON treatment 
between native and non-native plant dominated tussocks may warrant further investigation.  

Harvesting of the FAV cell is not desirable. Decaying plant biomass will provide a continu-
ous carbon source for heterotrophic bacteria. An EAV cell immediately after the FAV cell 
may be desirable to remove BOD exerted by decaying FAV plant matter. 

In simple terms, the EAV cell removes TSS, BOD, DIN, and begins DON removal. The 
following FAV cell is carbon-enriched by decaying biomass to fuel heterotrophic biofilm 
growing on root surfaces to remove DON and DIN. DON removal is a combination of 1) 
bacteria conversion of bioavailable DON (BDON) to DIN and then N2; and 2) conversion 
and sequestration of BDON to refractory DON (RDON). 

It is likely that DO will be low in the effluent from the FAV system. Additional cells could 
add oxygen. An additional EAV cell could add oxygen prior to discharge. Possibly 
periphyton stormwater treatment (PSTA) or SAV cells could be used to add oxygen, but it 
would be necessary to then again remove BDON added by cyanobacteria.  

Passive aeration in open ponds would be another way to raise DO. Open ponds would be 
compatible with soil aquifer treatment (SAT). The basic idea behind SAT is to allow water to 
percolate through soil where biogeochemical process remove pollutants of concern (Metcalf 
and Eddy, 2003). Removal of DOC and DON can be on the order of 50 to 90 percent, but is 
limited by hydraulic conductivity of soils, residence time, soil type, and zones of saturation 
(Wilson et al., 1995; Quanrud et al., 1996; Drewes et al., 2003; Metcalf and Eddy, 2003; Rauch 
et al., 2004; Amy et al., 2005). Reduction of DON and TN has been observed in coastal 
groundwater flows (Kroeger et al., 2006; Kroeger et al., 2007). 

The general soil type in the area of the C-43 project is comprised of the Immokalee-Myakka 
series, which are poorly drained soils of marine origin (USDA et al., 2000; Obreza et al., 
2002). Hydraulic conductivity is poor, perhaps a low as 0.2 inches per hour. Unless site soils 
are markedly different than surrounding areas, discharge solely through soil infiltration is 
not possible for this site.  

An infiltration rate of 0.2 inches per hour corresponds to an HLR of 12.2 cm d-1, which is 
close to the design application rate. There will be substantial seepage losses, but over time 
accumulated organic matter will further reduce the hydraulic conductivity of basin bottoms.  
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Infiltration basins at the end of treatment trains would infiltrate a fraction of flow to ground-
water. Therefore, SAT would be a secondary function of final basins. The primary function 
would be to passively aerate water. However, to avoid formation of cyanobacteria mats, final 
aeration/SAT (A/SAT) cells would be operated as SAT cells. There would be three or more 
cells operated in parallel, with cells rotated out of operation for week-long drying and resting 
periods. Basin bottoms would be periodically scarified to maintain hydraulic conductivity. 
Sizing of ponds would primary be based on passive reparation rates.  

The FAV systems would be deep. Optimal depths for sewage treatment have been deter-
mined to be 1.4 meters (4.5 feet) for water hyacinth systems (Western Consortium for Public 
Health et al., 1996).  

If phosphorus treatment is a priority, adding a PSTA/SAV cell would be necessary. In this 
case, the most likely process series would be FAV + PSTA/SAV + FAV + EAV. 

Taking these process considerations together, the NTS process diagram is a combination of 
FAV and EAV cells combined with SAV or SAT processes (see Exhibit 26).  

FAV FAV EAVQ QSAT

FAV EAV SAVQ QSAT

EAV FAV EAVQ QSAT

SAT

FAV SAV FAVQ QEAV
 

EXHIBIT 26 
Candidate Conceptual NTS Process Diagrams 
All contain at least one FAV and one EAV cell. 

Hydraulic loading of FAV cells and PSTA/SAV cells may not be compatible. In the Village 
of Wellington Study, the mean hydraulic loading of the FAV was ostensibly 39.3 cm d-1 at 
high flows. Lower flows did not improve treatment. There was a great deal of water loss 
from the FAV through groundwater infiltration. Therefore, a conservative design HLR for 
the FAV cell would be the HLR of the downstream EAV of 13.1 cm d-1. In contrast, the HLR 
for the ENRP was 3.1 cm d-1 (Nungesser et al., 2006). Unless phosphorus is a large concern, 
PSTAs should not be part of the process diagram because of these incompatible design 
hydraulic loadings. 

