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Chapter 1: Introduction
Nutrient pollution causes overgrowth of algae and other microbes in natural
waters and can ultimately cause depleted oxygen, fish kills, release of algal toxins and
taste and odor compounds. Wastewater represents a significant source of
anthropogenic nitrogen for receiving water bodies and numerous technologies are
used for treatment of this effluent. However, conventional nitrogen treatment exerts
significant economic and ecological costs. Therefore alternative methods are ripe for
evaluation and implementation.
Anammox (Anaerobic Ammonium Oxidation) bacteria represent a
sustainable, low-cost alternative to conventional nitrogen removal but control of these
systems is difficult and expensive. Since their discovery in 1999, many variations of
this process have been tried. Implementation of anammox is not wide spread, but
most anammox systems typically fail to remove about 10% of the influent nitrogen.
However, a recently developed configuration combines anammox bacteria and
partial denitrifiers to achieve higher total nitrogen removal than previous anammox
processes. Incorporation of this process, SAD (simultaneous anammox and
denitrification), into constructed wetlands could provide high efficiency nitrogen
removal for lower capital investment. Constructed wetlands can remove nitrogen
(typically present as ammonium (NH4+); nitrate (NO3-); or in organic molecules) from
many wastewaters by filtering them through soil and sediment of various grades
where bacteria transform these nitrogen species by redox reactions to the stable
dinitrogen gas (N2) that makes up most of the earth’s atmosphere.
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Design and development of this novel system requires rigorous testing of
multiple processes parameters and variables. First, effective attachment and
performance of two bacterial populations in a highly heterogeneous system cannot be
assumed. Thus, multiple physical substrates (gravel, Waldport basalt, and K2 plastic
media) will evaluated as possible surfaces for the promotion of growth and
attachment of anammox bacteria. Secondly, partially denitrifying bacteria will be
required to produce the NO2- for the anammox bacteria. Process control of partial
denitrification (reduction of NO3- to NO2- and accumulation of the later) of multiple
soil isolates will be examined both in batch tests and fixed bed columns to determine
the carbon loading required for partial denitrification. Further, this will establish
proof of concept for partial denitrification in mixed community systems. Third,
woodchips will be examined in a fixed-bed column to determine whether these are a
suitable carbon source for this application.
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Chapter 2: Literature Review
Nutrient Pollution
Nutrient pollution
Nutrient pollution is a critical problem in water systems worldwide 1. In any
aquatic system, an overabundance of nutrients can cause eutrophication (‘well
nourished,’ Greek) which induces overgrowth of plants or algae in turn causing the
depletion of dissolved oxygen as these organisms are decomposed 2. Bioavailable
compounds containing nitrogen and phosphorous are the principle limiting
ingredients controlling this explosion of growth 3.

Nitrogen in wastewater
Wastewaters are a primary source of nutrient pollution. Nitrogen enters a
municipal wastewater treatment plant primarily in reduced forms, mostly as decaying
organic matter featuring the amine functional group (R-NH2) in amino acids and urea,
and their derivative ammonia/ammonium (NH3/NH4+) 4,5. These are measured as total
Kjeldahl nitrogen (TKN, organic nitrogen plus NH3/NH4+) and typically rate around
40 mg N·L-1, after primary settling, with 60% of that as NH3/NH4+ 6,7. The highly
oxidized nitrate (NO3-) is about 1% of the TKN entering the plant 8. NO3- may vary
from 0 to 20 mg N·L-1 and typically is 15-20 mg N·L-1 in effluents that have been
nitrified 9. TKN values in effluents are around 10 to 15 without denitrification and 1-2
mg N·L-1 with denitrification 10. In aquatic systems, nitrogen pollution is primarily
due to NH3/NH4+ and secondarily as NO3-11.
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Nitrogen treatment
Conventional Nitrogen Treatment
Nearly all treatment methods to remove nitrogen species from various
wastewaters take advantage of these constituents’ properties as nutrients 12. In the
manifold diversity of microbial metabolism, some nitrogenous compounds are used
as electron acceptors in the absence of oxygen (NO3-, NO2-, NO, N2O) and electron
donors when organic carbon is scarce (NH3, NH4+) 13. Additionally, these compounds
can also be assimilated into the organism for nitrogen without incorporation into
energetic reactions 14. Ideally, these are transformed to nitrogen gas (N2). At standard
temperature and pressure, this trebly bonded dinitrogen gas comprises nearly 80% of
the atmosphere 15.
Conventional nitrogen treatment from wastewaters involves a number of
biologically mediated redox processes. NH4+ can be aerobically oxidized
(nitrification) to nitrite (NO2-), then to NO3- (see Equations 1 and 2):
𝑁𝑁𝐻𝐻4+ + 1.5𝑂𝑂2 ⟶ 𝑁𝑁𝑂𝑂2− + 𝐻𝐻2 𝑂𝑂 + 2𝐻𝐻 +

(1)

(2)
𝑁𝑁𝐻𝐻4+ + 2𝑂𝑂2 ⟶ 𝑁𝑁𝑂𝑂3− + 𝐻𝐻2 𝑂𝑂 + 2𝐻𝐻 +
NO3 and NO2 can then be reduced to dinitrogen gas with organic carbon as
the electron donor in denitrification (Equations 3 and 4) 16,17:
2𝑁𝑁𝑂𝑂3− + 10𝐻𝐻 + + 10𝑒𝑒 − ⟶ 𝑁𝑁2 + 2𝑂𝑂𝐻𝐻 − + 4𝐻𝐻2 𝑂𝑂
2𝑁𝑁𝑂𝑂2− + 6𝐻𝐻 + + 6𝑒𝑒 − ⟶ 𝑁𝑁2 + 2𝑂𝑂𝐻𝐻 − + 2𝐻𝐻2 𝑂𝑂

(3)
(4)

The former requires significant energy to diffuse oxygen into wastewaters to
allow for nitrification 18. Aeration is 45-75% of wastewater energy costs which total
about 110 Terawatt hours per year or 9.6 million households annual energy use 19.
Further, denitrification to nitrogen gas requires input of organic carbon (which may
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be need to be added if lacking depending upon the extent of primary treatment) 20.
Typically, methanol is used as the carbon source (about 4.4 grams methanol per gram
of nitrogen) for denitrification as it easily assimilated by denitrifying bacteria and is
cheap 21. The energy intensity of these processes (bubbling air into liquid, and
consumption of organics like methanol or acetate), makes them less feasible for
smaller facilities and communities 22.

ANAMMOX
Overview

Figure 2.1: The Nitrogen Cycle - Huy Quoc Anh et al. (2015)

Anammox is a microbially mediated process which uses NO2- as the electron
acceptor to oxidize NH4+ to N2 (Figure 2.1). The microbes responsible for this are
chemolithoautotrophs, obtaining their energy by redox reactions with inorganic
nitrogen species and fixing organic carbon from inorganic CO2 (Equations 5 and 6) 23.
Given that the main costs associated with conventional wastewater denitrification are
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aeration and supply of organic carbon; anammox bacteria, needing neither of these
present a tremendous opportunity to provide lower energy wastewater treatment 24.
𝑁𝑁𝐻𝐻4+ + 1.32𝑁𝑁𝑂𝑂2− + 0.066𝐻𝐻𝐻𝐻𝐻𝐻3− + 0.13𝐻𝐻 +
⟶ 1.02𝑁𝑁2 + 0.26𝑁𝑁𝑂𝑂3− + 0.066𝐶𝐶𝐻𝐻2 𝑂𝑂0.5 𝑁𝑁0.15
+ 2.03𝐻𝐻2 𝑂𝑂

𝑁𝑁𝐻𝐻4+ + 𝑁𝑁𝑂𝑂2− ⟶ 𝑁𝑁2 + 2𝐻𝐻2 𝑂𝑂 (𝐺𝐺 𝑜𝑜′ = -357 kJ·𝑚𝑚𝑚𝑚𝑚𝑚 −1 𝑁𝑁2 )

(5)

(6)

This biological process was theorized in the late 1970s by a physicist due to
the thermodynamic favorability (Equation 6) well before discovery in the 1990s 25.
Anaerobic ammonium oxidation is the exclusive provenance of the order ‘Candidatus
Brocadiales’ a branch of the bacterial phylum Planctomycetes 26. Additionally,
anammox bacteria are culpable in the unexplained loss of NH4+ in stratified marine
anoxic zones 27,28. Thus, these bacteria represent the last major missing piece of the
nitrogen cycle and current estimates credit about 50% of all nitrogen gas released to
the atmosphere to anammox bacteria 29.
Five genera of anammox bacteria occur across a wide range of niches; anoxic
zones in soils, marine sediments, oxygen minimum zones in marine water columns,
freshwater lakes, groundwater, estuaries, continental shelves, hot springs and deepsea hydrothermal vents

30,31,32,33

. These, all occupying the order ‘Candidatus

rocadiales’ a single monophyletic clade, qualified with Candidatus as none of these
has been isolated in pure culture 34. From these genera, nine species or strains have
been isolated by molecular methods, mostly from activated sludge (genera: Kuenenia,
Brocadia, Anammoxoglobus, and Jettenia) and also from marine environments
(genera: Scalindua) 35,36. Though these bacteria resist efforts at pure culture, the most
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successful strategy for enrichment of these organism has been growth in sequencing
batch reactors

37,38,39

.

Metabolism
Anammox bacteria had been theorized long before their discovery, but their
metabolism held further surprises. The principle intermediate and energy storing
compound for this metabolism turns out to be hydrazine. Hydrazine (N2H4), a rocket
fuel component and nature’s most potent reductant, is cycled in a unique organelle
called the anammoxosome and yields a net E0’ = -0.31 V (Equation 9) when this is
converted to nitrogen gas 40,41. First, energy is consumed to reduce NO2- to nitric
oxide (NO) (Equation 7) and then again energy is consumed to form N2H4 (Equation
8). Finally, N2H4 is oxidized to N2, releasing energy for the organism (Equation 9) 42.
𝑁𝑁𝑂𝑂2− + 2𝐻𝐻 + + 𝑒𝑒 − ⟶ 𝑁𝑁𝑁𝑁 + 𝐻𝐻2 𝑂𝑂 (𝐸𝐸𝑜𝑜′ = +0.38V)

𝑁𝑁𝑁𝑁 + 𝑁𝑁𝐻𝐻4+ + 2𝐻𝐻 + + 3𝑒𝑒 − ⟶ 𝑁𝑁2 𝐻𝐻4 + 𝐻𝐻2 𝑂𝑂 (𝐸𝐸𝑜𝑜′ = +0.06V)
𝑁𝑁2 𝐻𝐻4 ⟶ 𝑁𝑁2 + 4𝐻𝐻 + + 4𝑒𝑒 − (𝐸𝐸𝑜𝑜′ = -0.75V)

(7)
(8)
(9)

Hydrazine synthase, the enzyme responsible for formation of the principle
energetic molecule (catalyst of Equation 8), is fairly slow and its low activity may
explain the similarly slow growth rates and long doubling time of anammox bacteria
(7-22 days) 43. This three-protein complex is the lynch pin in a complex metabolism,
but the high reactivity of N2H4 can damage the cell, so its production is localized in
the anammoxosome. Indeed, the activity of the isolated enzyme decreases to merely
1% of that measured in vivo, indicating spatial segregation and specialization 44. This
enzyme has thus far only been found in anammox bacteria. These factors make
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hydrazine synthase the ideal molecular target for probes and assays designed to count
or detect anammox bacteria. Furthermore, the phylogeny of the hzsA gene (coding for
a subunit of the hydrazine synthase protein complex) matches consistently with the
16S rRNA gene, making hzsA a suitable target for phylogenic analyses as well 45.

Limitations of anammox processes
The wide array of anammox processes and reactor types put forward by
scientists and engineers illuminate the difficulties surround full-scale implementation
of such technology. Furthermore, these limitations make these bacteria particularly
difficult to study. These limitations include low growth rates, inhibition by organic
carbon, inhibition by oxygen, and substrate inhibition. Each is considered in turn.

Low growth rates
Hydrazine synthase (hzs) is the key enzyme in the anammox metabolism, and
its low activity is likely responsible for the slow growth rates and long doubling times
(7-20 days) of the bacteria 46,47,48,49. Since growth rate is an intrinsic property of an
organism, in principle, nothing can be done about this. However, this constraint must
inform design of anammox reactors. Low growth rates mean that establishing
sufficient biomass in a reactor system may take significant time to start-up.
Furthermore, wash-out of the anammox bacteria can happen if flow rates are too high,
thus active biomass retention is a principle concern in all anammox systems.
However, one benefit of this low rate is lower volumes of sludge production and
lower costs associated with sludge disposal.
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Carbon
Anammox bacteria are autotrophs and fix their own carbon from dissolved
CO2 and bicarbonate (HCO3-) 50. Generally, it is thought that organic carbon inhibits
the anammox reaction 51,52. Organic carbon, as measured by COD (chemical oxygen
demand), decreases nitrogen removal to less than 50% in a conventional biofilm
system at COD/N ratios above two 53. However, use of these organic substrates by
anammox can interfere with nitrogen removal since the energy received disincentives
NH4+ oxidation54.
Alcohols have been shown to be inhibitory (methanol as low as 0.5 mM),
where organic acids can be utilized by anammox (acetate, formate, and
propionate) 55,56,57.Formaldehyde, which may be formed intracellularly from methanol
by the anammox enzyme hydroxylamine oxidoreductase, destroys enzyme and
protein activity58. Phenol was demonstrated to impair the anammox metabolism when
increased from 50 to 500 mg/L but the bacteria eventually acclimated to the
conditions and activity was recovered 59.

Oxygen
Oxygen inhibits the anammox reaction and nitrogen removal by anammox
will cease in aerobic conditions. In the presence of O2, nitrification may occur and the
nitrogen balance will remain unchanged. However, the inhibition of anammox by
oxygen appears reversible after anaerobic conditions are restored 60. Anammox
consortia can also adapt to shocks of O2 concentrations and handle progressively
higher concentrations, up to saturation (~8 mg/L) 61. It is likely that oxygen is
removed from these cultures by other bacteria that use O2 in their respiration 62,63,64.
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Evidence from genome-based studies and rheology shows that such spatial
segregation exists in the granules that form in anammox reactors with oxygen tolerant
bacteria (heterotrophs, denitrifiers) obtaining in the outer layer and anammox
prevailing in the interior of the granule 65,66.

Substrate inhibition
Anammox bacteria are susceptible to inhibition by their metabolic substrates,
NH4+ and NO2-. One early study reported that the anammox process was not inhibited
by concentrations less than 1.3 g NH4+·L-1 67. Another study observed a 50% loss in
anammox activity with a 770 mg·L-1 concentration of NH4+ and concluded that free
ammonia (NH3) was the actual inhibitory agent 68. Free ammonia has long been
implicated in inhibition of nitrification 69,70. This inhibition has been observed in
anammox processes as well with toxicity at 13-90 mg·L-1 in a sequencing batch
reactor and inhibitory at concentrations of 57-187 mg·L-1 in a biofilm reactor 71,72.
High concentrations of NO2- have been widely reported as inhibitory to
numerous organisms especially in wastewater treatment 73. On a nitrogen mass basis,
the inhibition by NO2- is more severe than that of NH4+74. Inhibition by NO2- can be
widely varied, however, from 5-280 mg N·L-1, and is often dependent on the pH
which controls the fraction existing as nitrous acid (HNO2) 75. As with NH4+, the
effects of NO2- also exert a greater impact on planktonic cells 76. Unlike NH4+, NO2inhibition can be irreversible 77. Complete deactivation of anammox organisms has
been reported variously at 185, 280, and 350 mg N·L-1 78, 79, 80. However, it has also
been contended that many issues attributed to NO2- inhibition were actually caused by
free ammonia 81.
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Anammox used in nitrogen treatment
Since the discovery of anammox, the promise of low energy nitrogen
treatment has been vigorously pursued by researchers. Numerous reactor
configurations have been designed and implemented. These processes all allow for
the anammox bacteria to perform the primary task of transforming bioavailable
nitrogen to N2 gas. However, some incorporate other bacterial metabolisms,
physiochemical treatment steps, control carbon addition, or maintain anoxia in
separate stages. Broadly, these reactors fall into two categories, those in which the
NO2- is provided by nitrification and those in which the NO2- is provided by
denitrification.
Configurations using nitrification as the NO2- source
CANON
CANON (completely Autotrophic Nitrogen Removal Over Nitrite), is a single
reactor system for removal of nitrogen without the addition of exogenous carbon
(Equation 10) 82, 83. The process relies on NH4+ oxidizing bacteria (AOB) which
oxidize NH4+ to NO2- with oxygen (supplied through limited and controlled aeration)
as the electron acceptor. Anammox bacteria, who can then use this NO2- to oxidize
the rest of the NH4+ to N2 (Figure 2.2) 84. Thus far, CANON systems have been used
primarily for sludge digester supernatant, a high temperature influent.
𝑁𝑁𝐻𝐻4+ + 0.85𝑂𝑂2 ⟶ 0.11𝑁𝑁𝑂𝑂3− + 0.44𝑁𝑁2 + 1.14𝐻𝐻 + + 1.43𝐻𝐻2 𝑂𝑂

(10)
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Problems with low temperature implementations (15-20 ºC) of this reactor are
thought to favor the overgrowth of NO2- oxidizing bacteria (NOB), which intercept
the NO2- and produce NO3- 85,86. This disrupts the anammox reaction as NO2- is no
longer available as the electron acceptor. The optimum temperature of anammox
processes is 30-37 oC, and the optimal pH is 7.0 – 8.5 87. Build-up of NOB has been
reported in around 50% of documented systems 88.

Figure 2.2: The CANON reactor system with two spatially separated tanks to
maintain different redox conditions. Adapted from Third, K.A. et al. (2001)
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SHARON
The SHARON/Anammox (Single reactor system for High Ammonium
Removal Over Nitrite/Anammox) process is resolved spatially in two reactors and
utilizes the same biological processes used in CANON 89. First, half of the influent
NH4+ is oxidized to NO2- aerobically by AOB and then, in a second anaerobic reactor,
the remaining NH4+ is oxidized to N2 (Figure 2.3 90) 91. The stoichiometry is nearly
identical to that of the CANON process (Equation 11) 92. The spatial segregation
between two separate reactors with different dissolved oxygen levels allows for
control of the NOB populations which disrupt CANON processes.

Figure 2.3: adapted from Volcke, E.I.P et al. (2006) A schematic of a SHARON
process.

𝑁𝑁𝐻𝐻4+ + 0.75𝑂𝑂2 + 𝐻𝐻𝐻𝐻𝑂𝑂3− ⟶ 0.5𝑁𝑁𝑂𝑂2− + 0.5𝑁𝑁𝐻𝐻4+ + 𝐶𝐶𝑂𝑂2 + 1.5𝐻𝐻2 𝑂𝑂

(11)
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OLAND/Two stage OLAND
OLAND (Oxygen limited autotrophic nitrification / denitrification) is
strikingly similar to the two aforementioned processes (Equation 12) 93. Nitrification
oxidizes a fraction of the NH4+ to NO2- and the rest is oxidized by the anammox
process to N2. An aerobic nitrifying sludge and an anaerobic, granular methanogenic
sludge are used as the inoculum 94,95. OLAND was first identified in a sequencing
batch reactor but explored more fully in rotating biological contactors (RBC) 96. The
RBC configuration exhibited greater tolerance to higher levels of dissolved oxygen
and pH fluctuations that previously mentioned reactors. Control of dissolved oxygen
to lower levels is emphasized as necessary to allow OLAND to treat low levels of
nitrogen at low hydraulic retention times 97.
2𝑁𝑁𝐻𝐻4+ + 1.5𝑂𝑂2 ⟶ 𝑁𝑁2 + 3𝐻𝐻2 𝑂𝑂 + 2𝐻𝐻 +

(12)

Figure 2.4: adapted from Wyffle, E.I.P. et al. 2004. A schematic of the two stage
OLAND process.
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Deammonification / DEMON / DIB
Deammonification was observed in an aerobic system prior to the discovery
of anammox and has been further developed in anaerobic systems 98,99. These process
also operate as partial nitrification with anammox, just like those stated above. The
DEMON process refers specifically to process control based on pH measurement to
infer the level of oxygen in a sequencing batch reactor 100. Thus it is essentially a
SHARON or CANON system with a pH controller. Partial nitrification lowers the pH
where anammox raises it and thus monitoring of the pH throughout the process, gives
some indication of the extent of these reactions. The DEMON process is a registered
trademark developed at the Strass wastewater treatment plant in Austria and has been
implemented at utilities in New York and Virginia, in the United States of
America 101. DIB (Deammonification in Interval-aerated Biofilm systems) describes a
patented pH controlled process which utilizes biofilm based microbes 102.

Figure 2.5:

adapted from Cema, G. et al. 2007 A schematic of the
Deammonification process.
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SNAP
The SNAP (Single-stage Nitrogen removal using Anammox and Partial
nitrification) process was first used in the treatment of synthetic landfill leachate 103.
Again, the biology of this system is identical to those mentioned previously. The
primary difference involves the attachment of the anammox bacteria to a physical
substrate (Biofix carriers, acryl fiber biomass carriers) and then the addition of
conventional activated sludge which forms a protective, nitrifying biofilm around the
anammox 104. This enables toleration of dissolved oxygen by the anammox bacteria
(up to 5 mg/L). As with other partial nitrification anammox systems, these reactors
work best at higher temperatures, in this case above 30 ºC 105. Later iterations of the
process have been started-up using dewatered conventional activated sludge 106.