Design flow for the C-43 project is determined by the FAV cell. In the Village of Wellington 
study, the nominal hydraulic retention time (HRT) for the FAV cell was 7.8 days at a design 
HLR of 12 cm d-1. Actual hydraulic loading of the FAV ranged between 33 and 35 cm d-1 to 
compensate for seepage losses and make a design downstream HLR of 12 cm d-1 to the EAV 
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cell. The actual HLR is not known. For the C-43 project, the design HRT for FAV treatment 
is suggested to be 8 days.  

Assuming a wetted treatment area8 of 405 hectares (1,000 acres) and one-third of treatment 
area devoted to FAV cells, 135 hectares (333 acres) will be FAV cells. At a depth of 
1.4 meters, the water volume will be 1,890,000 m3. At a design HRT of 8 days, flow to the 
FAV cells is suggested to be 242,300 m3 d-1 (64 MGD, 99 ft3 cfs-1).  

Design pump station capacity will be a function of design flow and compensation for 
seepage losses. Design seepage losses will have to be determined from a site soils survey 
prior to determining a design pumped flow.  

For planning purposes, it should be noted that seepage losses were minimal in the EAV cell 
and that seepage losses diminish over time as organic matter occludes basin bottoms. For 
purposes of preliminary estimation, pump station costs will be estimated at 100 mgd (155 cubic 
feet per second [cfs]). The actual capacity of the NTS pump station(s) may vary from 100 to 
500 cfs (65 to 323 mgd) and will be sized during the Basis of Design Report (BODR) alternative 
selection process. 

The conceptual treatment diagram for the NTS system does not include subsurface flow 
systems. These include vertical and horizontal flow configurations. Both are excluded for 
having fatal design flaws. 

Horizontal subsurface flow (HSSF) systems can be excluded immediately from considera-
tion based on the design experience of the Principal Investigator. To avoid clogging the inlet 
zone, the inlet BOD5 cross sectional loading would be limited to less than 250 g BOD m-2 d-1 
(Wallace et al., 2006). Assuming pumped flow of 363,800 m3 d-1, raw water BOD5 of 5.0 g m3, 
and an aggregate depth of 1.0 meter, the inlet length would be 7,571 meters. There are 
insurmountable distribution problems with such a long inlet. 

A vertical flow system bypasses the inlet limitations, but care must be taken to avoid short-
circuiting (channeling) of flow through the bed. Distribution of such a large flow is best 
done by flood and drain, which is known as tidal flow in the wetland treatment literature 
(Kadlec et al., 2008). Assuming an aggressive HLR of 1 m d-1, the area of the tidal vertical 
flow system would be 36 hectares (89 acres). An underdrain system would be required, 
which entails a geotextile cloth separation between the bottom drain and soil to avoid soil 
intrusion and clogging of the underdrain system. Installed cost of geotextile is approxi-
mately $8 m-2. Installed cost of aggregate and underdrain would be at least $50 m-2. It could 
be higher because soft limestone native to the area is unsuitable as a treatment media. 
Transportation costs govern aggregate cost for distance of more than 50 miles from the 
quarry. Aggregate and underdrain installed material costs alone would be $21 million. At 
present, there is no DON treatment performance data to justify the cost of a VF system.  

Finally, to reiterate earlier statements, the most important conceptual approach to DON 
removal in NTS is to gain mechanistic insights into bioavailability and removal of 
bioavailable DON fraction in treatment systems. Given the current state of knowledge, NTS 
design approaches for DON removal will need to follow a path analogous to phosphorus 
removal in STAs through a series of incremental improvements over several years to 
optimize the technology. These incremental improvements will rest on compound-level 

                                                      
8The wetted treatment area excludes berms, hydraulic structures, canals, access roads, pilot systems, demonstration project 
areas, and all other features that are not actually the surface area of water that is in NTS treatment cells. It is possible that the 
wetted treatment area could be as approximately 20 percent higher (1,200 acres) on this site. 
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analyses of treatment combined with bioavailability assays specific to receiving water 
environments. Sophisticated scientific investigations will be required to best inform an 
adaptive management program. 

Special Topics (Citrus Grove Filter System) 
The Citrus Gove Filter System (CGFS) has been proposed as method to remove DON from 
water via soil infiltration (Hanlon et al., 2007). CH2M HILL reviewed the conceptual 
proposal by Hanlon et al. 