Figure 2.6: adapted from Furukawa et al. (2006) A schematic of the SNAP process.
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DEAMOX
The DEAMOX process (DEnitrifying AMmonium OXidation) couples
anammox to denitrification, except instead of organic carbon oxidation, this reaction
is coupled to sulfide (or bisulfide) oxidation to sulfate (Figure 2.7) 107. A sulfide or
bisulfide ion (S2- or HS-, respectively) is oxidized to provide electrons to reduce NO3to NO2- in a fractional portion of the flow. Then the streams are recombined to allow
for anammox to occur (in the last reactor). However, since most wastewaters are
lacking in sulfides, subsequent studies investigating DEAMOX processes began to
stimulate denitrification with organic carbon compounds including volatile fatty
acids, acetate, and ethanol 108,109,110. Volatile fatty acids proved difficult for process
control as their use encouraged full denitrification (NO3- to dinitrogen gas) rather than
accumulation of the intermediate NO2-. Use of acetate allowed for above 95% total
nitrogen removal while maintaining process stability despite a seasonal drop in
temperature (29 ºC to 13 ºC) 111.

Figure 2.7: from Kalyuzhnyi et al. (2006) A schematic of the DEAMOX process.

Figure 2.7: a schematic of the DEAMOX process.

18

SNAD
SNAD (Simultaneous partial Nitrification, Anammox and Denitrification) can
remove both nitrogen and COD from oxygen limited wastewaters in a single
reactor 112. This system combines three bacterial populations: AOB (aerobic
ammonium oxidizing bacteria), anammox bacteria, and a smaller population of
heterotrophic denitrifiers 113. Nitrogen enters the system primarily as NH4+, a
byproduct of the degradation of organic matter. Oxygen is supplied and
approximately half of this is converted to NO2- in partial nitrification. Then, this is
recombined the remaining NH4+ and the anammox process converts most to N2.
Finally, the fraction converted to NO3- as a byproduct of anammox is denitrified to N2
as COD is oxidized. Figure 2.8 shows a schematic of this process.
Thus far, SNAD has been implemented in nonwoven rotating biological
contactors, in the aeration tank of a full-scale landfill leachate treatment plant, a
sequencing batch reactor, and a sequencing batch biofilm reactor 114,115,116,117. While
these systems are amenable to the carbon /nitrogen ratios typically found in most
municipal waste-waters, their total nitrogen removal rates are typically much more
varied than those of the partial nitrification anammox systems (68-99% vs ~90%) as
are highly dependent on process control balancing three bacterial populations 118.
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Figure 2.8: from Wang et al. 2010. A schematic of the SNAD process.

Configurations using denitrification as the NO2- source
Anammox bacteria were first discovered in a denitrifying fluidized bed reactor
treating effluent from a methanogenic reactor 119. Consumption of NH4+ and NO3- with
concurrent production of dinitrogen gas in an oxygen-limited environment indicated
what would later be identified as anammox bacteria 120.
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These other anammox processes incorporate denitrification. Simply, this
means that the source of NO2- for anammox is NO3- rather than NH4+. Denitrification
is a heterotrophic process requiring an organic carbon source. Where
nitrification/anammox processes must control oxygen input, these process must
monitor organic carbon, typically measured as COD.

SAD / Denammox
Simultaneous anammox and denitrification (SAD), also known as
denitrification anammox (Denammox), couples two biologically catalyzed pathways
in the nitrogen cycle (Figure 2.9). SAD involves denitrification of NO3- only so far as
NO2- and subsequent interception of NO2- into the anammox process (Figure 2.9) 121.
While anammox bacteria are able to generate NO2- or NH4+ from NO3- using formate,
acetate, or propionate 122 (thus able to make their own electron acceptor or donor), this
is impractical for low concentrations of ammonia.

Figure 2.9: Conceptual diagram of the SAD process. NO2- is intercepted from
denitrification to be used as the electron acceptor in the anammox process. Each
step in denitrification requires organic carbon.
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Denitrification (Figure 2.10) is a heterotrophic reduction of NO3- to N2 gas
through a series of intermediate compounds. Each step in denitrification is coupled to
oxidation of organic carbon compounds (or in rarer cases, sulfide or bisulfide).
Coupling this process with anammox would less carbon than conventional treatment
and allow for low-cost nitrogen removal 123. Denitrification are typically controlled by
rate of organic carbon addition 124,125,126,127. Neither the anammox nor the SAD
process function well at higher organic carbon loads 128.

Figure2.10: Denitrification from NO3- to dinitrogen showing intermediates and the
enzymes catalyzing these reactions. The first two oxides are ionic and highly
soluble. The latter three products are all gaseous. Source Du 2016 from Zumft
1997.

To date, SAD has been intentionally cultivated and examined in sequencing
batch reactors, expanded granular sludge bed digestion reactors, submerged anaerobic
membrane bioreactors, modeled in a granular biofilms, and batch reactors
132,133,134,135

129,130,131,

. In the best cases, these reactors achieved nitrogen removal efficiencies

of 81%, 87%, and 58-94% principally by varying the organic carbon loading ratio
136,137,138

. Carbon sources used in these studies include glucose and acetate.
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Constructed Wetlands
The wide array of anammox processes and reactor types put forward by
scientists and engineers illustrate the difficulties surrounding full-scale
implementation of such technology. The amount of operator control and possibility of
process failure make anammox a difficult sell for small municipalities who
nonetheless may have to contend with future regulations surrounding discharge of
nutrients. Constructed wetlands allow for communities that are land-rich and capital
poor an opportunity to enhance nutrient treatment with limited spending on
infrastructure.

Typical constructed wetlands
Constructed wetlands were discussed as early as 1961 as lower investment
alternatives to built infrastructure for nutrient removal from wastewaters 139.
Applications have widened since and implementations have been expanded to
agricultural effluents, tile drainage, acid mine drainage, industrial effluents, landfill
leachate, aqua culture discharge, and storm waters

140,141,142 ,143,144,145,146

. Nutrient

removal in these systems is complex and may occur by adsorption, translocation into
plants, sedimentation, precipitation, filtration, volatilization, or microbial
processes 147,148. The success of these processes will depend on the redox potential,
loading rates, temperatures, pH, and other environmental conditions. Proper design of
these systems is complex and remains a developing field of research. Nonetheless,
constructed wetlands show great promise in nutrient treatment for low costs.

Vertical flow constructed wetlands
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Vertical flow constructed wetlands percolate a surface loaded influent
wastewater downwards through coarse media, often gravel (Figure 2.11, bottom). In
such systems NH3/ NH4+ removal is accomplished very easily as this surface loaded
influent can achieve significant levels of dissolved oxygen which continues as the
liquid percolates through the filter media 149. Nitrification can be further enhanced by
a passive pump supplying air to the unsaturated zone 150. However, vertical flow
wetlands struggle to denitrify since retention times are not long enough. To achieve
full removal and post-treatment are required 151.

Figure 2.11: from Vymazal 2007. Above a horizontal constructed wetland. Below
a vertical flow wetland. Both of these designs feature subsurface flow.
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Horizontal flow constructed wetlands
Since most municipal wastewaters are high in NH4+ rather than NO3-,
horizontal flow constructed wetlands are therefore less efficient than vertical
constructions in their removal of total nitrogen (42% vs 45% mean total nitrogen
removal [N = 137, 51, respectively]) 152. They struggle to provide the oxygen required
for nitrification, and can only handle about half the loading rate of vertical flow
constructed wetlands (644 vs 1220 g·m-2·yr-1) 153. Horizontal flow constructed
wetlands (Figure 2.11, top) do provide good conditions for denitrification, as oxygen
transfer is less of an issue.
However, denitrification is a heterotrophic process and requires organic
carbon (NO3- is used as the electron acceptor). Horizontal constructed wetlands
typically struggle to reduce all NO3- because there is not sufficient carbon (usually
measured as COD) present in the influent 154. This carbon could be supplied by
woodchips, leaf litter, or other slow-release, cheap carbon sources that could be
amended to the wetland to add carbon, but these also struggle to provide sufficient
carbon 155.
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Proposal: Simultaneous Anammox and Denitrification Wetland

Figure 2.12: A schematic of the proposed SAD wetland. With nitrification occurring
in a coupled vertical flow wetland, this design could allow for high efficiency
nitrogen removal for low capital investments.

To achieve maximal nitrogen removal from wastewater treatment effluents,
this work proposes a split stream process in which 50% of the NH4+ is nitrified and
the remainder is recombined into a SAD constructed wetland. Here, the following
design criteria are considered: 1) which solid substrate achieves the best anammox
bacterial attachment? [Gravel, K2 plastic media, and Waldport basalt are considered],
2) can partial denitrifying bacteria (those accumulating NO2- be isolated from soils
and grown in a biofilm reactor?, and 3) can woodchips provide enough carbon for
partial denitrification?
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Chapter 3: Methods
Anammox Enrichment Reactors
Column Construction
Enrichment reactors were built from transparent 1 in. schedule 40 PVC
obtained from McMaster-Carr. Column dimensions were 2.66 cm across the inner
diameter and 18 cm in length. The empty bed volumes were 120 + 10 mL. At the inlet
and outlet of the reactor a filter was
placed (Mechanical Stage, Aquaclear
filter foam insert, from Rolf C.
Hagen, Inc.). This configuration is
visible in Figure 3.1. The weight of
each filter was recorded to the nearest
0.01 g.
Triplicate columns were
constructed with three media types,
basalt, gravel, and K2 Filter Media
for Moving Bed Biofilm Reactors
(MBBR) obtained from Cz Garden
Supply. The gravel and the rocks
were selected by sieving and were all
Figure 3.1: diagram of the reactor

between 0.871 and 0.475 cm in
length. The mass of media placed in

each reactor was recorded to the nearest 0.01 g and the volume of all media inclusion
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were determined by displacement to the nearest 1 mL and a new working volume for
each reactor was determined.

Column Inoculation and Operation
The upflow columns were inoculated with 25 + 0.5 mL of settled sludge from
anammox sludge obtained from Hampton Roads in VA (1 L total). Prior to use in this
study, this sludge was maintained for one year with 8 mM NO2- and NH4+, removing
60% of influent nitrogen at a hydraulic loading rate of 0.7 m·d-1. The reactors were
incubated at 30 + 0.2 oC in a temperature controlled darkroom and covered with
EcoFoil Double Bubble white insulation to prevent light from entering the reactors

Figure 3.2: The anammox enrichment columns.
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when work was being conducted in the room. The columns (Figure 3.2) were
operated for 150 days.