The concept is a type of soil aquifer treatment system. SAT, sometimes known as rapid 
infiltration, is a well-known method of tertiary or post-tertiary wastewater treatment, storage 
of treated effluents for reuse, and prevention of seawater intrusion into freshwater aquifers 
(Metcalf and Eddy, 2003; Crites et al., 2005) that has also been discussed earlier in this TM. 
Treatment rates of SAT are limited by the hydraulic conductivity of soils, soil chemistry, 
degree of soil saturation, and characteristics of the individual parameters of concern. For this 
application, removal of DON will be the only parameter of concern. 

The proposed natural treatment systems are also de-facto SAT systems because treatment 
cells will be unlined. The CGFS differs from a dedicated SAT system in that it proposes to 
use existing citrus grove irrigation ditches to infiltrate river water. 

As a treatment system, the CGFS will be hydraulically limited. Hydraulic limitation comes 
from the poor hydraulic conductivity of local soils (see earlier discussion of SAT systems) 
and head losses in irrigation ditches. The infiltration area is confined to the ditches them-
selves, which would severely restrict the treatment capacity of the C-43 site. Ditch head 
losses limit ditch distribution to a rate that will not overtop ditch heads (distribution points). 
Therefore, the CBFS is not recommended as treatment option for this site. 

As a best management practice (BMP), the CGFS has much more potential than as a 
treatment system. Assuming efficacy, it would be applied across citrus grove acreage within 
the Caloosahatchee River basin. Large volumes of water could be treated. Efficacy will have 
to be tested in a pilot program on the C-43 site, DON removal in SAT systems appears to be 
technically promising for DON removal, especially if flow paths to receiving water are long 
(Kroeger et al., 2006). 

The prospective CGFS BMP would be most useful if it entails minimal modification of 
existing irrigation practices. Dry season use of the BMP would have to be compatible with 
irrigation allocation allowances and water availability. Avoiding saturation of citrus root 
systems would also be necessary. Because many citrus tree roots typically extend only 
18 inches down to the seasonal high-water table near the Caloosahatchee River (Obreza et 
al., 2002), wet season application of this BMP may be limited. Despite these limitations, the 
potential for large-scale application is still substantial in the Caloosahatchee River basin. 
Therefore, a pilot study of the CGFS as a BMP is recommended on the C-43 site. 

Technology Comparison 
This section presents in tabular format a comparison of NTS and conventional treatment 
processes. Exhibit 27 provides a summary description of treatment elements (for example, 
FAV, RO, etc.). Exhibit 28 provides a relative scoring of these treatment elements. Exhibit 29 
provides order-of-magnitude costs. 
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EXHIBIT 27 
Treatment Technology Summary Description 

Technology Short description

Natural systems

FAV
Floating aquatic vegetation system.   Primary function is DON removal  Water column under floating 
plants or plant tussocks are light-limited and bacteria dominated.   

EAV
Emergent aquatic vegetation system.  Much less effective at DON removal than FAV, but still 
significant.  Primary function is BOD and TSS removal.

SAT
Soil aquifer treatment system.  Known to be effective at DOC removal.  May be effective for DON 
removal.  SAT treatment will be demonstrated at the C43 site.  

PSTA
Periphyton cells.  Effective at phosphorus removal.  Dominated by nitrogen-fixing cyanobacteria.  Poor 
choice for DON removal.

SAV
Submerged aquatic vegetation system.  Effective at phosphorus removal.  Less cyanobacteria content 
than PSTA.  May be useful following FAV to reaerate anoxic water.

RBF
Riverbank filtration.  Well extraction of water from riverbank.  Effective at removing DOC from river 
water.  Require sufficient hydraulic conductivity of local soils to be effective.

Conventional

AO

Advanced oxidation.  Typically comprised of oxidant (e.g. O3, H2O2) plus ultraviolet irradiation.  Can be 
very effective at removing DON compounds.  Not suitable for this site without pretreatment because of 
high DOC content.

Coag. / Sed.

Coagulation and sedimentation.  Dosing of coagulants to water causes DOC to precipitate from water .  
May be required pretreatment for RO or AO.  Produces large volumes of residuals that must be 
managed.

Biological GAC

Biological granular activated carbon.  Biofilms grown on carbon granules.  Bacteria in biofilms attack 
DOC and DON.  Adsorption of compounds on carbon aids bacterial treatment.  Will require periodic 
recharge of activated carbon.

Media filtration Media filtration is a pretreatment step for GAC or RO.  Little to no DON removal.

RO

Reverse osmosis.  Membranes fractionate DON by molecular weight.  Low molecular weight 
compounds pass through.  High molecular weight compounds are retained.  Treatment of reject (20% 
of flow) is required.  May not be effective if LMW DON fraction in permeate is bioavailable.  Would be 
a very large RO system.

UF
Ultrafiltration.  Functions in a manner similar to RO, but membrane pores are larger.  Uses less energy 
than RO.  Not recommend because both reject and permeate need additional treatment.  

Treatment HLR DON Removal TP TSS Removal 

NTS: (FAV + EAV + 
SAV/SAT) 

64 MGD Controlled by loading 
to FAV of 12 cm d-1 

30 – 50% TP: Not quantified 

TSS: Effluent 5 – 10 mg/L 

Option A 64 MGD 30 – 80% TSS: ND 

TP: < 0.1 mgL 

Option B 64 MGD 50 – 80% TSS: ND 

TP: < 0.1 mgL 
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EXHIBIT 28 
Relative Ranking of Selected Technologies 

Technology
DON 

removal (a)
DON removal in 

high DOC water (b)
Least capital 

cost
Residual 

production (c)
Energy use 

(d)
Operations 

cost (e)

CO2 

footprint (d)
Score (out 

of 28) 
Natural systems

FAV 3 3 4 3 4 4 4 25
EAV 2 2 4 4 4 4 4 24
SAT 3 3 4 4 4 3 4 25

PSTA 1 1 4 4 4 3 4 21
SAV 1 1 4 4 4 3 4 21
RBF 3 3 2 4 3 2 3 20

Conventional
AO 3 1 1 4 1 1 1 12

Coag. / Sed. 2 2 2 1 2 2 2 13
Biological GAC 2 2 1 1 2 2 2 12
Media filtration 1 1 2 3 2 2 2 13

RO 3 2 1 2 1 1 1 11
UF 1 2 1 3 1 2 1 11

Notes
Scale: 1 = least desirable.  4 = most desirable.
a.  DON removal in a general technical sense.
b.  High humic content of Caloosahatchee River.
c.  High score has least residual production.

FAV (without harvesting) will export BOD which will need EAV treatment.  This residual is handled in-situ.
RO residual is reject (20% of flow) which can be treated on-site.
UF fractionates DON into two streams, both of which require treatment.
Coagulation / Sedimentation residuals must be handled off site.
GAC will require exchange and off-site replenishment.
Media filtration assumes that backwash can be treated on site.

d.  Energy use / CO2 footprint compares post lift station consumption.  
Riverbank filtration requires extraction wells. These take the place of the lift station, but are less efficient.

e.  Least operations costs gets highest score.  

EXHIBIT 29 
Order of Magnitude Costs for NTS and Conventional Technologies 
(Based on 1 mgd inflow) 

System 

Capital 
Cost, $MD 

(a) 

50% 
Contingency, 

$MD 

Annual 
Operations 
Cost, $MD 

Annual Analytical 
/ Monitoring Cost, 

$MD 

Pump station 2.5 1.3 0.1 NA 

NTS 42 21 0.3 0.33 

Conventional A 496 248 27 0.33 

Conventional B 429 215 75 0.33 

     

Land requirements for an NTS system are not fixed. It is assumed that approximately 
1,000 acres will be available for treatment, excluding berms and hydraulic structures. Of that 
area, approximately 75 percent will be EAV and FAV cells, 10 percent will be SAT demon-
stration cells, 10 percent SAV cells for aeration of effluent prior to discharge, and 5 percent 
will be devoted to the pump station and pilot systems. 

Conclusions 
Dissolved organic nitrogen is a dynamic element of estuarine and coastal nitrogen budgets. 
The preponderance of evidence implicates DON as essential to the nutrient budget of 
harmful algae blooms in a variety of marine locations, including South Florida waters. 
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The bioavailability of DON varies widely, depending on DON sources and the ecology of 
receiving waters. Conceptually, DON can be divided into recalcitrant, semi-labile, and labile 
fractions in terms of algal uptake. Semi-labile fractions need conversion by bacteria to 
become labile to algae. In specific terms, attempts to categorize these fractions simply by 
molecular weight have shown no general relationships across a variety of surface waters 
and wastewater sources. Assessing treatment efficacy of DON will require insight into 
bioavailability of DON within treatment system effluents. 