Media Preparation
Media was prepared for the reactors in 10 L glass bottles and kept anaerobic
with polypropylene screw caps. Media was supplied to the reactors through
Masterflex size 14 tubing (inner diameter 1.6 mm) by Cole-Parmer digital peristaltic
pump drives (model 07522-20) with Easy Load 2 pump heads. A 4 L gas bag
pressurized with high-purity N2 was attached to the anaerobic media bottles to
prevent the formation of a vacuum in the headspace.
Final concentrations in the media were 8 mM NH4Cl and NaNO2, 12 mM
NaHCO3. Prepared solutions added on a percent volume basis were 0.2% 1 M CaCl2,
0.1% 200 mM KH2PO4, 0.1% 1M MgSO4, 0.1% 1 M KNO3, 0.1% 80 mM FeSO4
with 160 mM ethylenediaminetetraacetic acid (EDTA), and 0.1% trace metals
solution. The trace metals solution contained 1.9 mM ZnSO4, 1.3 mM CoCl2, 6.3 mM
MnSO4, 1.3 mM CuCl2, 1.1 mM Na2MoO4, 1.4 mM NiSO4, 0.8 mM Na2SeO3, 0.3
mM H3BO3, and 64 mM EDTA.
All constituents of the media with the exception of the NaHCO3 were added to
the bottle and the system was autoclaved at 120oC for 50 min. One liter of 120 mM
NaHCO3 was autoclaved simultaneously. These prevents the formation of a yellowwhite precipitate that formed when these solutions were autoclaved together. After
cooling, these solutions were combined and mixed in a laminar flow hood and
adjusted to pH = 8.00 + 0.03 with sterile 2N HCl. The mixture was then sparged for
60 min with high purity nitrogen gas.
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Sampling
One mL samples were collected from effluent and influent lines every 2 to 3
days for chemical analyses. Prior to all analyses samples were centrifuged. For ion
chromatography and high performance liquid chromatography, samples were filtered
through a 0.2 µm nylon filter (manufactured by VWR) prior to analysis. All samples
were all analyzed promptly for NO2- which degrades quickly, or analyzed within 24
hours in the cases of succinate, NO3-, and NH4+. COD samples were preserved at pH
2 with 20 µL H2SO4 and analyzed within 1 week.

Woodchip column for chemical and biological oxygen demand analysis
Reactor construction
A woodchip leaching column was setup built using transparent 2 in. schedule
40 PVC (McMaster-Carr). Column dimensions were 5.25 cm across the inner
diameter and 18 cm in length. The working volume of each reactor was measured by
filling the system with DI water and measuring the drainage to the nearest mL. The
working volumes was 400 + 10 mL. A mass of 46 g of aged poplar woodchips was
added to the column. The woodchips were obtained from Clean Water Services in
Forest Grove, OR after being used in a vertical flow pilot-scale constructed wetland at
their facility for a period of one year. The lengths of the woodchips were not longer
than 1.5 inches and not wider than 1 in. COD samples were preserved at pH 2 with 20
µL sulfuric acid and analyzed within 1 week. Samples for Biological Oxygen
Demand (BOD5) analysis were preserved promptly at 4 ºC and BOD5 tests were
performed within 48 hours of collection.
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Reactor operation
The column was supplied with a “no nitrogen” anammox media, pH = 8.0,
and run continuously in at 30.0 + 0.3oC. This media was identical to the media fed to
the anammox enrichment columns but without NH4+, NO3-, or NO2-. The loading
rates to this column ranged from 0.04 to 0.4 m·day-1. Each loading rate was
maintained for 1 week and samples were collected daily. Samples were collected into
glass wheaton bottles, adjusted to pH < 2 and preserved at 4oC in the dark.

Chemical Oxygen Demand (COD)
COD was determined with kits from Hach (HR COD Vials K-7361S 0-1500
ppm) as per the manufacturer's instructions. Briefly, oxidizable organics in the sample
were reacted with dichromate to reduce the later to the chromic ion (Cr3+). The
decrease in dichromate concentration was measured colorimetrically at 620 nm.
These results were correlated to a standard curve of range 10-1000 ppm COD made
from a stock solution of 8000 ppm obtained from EMD Millipore. All samples were
filtered through a 0.45 µm syringe filter and 2 milliliters of sample were added to
each vial. Vials were mixed by ten inversions. Digestions were performed for 2 hours
at 150 ºC. After digestion, vials were cooled for 20 minutes at room temperature and
absorbance was recorded.

Biological Oxygen Demand
This method was adapted from G.C. Delzer and S.W. McKenzie, Five-Day
BOD method from USGS 156. Quality control was performed with unseeded dilution
water, consumption of less than 0.1 mg O2·L-1. Dilutions were made to place all the
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BOD5 values within the detection limit of 2.0 to 4.0 mg O2·L-1. Measurements were
made after 5 day incubations at room temperature (21 ºC) with a HACH HQ440d and
a HACH LDO model 2 probe. BOD5 results were only accepted if they were at least 2
mg O2·L-1 lower than the starting dissolved oxygen concentrations. The pH of each
sample was controlled to between 6.5 and 7.5.

Partially denitrifying bacteria
Soil samples
Soil samples from Nehalem silt loam in Tillamook County, Oregon, were
obtained from Anne Taylor in the Department of Microbiology at Oregon State
University. The collected soil samples were stored at 4 ºC until further use. The
taxonomic class of the soil is fine-silty, mixed, superactive, isomesic Fluventic
Humudept 157. The soils were collected from a riparian area (native grasses) that has
never been cropped and did not receive fertilizer nitrogen additions, and an adjacent
field which has been continually cropped (annual grass during the winter and corn in
the summer) and fertilized with dairy effluent from an anaerobic dairy digester (3 to 4
applications per year at a rate of 80 – 100 lbs of N per acre).

Isolation of partially denitrifying bacteria
Soil isolation was performed according to a method adapted from Roco et al.
2017 158: 1 g of soil was placed in 40 mL of 0.1 M sodium pyrophosphate and mixed
using a tabletop vortex for 30 s. Serial factor of ten dilutions were made from this
suspension down to a one in a million dilution. One mL of each of these dilutions was
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used to make a spread plate on agar (1.2%) made with standard Sistrom's media (see
below). These plates were incubated aerobically at 30oC for 48 hours.
Colonies were aseptically harvested using sterilized 10 µL pipette tips and
were placed in 1 mL of standard sterile Sistrom's media (see below) containing 113
mM (NH4)2SO4 (to prevent NO3- assimilation) and 10 mM KNO3. The media was
mixed by vortexing and 100 µL aliquots of each isolate suspension were placed into
two paired wells of a 96 well tissue culture plate 159. One well was reserved for NO2colorimetry and a duplicate was reserved for culture of the organism.
After 24 hours of growth, the NO2- assay wells were supplied with 20 µL of
Greiss reagent (sulfanilamide and N-(1-napthyl) ethylenediamine dihydrocholride to
detect NO2-) and NO2- accumulation was qualitatively indicated by a pink hue.

Batch cultures of partial denitrifiers
Isolates demonstrating NO2- accumulation were place in 150 mL Wheaton
bottles containing 50 mL of standard Sistrom's media (see section below) with 10
mM KNO3. The bottles were sealed with a tert-butyl rubber septa cap to enable gas
sparging and liquid sampling by needle under anaerobic conditions. Bottles were
shaken at 100 rpm in the dark at 30 ºC. Oxygen was promptly purged from the system
by sparging 35 min with high purity nitrogen gas. These reactors were incubated for
20 days and liquid samples of 1 mL were taken on days 0,1,2,4,6,9,11,20. All samples
were all analyzed promptly for OD600. Concentrations of NO2-, NO3-, and NH4+ were
measured by colorimetry. Those isolates able to accumulate NO2- while maintaining a
constant amount of total aqueous (non-gaseous) nitrogen species (NO3-, NO2-, NH4+)
were identified as partial denitrifiers and used to inoculate the partially denitrifying
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columns. Samples of these cell cultures were preserved in glycerol stocks and frozen
at -80oC. All samples were all analyzed promptly for OD600.

Partially denitrifying upflow columns
Isolates identified as partially denitrifying bacteria were aerobically cultured
in 400 mL Wheaton bottles. These cultures were shaken at 100 rpm in the dark at 30
ºC for 48 h. Aerobic cultures were used to produce sufficient biomass for column
inoculation. Cells were harvested by centrifugation at 6000 rpm and resuspension in
phosphate buffered saline (PBS). The final concentration by each isolate was set as
0.20 OD600 per the 400 mL empty bed volume of the columns. Two columns were
packed with media and inoculated. The first was packed with 49 g of woodchips and
the second received 27 g K2 Kaldane media. Columns were initially fed the Sistrom’s
media described below, with no glutamic acid and no aspartic acid added (to enrich
the bacterial populations and biofilms). Media was made in 10 L batches and sparged
for 60 min to removed dissolved oxygen gas. Columns were run in an upflow
configuration in the dark and incubated at 30oC. The concentration of the carbon
source (succinate) was progressively lowered to create the carbon limitation
necessary for partial denitrification.

Tests of partial denitrifying biofilms under surfactant treatment.
Beads from the partially denitrifying upflow column were placed in batch
bottles containing 2 mM KNO3 and 0.5 mM succinate (C/N = 1), and varying
amounts of Tween 20, a surfactant, this used to probe the role of biofilms in
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denitrification by disruption. Fifty mL of media was placed in 125 mL Wheaton
bottles, each bottle containing 1 K2 bead that was double washed with sterile
phosphate buffered saline (pH 7.4) to remove planktonic cells. There were 4
treatments prepared using different concentrations of the surfactant Tween 20
(polysorbate 20), all prepared in triplicate. The treatments were 0, 0,01, 0.1, and 1%
v/v Tween 20. The bottles were sparged 35 min with high purity nitrogen to effect
anaerobic conditions. The bottles were incubated in the dark at 30oC for 70 h. The
bottles were not shaken so that disruption of the biofilms was solely due to the
surfactant. Bottles were slowly inverted by hand 3 times before sampling to ensure
that they were well mixed. Samples (1 mL) were taken by syringe and analyzed
promptly. Samples were taken 8 times over 65 h. Concentrations of NO2- and NO3were measured colorimetrically and for OD600 as described below.

Sistrom's media
Standard Sistrom’s Media
For plating and culture of partial denitrifiers from soils, Sistrom’s media was
prepared with the following, each on a per liter basis: 20 mL K-succinate stock, 20
mL concentrated bases stock, 20 mL phosphate buffers, 5 mL 10% ammonium
sulfate, 1 mL growth factors, 100 mg glutamic acid, 40 mg aspartic acid, and 500 mg
sodium chloride. The mixture is adjusted to a pH of 7.2.
Sistrom’s media with succinate as the carbon source was formulated
according to a procedure adapted from the life science department at the University of
Illinois at Urbana-Champagne 160. A 20% K-succinate stock solution (200 g·L-1) was
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prepared with crystalline succinic acid (and an equivalent weight of potassium
hydroxide pellets to maintain pH) and then apportioned as appropriate to achieve the
desired concentrations (0 – 35 mM succinate) in the final mixture. The K-succinate
stock solution was autoclaved after each use to prevent contamination and growth
from occurring.
Briefly the other stock solutions were 10% ammonium sulfate, 20% Ksuccinate, Metals 44, concentrated bases, phosphate buffer, and growth factors.
Metals 44 was composed of 5.6 mM EDTA, 38 mM zinc sulfate, 18 mM ferrous
sulfate [iron(II) sulfate], 9 mM manganese(II) sulfate, 0.4 mM cupric chloride
[copper(II) chloride], 2 mM boric acid, and 1.6 mM cobalt(II) chloride. The
concentrated bases solution was composed of 52 mM nitrilotriacetic acid, 118 mM
magnesium sulfate, 12 mM calcium chloride, 10 µM ammonium molybdate, and 0.7
mM ferrous sulfate [iron(II) sulfate], 50 milliliters per liter of Metals 44 and 60
milliliters of 10% potassium hydroxide. The phosphate buffer solution was made with
1 M each potassium phosphate dibasic and potassium phosphate monobasic. The
growth factors solution was prepared with 80 µM biotin, 6 mM sodium bicarbonate, 8
mM niacin (nicotinic acid), 3 mM thiamine hydrochloride and 7.3 mM para-amino
benzoic acid.

Analysis of NO2-, NO3-, NH4+ and Organic acids
Analysis of nitrogen species in ionic forms was performed via colorimetry and
ion chromatography.
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Colorimetry
All samples were centrifuged for 6 min at 10,000 rpm in a table top microcentrifuge in 1.5 mL polypropylene tubes obtained from VWR prior to dilution and
analysis and analyzed within 24 h of collection.
Analysis of nitrogen species in the ionic forms was performed via colorimetry
and ion chromatography. All colorimetry was performed with a BioTek Synergy 2
plate reader which allowed heated incubations, timed delays, and shaking steps to mix
the solutions. Every plate was run with a standard curve for the analyte of interest.
Samples were regularly diluted to within the detection limits of the assay.
NO2- was detected by the Greiss reaction 161, where NO2- is protonated to
HNO2, and used in the nitrosation of an aniline derivative (in this case 1% w/v
Sulfanilamide in 1 M HCl) and this product forms a diazonium ion with N-(1Napthyl) Ethylenediamine Dihydrocholride (NED, 0.1% w/v in nanopure water). The
reaction mixture was 20 µL sample, 20 µL NED and 200 µL sulfanilamide.
Absorbance was read at 540 nm after 5 min of shaking and 5 additional min of delay.
The linear range of the standard curve was 0.05 to 1 mM NO2- (Appendix A3).
NO3- was quantified via NAS Szechrome reagent 162 (diphenylamine sulphonic
acid chromogene) from Polysciences Inc. Equal volumes phosphoric and sulfuric acid
were mixed and allowed to sit with a loose cap for 1 week in fume hood. This step
allows trace nitric acid in the mixture to evaporate. After 1 week, NAS Szechrome
was added to this acid mixture at a concentration of 5 g·L-1 and shaken vigorously
until dissolved (approximately three minutes). Twenty microliters of the sample was
mixed with 200 µL of the NAS Szechrome reagent. The sample was shaken for 5 min
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at high speed. The sample was incubated for an additional 25 min before the
absorbance was read at 570 nm. The linear range of the standard curve was from 0.05
to 0.5 mM NO3- (Appendix A3).
NH4+ was determined with the Berthelot reaction 163 using the sodium salt of 2phenylphenol as the chromogen. Precipitation of metal hydroxides was controlled by
citrate and the reaction is buffered with hypochlorite.
The chromogen was made by adding 1.61 g 2-phenylphenol sodium salt and
7.5 mg of sodium nitroprusside to 50 mL of DI water. The citrate reagent was made
with 2.5 grams trisodium citrate in 200 mL and the pH was adjusted to 7.0 with 0.1 M
HCl. The buffered hypochlorite reagent was made with 1 g Na3PO4, 10 mL NaClO
solution in 100 mL total, with pH adjustment (to pH = 7.0) by 2 M NaOH. Analysis
was performed with 25 µL of sample, 175 µL of citrate reagent, 50 µL of the 2phenylphenol-nitroprusside reagent, and 25 µL of buffered hypochlorite were added
to a microplate well and mixed for 30 s at medium speed. The mixture was further
incubated at 37oC for 15 min. Absorbance was read at 660 nm. The linear range of the
standard curve was from 0.05 to 1.0 mM NH4+ (Appendix A3).

Ion chromatography
Analysis of NO2- and NO3- was determined and corroborated by ion
chromatography using a Dionex AS-18 anion column (4x250 mm), run using a
Dionex ICS-5000 system with a ICS-5000 conductivity detector. The eluent was 33
mM KOH at a flowrate of 1 mL per min and the suppressor was operated at 82 mA.
Depending upon minor fluctuations in the back pressure (1400 + 10 psi), the retention
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times of NO2- was 5.25 minutes with a 95% confidence interval of 0.13 min, and for
NO3- was 8.34 minutes with a 95% confidence interval of 0.073 minutes. All samples
were analyzed promptly and filtered with 0.45 µm syringe filters from VWR prior to
analysis. Standard curves are in Appendix A2.

Analysis with HPLC
Succinate and other organic acids were determined by high performance
liquid chromatography using a Prevail Organic Acid HPLC column of 250 x 4.6 mm
dimensions. The mobile phase was 25 mM KH2PO4 adjusted to pH 2 with H3PO4 and
run at a flow rate of 1 mL per min and correlated to UV absorbance at 210 nm.
Samples were analyzed promptly or preserved with at pH 2 with HCl. All samples
were filtered prior to analysis. All standard curves are in the Appendix A4. The
retention times were: oxalate, 2.99 min; formate, 3.58 min; acetate, 5.91 min; and
succinate, 9.04 min.

Optical Density at 600 nm (OD600)
Optical density was used as the indicator of bacterial growth in partially
denitrifying bacteria batch experiments. Samples of 400 µL were analyzed promptly
in a quartz cuvette at a wavelength of 600 nm with an Orion AQUAMATE 8000
(Thermo Scientific). Blanks of each appropriate matrix were made and subtracted
from the raw absorbance values. The same cuvette was used and triple rinsed with DI
water in between each reading. The cuvette was always placed with the same sides
facing the same direction to ensure reproducibility.
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DNA and Solids Analysis
DNA extraction
After the anammox attachment column experiments were concluded, the
reactors were disassembled and subdivided into four groups top, middle, top filter and
bottom filter. The sludge attached to the physical substrate in each zone was
harvested separately. The sludge that was not attached to any media, was termed
‘Wash’.
To harvest the attached biomass, the physical media were vortexed for 20 s in
PBS (pH = 7.4). The physical media were removed with tweezers and the suspension
was centrifuged at 6,000 rpm for 15 min. The resulting sludge pellet was suspended
in 50 mL PBS (pH = 7.4). A total of 45 samples were collected from the 5 zones
(Wash, Top Filter, Top, Mid, Bottom Filter) of the 9 reactors (3 sets of triplicates).
The 50 mL sludge suspensions were repeatedly vortexed to mix (30 s) and 1 mL was
pipetted from this for solids analysis, and another 1 mL was removed for DNA
extraction.
DNA extractions were performed using the MoBio PowerSoil Kit via the
manufacturer’s instruction (Qiagen). The quantity and quality of the DNA extractions
were tested using a NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific).
Samples were stored at -20oC until qPCR analysis could be conducted.

qPCR

Copy numbers of the hzsA gene in each zone of the anammox columns were

determined by qPCR (quantitative polymerase chain reaction) using the 1597-F and
1857-R primers as used in Harangi et al. 2012 (see Table 1) 164. Of 20 total µL reaction
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volume, 10 µL was BioRad iTaqTM SYBR® Green Supermix with ROX, 5 µL of
template (over the range of 0.02 - 2E-9 ng/uL), 1.5 µL of each primer (to a reaction
concentration of 25 pmol/µL), and the remainder molecular biology grade water.
These reactions were performed in triplicate with a no template control using a
BioRad CFX Connect thermocycler. Initially, denaturation was performed at 96 oC
for 5 min, followed by 40 cycles of denaturation (1 min 96 oC), primer annealing (1
min at 54 oC), and extension (1.5 min at 72 oC) with a final extension at 72oC for 5
min. After qPCR analysis, a melting curve analysis was performed to test the purity
of the amplification products. These results are available in Appendix D and reveal
that no off target amplification occurred.
Table 1: Primers used in this study targeting the hzsA subunit
Primer

hzsA_1597F

hzsA_1857R

Position
(bp)

1597–1615

1838–1857

5’-3’

WTYGGKTATCARTATGTAG

AAABGGYGAATCATARTGGC

The standard curve was produced using a template hzsA nucleotide
synthesized by Thermo scientific (the sequence is shown in Appendix D). A
consensus sequence of the full gene determined by a MATLAB script written by this
author. The most likely nucleotide base at a given position was determined using all
nucleotide sequences available in the NCBI ‘genome’ database for subunit A of
hydrazine synthase. All sequences shorted than 1200 base pairs were discarded. A
product was synthesized and lyophilized by ThermoFisher Scientific. Degenerate
bases were not permitted, so the most likely base at a given location might only occur
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slightly greater than 25% of the time, yet this would have been the base chosen for
that site. The standard curve for hzsA copy number is in the Appendix D.

Solids Analysis
Solids content from the anammox columns were analyzed by gravimetric
analysis. The solids collected from a given reactor zone were re-suspended in sterile,
filtered PBS at pH 7.4. One mL of homogenized solids was placed into a crucible and
the samples were evaporated to dryness over 4 h in a steam bath. The samples were
then cooled to room temperature in a desiccator and subsequently weighed. The mass
of the crucible was recorded prior to analysis and the difference between this and the
weight after cooling was recorded as the total solids per mL.
To quantify the total volatile solids, the crucibles were heated to 550 oC for 3
h. After 3 h, the crucibles were removed and cooled to room temperature in a
desiccator. The weights of the samples were recorded and the difference between this
weight and the weight after drying in water bath represents the total volatile solids per
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mL. These concentrations of solids were multiplied by the volume that they were
suspended in to calculate the total solids and total volatile solids of the reactor zone.

Figure 3.3: Solids harvested from the anammox enrichment reactors.