Traditional methods of DON analysis entail subtraction of ammonia, nitrate, and nitrite 
from total nitrogen. TN treatment performance analysis is a necessary element of DON 
analysis for treatment systems, but it is not sufficient to achieve treatment goals. There will 
always be a kNC* value below which a given natural treatment system cannot remove 
nitrogen. Because the kNC* value for ammonia, nitrate, and nitrite is very close to zero, 
kNC* is comprised almost entirely of DON. To the extent that constituents of kNC* are 
bioavailable to algae in receiving waters, treatment efficacy is compromised. Recalcitrant 
kNC* is not an issue. The kNC* “black box” will need to be opened to understand how 
treatment affects the split between labile and non-labile fractions. 

Additional analytical methods that appear at this time to be obligatory for monitoring the 
C-43 project are a combination of EIS-MS and bioavailability assays of treated effluent that 
emulate receiving water conditions. DON is comprised of hundreds of compounds that EIS-
MS divides into compound-specific spectra. Spectra change with biological treatment or 
utilization of DON compounds. Association of these spectra with bioavailability or lack 
thereof may allow tuning of treatment diagram to produce the lowest bioavailable kNC* 
effluent TN. 

FAV systems appear to be the best candidate NTS technology for DON removal, followed 
by EAV. This conclusion has emerged from the study of five different wetland databases 
that contain sufficient TN data to infer DON treatment. The key to DON removal is to limit 
light and maximize bacteria biomass. Systems with a significant algal component, such as 
PSTA basins or algae dominated lagoons, clearly are not effective for DON removal and can 
increase DON (and TN) in some instances.  

There is additional information in the scientific and engineering literature that SAT may be 
effective at DON removal. Most evidence is indirect. The SAT literature typically reports 
removal of DOM or DOC. Because DON is an element of DOM and is associated with DOC, 
significant DON removal can reasonably be inferred by substantial DOM or DOC removal. 
In the C-43 project, SAT is recommended as a demonstration element of the large treatment 
system. It also motivates investigation of the Citrus Grove Filter System as a BMP to be 
applied to existing agricultural irrigation infrastructure. 

The recommended conceptual NTS process diagram starts with an FAV cell. Most DON 
removal will occur in the FAV cell. There will also be removal of BOD, TSS, and phosphorus 
in the FAV cell. The design intent with FAV cells is to create floating tussocks of native 
species. An EAV cell follows the FAV cell system primarily to polish BOD and TSS from the 
FAV cell, and secondarily for limited removal of phosphorus and DON. The EAV cell will 
be followed by SAV cells to oxygenate effluent. A demonstration SAT cell will complete the 
process diagram.  
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Of the area available for treatment, approximately 75 percent will be EAV and FAV cells, 
10 percent will be SAT demonstration cells, 10 percent SAV cells for aeration of effluent 
prior to discharge, and 5 percent will be devoted to the pump station and pilot systems.  

Conventional treatment technologies for DON removal may not present any advantage over 
NTS technologies. The best available wastewater biological treatment technologies achieve 
TN effluent concentration of approximately 3 mg/L per liter, which is over double the TN 
concentration in the Caloosahatchee River. In this case, treatment efficacy is poor. On the 
other hand, drinking water treatment systems remove color caused by DOM to levels near 2 
to 3 mg/L. Therefore, if DON is a fraction of DOM, by inference, drinking water treatment 
provides the most reasonable model of conventional treatment for DON removal. 

Conventional treatment is subject to the same analytical constraints as natural treatment. 
Efficacy of drinking water treatment for DON removal, therefore, cannot be determined 
even with low DOM concentrations in produced drinking water. Compound-level analytical 
methods combined with bioassays will be required. The capital cost of drinking water 
treatment is an order of magnitude greater than that of NTS. Operating costs are more than 
an order of magnitude greater. Therefore, conventional treatment of Caloosahatchee River 
water cannot be recommended at this time given questions of efficacy and high costs. Refer 
to Exhibit 27 for a summary of the natural and conventional treatment technologies 
investigated and Exhibits 28 and 29 for a qualitative ranking of the technologies and an 
order of magnitude cost comparison. The NTS is a superior choice based on cost and an 
equivalent choice based on efficacy. 
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