Statistical Analysis – ANOVA with R
Multifactor ANOVA was performed in RStudio. Type II ANOVA models
were constructed for each parameter; i.e. total solids, total volatile solids, and copies
hzsA and variance across media type (gravel, basalt, K2) and reactor zone (top filter,
top, mid, bottom filter). The reaction term between media type and reactor zone was
also determined. These models were analyzed post-hoc with the Tukey Honest
Significant Difference test to find the significant differences amongst these means.
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Chapter 4: Results & Discussion
4.1 Anammox Enrichment
Gravel, Waldport basalt, and K2 media plastic media beads were evaluated as
physical substrates for anammox enrichment in fixed bed columns for 150 days.
Gravel represents a simple mineral addition, Waldport basalt has been noted for its
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Figure 4.1.1: Statistical comparison of the total solids analysis across all
treatment groups and including the two filters in each column which did in fact
accumulate significant amounts of solids. All error bars are 95% confidence
intervals. Note the graphs of hzsA are scaled logarithmically. A: Total volatile
solids, B: total solids, C: Copies hzsA per total volatile solids, D: copies hzsA
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analysis was performed as a proxy for biomass and copies of the hzsA gene were
measured as an indicator of anammox enrichment. All physical media proved to be
equally effective substrates for growth of anammox bacteria in terms of total solids
accumulation, total volatile solids accumulation, total copies of hzsA, or copies of
hzsA per mg volatile solids (Figure 4.1.1). No significant differences amongst these
substrates were observed. These analyses did not consider biomass accumulated in
the filters of the reactor, only the ‘Top’ and ‘Mid’ portions, shown in Figure 4.1.2.
These data are available in APPENDIX E.

Figure 4.1.2: diagram of the reactors
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Figure 4.1.3: Statistical comparison of the total solids analysis across all
treatment groups and including the two filters in each column (Top and Bottom)
which did in fact accumulate significant amounts of solids.

Further analyses were performed to differentiate between different zones of
the reactors (Figure 4.1.2). The analyses of variance across Figure 4.1 merely
considered the entirety of sludge that was present upon the K2 beads, the gravel, and
the basalt. However, when the solids accumulated in the filters are accounted for
(Figure 4.1.3), it is clear that these filters play a significant role in accumulation. It is
clear, for example, that the filters of the K2 reactors accumulated significantly more
solids than the two zones considered in the reactor body itself (p = 0.014, 490 more
mg solids, + 400) .
Copies of hzsA the gene encoding for subunit A of the hydrazine synthase
multi-protein complex are considered good indicator of anammox count. This gene is
present in all anammox bacteria (as it is critical to their metabolism) and it is
observed that all fully sequenced anammox bacteria to date have only one copy,
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where the 16S rRNA gene is often held in multiples 165,166. Thus, this gene is a strong
indicator of anammox enrichment. When, the different reactor zones are compared
(Figure 4.1.4) the amounts of hzsA copies contained in the filters are higher than those
in the reactor media (p= 0.017, 24E3 copies hzsA + 18E3). Furthermore, the
accumulation of copies hzsA was significantly greater in the K2 filters than the gravel
filters (p = 0.022, 57E3 more copies + 50E3) and significantly greater than the basalt
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k1 Top
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basalt Top

basalt Top Filter
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gravel Mid

gravel Top

8E+4

gravel Top Filter

filters as well (p = 0.008, 65E3 additional copies + 49E3). However, these values are

Copies hzsA
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2E+4
0E+0
-2E+4
Figure 4.1.4: Statistical comparison of copies of hzsA across all treatment groups
and including the two filters in each column (Top and Bottom) which did in fact
accumulate significant amounts of solids. Error bars represent 95% confidence
intervals.

typically 20-50% lower than those observed in the literature 167.
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Nitrogen removal rates from the anammox enrichment columns were higher
as the columns were starting up (Figure 4.1.7) and lowered as operation contined (10
vs 2 g N·m-3·hr-1). However, when the fractional nitrogen removal (Figure 4.1.5) is
examined, this high rate is explained by the higher loading rates that were delivered
to the columns in the early stages. In response to the low fractional removal rates, the
hydraulic loading rate was lowered on Day 20 to a loading rate of 0.3 m·d-1, a higher
end of the range typical for constructed wetlands 168. However, fractional nitrogen
removal remained low and production of NO2- was observed (Figure 4.1.8). This
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Figure 4.1.8: Influent and effluent values of all ionic nitrogenous species in
0.71 (Gravel Treatment) from the small column study. Trends observed in
Reactor
this reactor are typical of the other reactors across all treatments.
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Figure 4.1.5: Nitrogen removal rates in mass per volume per time (top) and
fractional removal (bottom) are shown in this figure. Each series is the average of
measurements from 3 reactors with equivalent media treatments.
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Figure 4.1.6: Influent and effluent totals of all ionic nitrogenous species in Reactor
1 (Gravel Treatment) from the small column study. Trends observed in this reactor
are typical of the other reactors across all treatments.

trend persisted and it was realized that the tubing supplying the media to these small
columns (Masterflex L/S Silicone tubing size 18), was not rated for oxygen
impermeability.
One report on oxygen transfer across silicon tubular membranes, determined a
transfer coefficient of 0.596 milligrams O2·m-2·min-1 169. When considering the
geometry and hydrology of this system (and assuming a starting concentration of no
oxygen whatsoever), an estimate of 1.8 milligrams O2·L-1 (56 uM O2) is present in the
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influent, reaching nearly 25% of oxygen saturation. Replacement tubing, with a much
high oxygen resistance was ordered and installed on Day 50. Over the next few
months, NO2- production (and NO3- production, likely from nitrification) persisted
while NH4+ removal remained steady and total nitrogen removal did not recover until
around Day 115, when both NO2- and NO3- began to be removed with no
corresponding ammonia removal to indicate anammox activity.
Examination of Figure 4.1.9 shows the totals of influent and effluent ionic
nitrogen species in Reactor 1. Nitrogen removal improves dramatically near the end
of reactor life, though there is no corresponding NH4+ removal. This indicates
denitrification as anaerobic conditions have long been restored. However, this is
difficult to determine without gas production data. Influent and effluent concentration
for all ionic species in each of the nine reactors are in the Appendix B.
Enrichment of anammox bacteria was largely unsuccessful due to a
combination of operator oversights. The amount of sludge added to each column was
likely too conservative and the infiltration of oxygen into the reactors proved
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Figure 4.1.7: Influent and effluent totals of all ionic nitrogenous species in Reactor
1 (Gravel Treatment) from the small column study. Trends observed in this reactor
are typical of the other reactors across all treatments.
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However, a few interesting results were gleaned. No media was significantly
different for the enrichment of anammox bacteria. This result could certainly change
based on a more successful experiment, but sensitivity of the bacteria to process
control is always a higher concern. Therefore, the selection of physical media for
growth of anammox bacteria in a constructed wetland is likely not an important
design concern.
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-200

Figure 4.1.8: Percent enrichment over the sludge inoculum.

Interestingly, anammox bacteria were highly enriched relative to all bacteria
(as measured by copies hzsA per mg volatile solids) in the top filter of the reactor.
While these filters are highly likely to decrease flux and are not a practical media
choice for the growth and operation of anammox systems in constructed wetlands,
their installation into large upflow columns could prove highly successful for the
enrichment of anammox bacteria. The enrichment of anammox in this location could
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be due to the consumption of the influent oxygen (unintentionally added) and a more
favorable environment. The high surface area of these filters likely provided many
spaces open to colonization. Interestingly, enrichment occurred in all reactors (see
Figure 4.1.8) but in the mineral physical substrate systems, this was only present in
the lower part of the reactor. In the K2 treatment, this enrichment was very large but
occurred in the filters (top filter 300%, bottom filter 200%) suggesting that K2 beads
may be a poor substrate for biomass retention, allowing many cells to be nearly
washed out and subsequently caught on the filters.
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4.2 Selection of partially denitrifying bacteria
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Figure 4.2.1: Extent of denitrification as measured by nitrite production and NO3removed in two fixed-bed up flow columns containing woodchips and K2 filter
beads as the physical substrates. These columns had a working volume batch
studies of approximately 1L, and were constructed of 2 in Sch. 40 PVC. individual
cultured isolates. Error bars represent 95% confidence intervals on technical

Next, partial denitrifiers were selected to provide the NO2- in a SAD reactor
system. Bacterial soil isolates were screened for their ability to partially denitrify
NO3- to NO2- and accumulate the latter. Accumulation of NO2- is necessary for the
successful implementation of a simultaneous anammox and denitrification reactor.
Forty isolates were selected by serial dilution and spread-plating on Sistrom’s media.
In Figure 4.2.1 the distinction between full and partial denitrification
metabolisms is readily apparent. The batch test of isolate #11 shows some
accumulation of NO2- as NO3- decreases, but the summation of total dissolved
nitrogen (NO2- + NO3- + NH4+) steadily decreases indicating the progression of
denitrification beyond NO2- into gaseous production (NO, N2O, or N2). Conversely, in
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Bottle #24, the isolate reduces NO3- and accumulates NO2- the total dissolved nitrogen
remains constant. This is an illustration of successful partial denitrification, showing
an accumulation of NO2- that may then be used in the anammox process.
Of the 40 bacterial colonies isolated, 11 or 27.5% were capable of NO2accumulation. Only 8 of these were deemed capable of partial denitrification, 20% of
the total (these data are in Appendix C). This proportion is consistent with other
studies 170. The demonstration of partial denitrification in pure culture by a particular
isolate, similarly was the criterion for inclusion in the column study. Thus, those
bacterial isolates able to demonstrate partial denitrification were selected for the
column study.

4.3 Partial denitrification in fixed-bed columns
To study partial denitrification in a model fixed-bed system, two columns
were constructed with K2 beads and woodchips respectively. These were inoculated
with a consortia of all the bacteria that demonstrated partial denitrification ability and
enriched with Sistrom’s media with succinate as the carbon source (35 mM) for 1
week to establish biofilms.
NO2- accumulation was not observed in either of two fixed-bed upflow
columns containing woodchips and K2 beads, respectively (Figure 4.3.1). Once the
column was successfully removing NO3- (Day 30) the influent concentration of
succinate was switched to 5 mM succinate and progressively lowered to create the
carbon limitation implicated in partial denitrification. However, despite continual
decrease of organic carbon loading (down to 1 mM succinate for C/N = 1.7), no NO2accumulation was observed despite the fact that NO3- was still being removed.
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On Day 60, no organic carbon fed to the column and this was maintained for
10 days. Immediately NO3- began to accumulate in the effluent of both columns
(approximately 75% of the total), and still no NO2- was produced. This suggests that
insufficient carbon may be present in the woodchips, but further demonstrates full
denitrification occurring instead of partial denitrification.
On Day 70, succinate was reintroduced to the influent at 0.5 mM (C/N = 0.86)
and NO3- removal promptly recovered. The hydraulic loading rates to the columns
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Figure 4.3.1: Extent of denitrification as measured by NO2- production and NO3removed in two fixed-bed up flow columns containing woodchips (bottom) and
K2 filter beads (top), respectively as the physical substrates. These columns had
a working volume of approximately 1L, and were constructed of 2 in Sch. 40 PVC.
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increase as high as 13 m·d-1 (100 mL·min-1) no NO2- was measurable in the effluent
(Figure 4.3.2) while NO3- removal correspondingly decreased. This demonstrates the
occurrence of full denitrification, though NO3- removal decreases, there is no
corresponding increase in NO2- production. Or, the partial denitrification occurring is
resulting in the transformation of the intermediate NO2- into one of the gaseous
intermediates (NO or N2O), followed by nitrous oxide on the pathway to production
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Figure 4.3.2: Observed NO3- removal and lack of NO2- accumulation with increasing
flowrate (hydraulic loading rate) in a wood chip fixed-bed column. WC = woodchip
column effluent.

There are a number of possible causes for this lack of NO2- accumulation: 1)
mass transfer limitation against NO2- transport from the biofilms, 2) a different
metabolic strategy being employed by bacteria now living in biofilms rather than as
plankton, 3) colonization of the column by an uninvited consortia of full denitrifiers,
or 4) high carbon loading in the setup of the column may have altered the growth
strategies and gene expressions of the microbial consortia away from those involving
NO2- accumulation.

56

There is evidence suggesting different denitrification strategies may be caused
by organismal or physiological changes. An examination of the denitrification
systems in the bacterial genus Thauera shows two distinctive metabolic strategies 171.
The first is near simultaneous production of all enzymes involved in denitrification
and no accumulation of NO2-. The second strategy involves progressive onset (PO) of
genes involved and NO2- will accumulate so long as NO3- is present (the same
behavior for which bacteria in this study were selected). The authors postulated that
these strategies are associated with fitness in intermittently anoxic environments (PO)
versus systems with long periods of anoxia (onset of all genes at once) 172.
In an examination of activated wastewater sludge, fully 21.5% of all
heterotrophs that were able to be cultured were described as ‘incomplete NO3reducers’ (i.e. able to accumulate NO2-) 173. But, it is not clear whether this behavior
was due lack of specific reductases or merely strategies for their regulation (genotypic
vs. phenotypic).
Among soil bacteria, it is common that a bacterium will contain at least one,
but not all, dissimilatory gaseous producing NOx reductases needed for
denitrification 174. However, partial denitrification control in systems such as
wastewater treatment plants cannot rely on maintaining only one population of
denitrifiers against colonization by other microbes. Thus, denitrification must be
controlled by process parameters. Fortunately, each reductase in the denitrification
process is controlled, by networks of transcriptional regulation responding to signals
from O2 and NOx 175, 176, 177.
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The colonization and invasion of the column by other denitrifiers is unlikely,
as the columns were inoculated were high cell counts (as OD600) and supplied with
sterile media that is suited to their cultivation.
Mass transfer limitations caused by biofilms are possible culprits for lack of
NO2- accumulation. Partial denitrification has been observed in many engineered
systems including biofilters, batch bottles, and sequencing batch reactors 178, 179, 180. The
experiments with biofilters reveal that NO2- accumulation steadily decreases as the
attached biofilms growth increases 181. Performance (NO2- accumulation) is only
recovered when the bio-filter is scoured with a backwash or high flowrate and
allowed to regrow. Most analogous to a subsurface constructed wetland, this study
indicates a critical design concern. Notably, this was the only reviewed study
exhibiting NO2- accumulation in a biofilm-based reactor, further supporting the
difficulty of this implementation.

4.4 Probing mass transfer limitations of partial denitrification by biofilms
To determine whether mass transfer limitations within biofilms prevented the
accumulation of NO2- in the bulk phase of the fixed-bed column, denitrification was
monitored in batch bottles with K2 biofilm covered beads enriched during the fixedbed column study. These beads were double washed with sterile PBS (pH = 7.4) and
placed in fresh media containing 2 mM KNO3 and 0.5 mM succinate (C/N = 0.86).
Four different concentrations [0, 0.01, 0.1, and 1 % v/v] of Tween 20 surfactant
(polysorbate 20) were used to disrupt the biofilms growing on these beads.
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Figure 4.4.1: Accumulation of NO2- as NO3- is consumed in batch bottles with 1
enriched K2 bead each, incubated at 30oC without shaking. OD600 is used to
monitor the concentration of cells. Error bars represent 95% confidence intervals
(n=3). The legend below each figure shows which nominal % concentration of
Tween 20 used.

Lower concentrations of Tween 20, (0 and 0.01%), elicited much later onsets
of significant denitrification (at least 0.5 mM, or 25% of the starting NO3-) than the
0.1 and 1% treatment (Figure 4.4.1). These transformations were not measurable until
at least 30 h after exposure. However, the higher concentrations of Tween 20 (0.1 and
1 % v/v) saw production of NO2- shortly after 10 h, as well as much higher OD600
values than the lower concentrations, indicated a higher number of cells in solution.
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This increase in OD600 may be attributable to dissolution of the biofilm into
planktonic cells or to growth.
The no Tween control demonstrates the best partial denitrification in terms of
NO2- accumulation, while the summations of NO3- and NO2- remain approximately
constant. In the 0.1% and 1% treatments, NO3- is consumed rapidly and there is a
delay in the NO2- production, which quickly disappears. The NO2- is only detectable
in the 0.1% and 1% treatments once a significant number of cells have accumulated
in the bulk phase of the liquid (OD600 increases support this, Figure 4.4.1). The
proposed model is depicted in Figure 4.4.2.

Figure 4.4.2: Proposed model for denitrification in the batch tests with enriched
K2 beads. The bead is covered with a heterogeneous population of partial
denitrifiers and only the dissolution and growth of microbes in the media allows
for the accumulation of NO2-.
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These data show that the bacterial consortia in the reactor are certainly
capable of NO2- accumulation despite the fact that this was not observed in the
column. While the higher OD600 values in the higher fraction Tween 20 treatments
cannot be solely attributed to biofilm disruption (metabolism and growth on the
surfactant cannot be ruled out), they certainly present strong evidence that NO2accumulation was aided by biofilm disruption. Furthermore, since there is organic
carbon present in these systems (0.5 mM succinate, roughly twice the amount
required to convert all the NO3- to NO2-) and no increase in OD600 is observed in the
treatment receiving no surfactant, suggests the increase in the OD600 across the
polysorbate treatments is due to biofilm disruption.
These upflow reactors were meant to better understand the partial
denitrification aspect of SAD systems, and thus no anammox biomass was added.
However, it is possible that a mixture of partial denitrifiers with anammox sludge
would operate far more effectively as a functional SAD system. The mass transfer
limitation might cease to be an issue if these two nitrogen cycling bacteria were
mixed into biofilms and allowed to coexist. The attempt here to understand the
kinetics of partial denitrification in real system by decoupling anammox certainly
does not condemn the use of SAD in fixed-bed reactors.
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4.5 Woodchips as a carbon source for partial denitrification
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Figure 4.5.1: COD (Chemical Oxygen Demand) of woodchip leachate from a
packed, fixed bed upflow column packed with woodchips previously aged in a
vertical flow constructed wetland. Inner diameter 2.067 in. Sch. 40 PVC pipe. The
legend indicates the hydraulic loading rate. On the secondary axis, ratio of
Carbonaceous Oxygen Demand to Biological Oxygen Demand in woodchip
leachate.

A column was packed with woodchips and fed continuously with synthetic
wastewater to determine whether woodchips were a suitable carbon source for the
proposed SAD wetland. The loading rates to the column were progressively increased
every week to cover the typical range for a constructed wetland (0.03, 0.07, 0.13,
0.27, and 0.4 m·day-1).
In the effluent of the column, the COD was observed to be around 2250 ppm
in the first few days of operation, decreasing rapidly to 1500 ppm COD in the
following days and settling around 200 ppm after 3-weeks of operation (at flowrates

62

of 0.07 and 0.013 m·d-1). These very high initial values are consistent with the “first
flush” phenomenon of newly wetted woodchips 182. Initially the hydraulic loading rate
was varied from 0.033 m·d-1 at the outset and progressively increased finally to 0.4
m/d on day 34. These rates covered the typical range for operation of constructed
wetlands 183.
The observed effluent COD concentrations decreased as the loading rate
increased. However, when the hydraulic loading rates were returned to the initial
lower loading rates (of the first two tested), full COD production was not recovered
(Figure 4.5.1). The COD/BOD5 ratio increased over time and as flow rates increased.
This indicates that not only is the BOD5 decreasing over time but that it represents an
increasingly smaller share of the overall COD as well. This picture is corroborated by
the decreased concentrations of organic acids in the effluent over time, though these
data are coupled to increasing flow rates (Figure 4.5.2). The concentration of oxalic

Concentration (mM)

1.6

Oxalic
Formic

1.2

Acetate

0.8
0.4
0.0

Day 6

Day 15

Day 27

Figure 4.5.2: Organic acids content of effluent woodchip leachate from fixed bed
reactor as measured by HPLC. The concentrations of acetic, oxalic, and formic
acid progressively decreased in the effluent. Acetic acid disappears almost
immediately.
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acid remained more or less constant, but formic acid decreased by nearly half over the

ln (C/Co)

three week period from day 6 to day 27 and acetic acid is not seen after day 6.

-2.5
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-3.5
-4.0
-4.5
-5.0
-5.5
-6.0

0

Retention Time (days)
Cellulose first series
Cellulose All points
1
2
3
4

5

y = 0.484x - 5.7998
R² = 0.9232

y = 0.3763x - 5.7602
R² = 0.604

Figure 4.5.3: First order model of COD leaching from woodchips.

Assuming a cellulose content of the woodchips as 30% by dry weight and that
all measured COD is represented as cellulose, a first order model was fit to these
data 184. When using only the first data points (i.e. not the re-testing of previous
flowrates), the points represented by the triangles, the model of ln C – ln C0 vs
hydraulic retention time in the reactor (Figure 4.5.3) fits reasonably well, with an r2
value of 0.92. But when the retested points are added, the coefficient of determination
falls to 0.60 indicating that COD concentration has decoupled, or become
independent of, flow rate.
The theoretical oxygen demand of partial denitrification is nearly 0.25 mg COD
per mg NO3- reduced to NO2- (0.5 mol O2 per mol NO3-). Taking the quasi-steadystate of COD in our leachate as 200 pm, the column provides enough carbon to
partially denitrify 800 ppm of NO3- to NO2-. However, the fraction available as BOD
is around 20 times lower than that available as COD, capable of partially denitrifying
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about 40 ppm NO3-, but the BOD release is especially transient and would only
provide sufficient organic carbon for a limited time. The amount of available carbon
supplied by woodchip leachate for partial denitrification is clearly sufficient in the
short term, but much of the advantage of slowly leaching a feed source from a
substrate would be lost if that substrate needed to be frequently replaced.
The continuous decrease in BOD5 prompts doubt that the full extent of the
measured COD will be usable for denitrification. The BOD5, composed of the more
easily hydrolyzed organic acids and sugars, quickly becomes a small fraction of the
already decreasing overall oxygen demand. Of course, the probable growth of
microbes in the woodchip column (certainly sulfate reduction is malodorous) could
consume a significant fraction of BOD5. Nevertheless, one might imagine a system of
parallel down flow woodchip leaching columns, replaced in series, that could
continuously provide (by the adjustment of flowrates) a roughly constant supply of
BOD5 to a constructed wetland. Nonetheless, the unreliability of this carbon source
frustrates reasonable calculation of the cost advantage of this cheap material.
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Chapter 5: Conclusions
Simultaneous anammox and denitrification constructed wetlands can bring the
cost savings and energy efficiencies of anammox nitrogen removal to low-capital
municipalities and industries, but certain design challenges still remain.
1. All physical substrates, with the exception of a rapid infiltration mesh
filter with high surface area, proved to be equally sufficient for the
enrichment of anammox bacteria.
2. Partial denitrification is necessary for simultaneous anammox and
denitrification, but methods for control of this metabolic process in
bacterial biofilms remains obscure.
3. Woodchips can provide sufficient organic carbon for partial denitrification
in the short term, but the inability of this source to continuously leach
bioavailable organic carbon counters the benefit of its low cost.
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Chapter 6: Future Work
Further tests of anammox physiology and accumulation on the
aforementioned filters could lead to significant strategies for the enrichment of
anammox bacteria. However, the use of these filters in constructed wetlands may not
be strictly practical.
To better design partial denitrification systems with these soil isolates, more
tests should be run to fully explore their physiology and strategies of denitrification.
Particularly, the accumulation of NO2- while NO3- is present needs to be checked
under varying carbon and oxygen conditions. While it is fallacious to directly
translate the results of such pure culture studies to reactor applications with
expectations of similar performance, perhaps not enough pure culture work was done
to isolate the behaviors of individual isolates.
Further work should be done to demonstrate this mass transfer limitation on
NO2- transport from the biofilm. Life strategies are strongly altered in a cell that is
fixed in place, next to other cells versus their behavior in a free-floating, planktonic
state. This would be a very interesting and important result if it could be established.
These data strongly suggest that biofilms comprising most of the biomass in the
reactor limited NO2- accumulation by limiting mass transfer of this product away
from the catalysts.
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Appendix
A. Standards
A1 Chemical Oxygen Demand
A1.1 Mn COD Standard

Mn (III) - COD
1200

COD ppm

1000

y = -755.72x + 1159.9
R² = 0.9999

800
600
400
200
0

0

0.5

1
Absorbance

Figure A1.1: COD Standard for the Mn(III) test.

1.5

2
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A1.2 Hach COD Standard
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1000

y = 2234.4x + 13.842
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Figure A1.2: COD standard curve for the Hach test.

0.6
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A2 Ion Chromatography
A2.1 NO2- Standard
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8.0

y = 8.4489x + 0.4403
R² = 0.9996

4.0
0.0
0.00

0.50
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Figure A2.1: NO2- standard curve for Chromatography:
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A2.2 NO3- Standard

16.0
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y = 12.05449x + 0.16440
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Figure A2.2: NO3- standard curve for ion Chromatography:

1.50
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A3 Colorimetry
A3.1 NO2- Colorimetry

3.5
3
Abs

2.5
2
1.5
1
0.5
0
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Concentration Nitrite (mM)

Figure A3.1: NO2- standard curve for colorimetry
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A3.2 NO3-
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Figure A3.2: NO3- standard curve for colorimetry

1.50
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Abs

A3.3 NH4+
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Figure A3.3 NH4+ standard curve for colorimetry

1.50
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A4 High Performance Liquid Chromatography

Area (mAu*min)

A4.1 Succinate Standard
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A4.2 Acetate Standard
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A4.3 Formate Standard

Area (mAu*min)
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A4.4 Oxalate Standard
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B. Total Nitrogen balances – AMX reactors

Concentration
NH4+ (mM)

15

All N species - Reactor 1 - Gravel

10
5
0

0

20

40

60

NH4 in 1,2,3,10

80

Day

100

120

140

160

NH4 eff 1

Concentration
NO2- (mM)

15

10
5
0

0

20

40

60

20

40

60

NO2 in 1,2,3,10

80

100

120

140

160

80

100

120

140

160

Day

NO2 eff 1

Concentration Total N
(mM)

Concentration
NO3- (mM)

10
5
0

25
20
15
10
5
0

0

NO3 in 1,2,3,10

0

20

40

60

Day

80
Day
1,2,3,10 Total N in

NO3 eff 1

100

120

140

1 Total N eff

160

77

Concentration N
(mM)

15

All N species - Reactor 2 - Gravel

10
5
0

0

20

40

60

80
Day
NH4 in 1,2,3,10

100

120

140

160

NH4 eff 2

Concentration N
(mM)

15

10
5
0

Concentration N (mM)

Concentration N
(mM)

8
6
4
2
0

25
20
15
10
5
0

0

0

0

20

20

20

40

60

80
Day
NO2 in 1,2,3,10

100

40

100

80
Day
NO3 in 1,2,3,10

40

60

60

80
Day
1,2,3,10 Total N in

120

140

160

140

160

NO2 eff 2

120

NO3 eff 2

100

120

140

2 Total N eff

160

78

Concentration N
(mM)

15

All N species - Reactor 3 - Gravel

10
5
0

0

20

40

60

80
Day
NH4 in 1,2,3,10

100

120

140

160

140

160

NH4 eff 3

Concentration
N (mM)

15
10
5
0

0

20

40

60

80
Day

100

80
Day
NO3 in 1,2,3,10

100

NO2 in 1,2,3,10

120

NO2 eff 3

5
0

0

20

Concentration N
(mM)

Concentration N
(mM)

10

25
20
15
10
5
0

0

20

40

40

60

60

80
Day
1,2,3,10 Total N in

120

140

160

NO3 eff 3

100

120

140

3 Total N eff

160

15

All N species - Reactor 10 - Basalt

10
5
0

0

20

0

20

40

60

80
100 120 140
Day
NH4 in 1,2,3,10
NH4 eff 10

40

60

160

15
10
5
0

80
Day
NO2 in 1,2,3,10

100

120

140

160

NO2 eff 10

10

Concentration N
(mM)

Concentration N
(mM)

Concentration N
(mM)

Concentration N
(mM)

79

5
0

25
20
15
10
5
0

0

0

20

20

40

80
Day
NO3 in 1,2,3,10

40

60

60

1,2,3,10 Total N in

80
Date

100

120

140

160

NO3 eff 10

100

120

140

10 Total N eff

160

80

Concentration N
(mM)

15

All N species - Reactor 11 - Basalt

10
5
0

0

20

40

60

NH4 in 11,12,4,5

80
Day

100

80
Day

100

80
Day

100

120

140

160

140

160

140

160

NH4 eff 11

Concentration N
(mM)

15
10
5
0

0

20

40

60

NO2 in 11,12,4,5

120

NO2 eff 11

Concentration N
(mM)

10
5
0

0

20

40

60

Concentration N
(mM)

NO3 in 11,12,4,5

120

NO3 eff 11

30
20
10
0

0

20

40

60

11,12,4,5 Total N in

80
100
Day

120

140

11 Total N eff

160

Concentration N
(mM)

Concentration N
(mM)

81

All N species - Reactor 12 - Basalt
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C. Partial denitrification tests
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D. qPCR melt curves and standards
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Figure A_Meltcurve: COD (Chemical Oxygen Demand) of woodchip leachate from
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a packed, fixed bed upflow column packed with woodchips previously aged in a
vertical flow constructed wetland. Inner diameter 2.067 in. Sch. 40 PVC pipe. The
legend indicates the hydraulic loading rate. On the secondary axis, ratio of
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Carbonaceous Oxygen Demand to Biological Oxygen Demand in woodchip
leachate
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hzsA Target Template sequence (no degeneracy was permitted in this synthesis
5'ATCGGGTATCAGTATGTAGAGGATGATGGTTCAGTGGTAACATCCCAGAT
TGCAGATACCCCTTACTACATGCAGATATTGGATGATAAGGGTATGGCAG
TACAGACTGCTTTGACCTGGGCATATTTAAGGCCATATCATGGCAGGATTT
GCAGTGGATGTCATGATGGTTCATATCGTGGAAGGGCGTTCCAGAACATC
CATGCAAAGGCGTTGTACAACTGGTGGTATGATGACAGAAGCCACTATGA
TTCACCVTTT
-3'

hzsA Probes (primers) from Harhangi 2012.
Primer

hzsA_1597F

hzsA_1857R

Position
(bp)

1597–1615

1838–1857

5’-3’

WTYGGKTATCARTATGTAG

AAABGGYGAATCATARTGGC
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E. Anammox Enrichment Data

Zone
Bottom_Filter
Bottom_Filter
Bottom_Filter
Bottom_Filter
Bottom_Filter
Bottom_Filter
Bottom_Filter
Bottom_Filter
Bottom_Filter
Mid
Mid
Mid
Mid
Mid
Mid
Mid
Mid
Mid
Top
Top
Top
Top
Top
Top
Top
Top
Top
Top_Filter
Top_Filter
Top_Filter
Top_Filter
Top_Filter
Top_Filter
Top_Filter
Top_Filter
Top_Filter

Media
gravel
gravel
gravel
basalt
basalt
basalt
k1
k1
k1
k1
k1
k1
gravel
gravel
gravel
basalt
basalt
basalt
k1
k1
k1
gravel
gravel
gravel
basalt
basalt
basalt
gravel
gravel
gravel
basalt
basalt
basalt
k1
k1
k1

V sludge
after 1
Total
mL
Volatile
V sludge V
Total
Solids
V empty V reactor intial
suspend sample Solids
Weight
Copies
(mg)
(mL)
(ml)
(mL)
in (mL) (ml)
(mg)
TVS / TS (g)
SA (mm2) hzsA
8 0.025974
0.74
37000 39.93343
308
0.5
40
25
85
132
126
78
24.5
30
2
324
12 0.037037
0.74
37000 13631.45
123
69
25
27.5
1.5
305.25
35.75 0.117117
0.6
30000 4031.942
128
78
24.5
40
2
432
52 0.12037
0.56
28000 2092.267
128
78
24
35
4.5
603
126 0.208955
0.57
28500 8706.315
131
83
24
35
3
406
63 0.155172
0.78
39000 1498.981
122
106
25
42.5
10
1088
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