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ABSTRACT 

 

 

Optimization of Glycerol-driven Denitratation and Dissimilatory Nitrate 

Reduction to Ammonia 

 

 

Matthew Baideme 

 

 
This dissertation aims to expand our knowledge of glycerol-driven engineered biological 

nitrogen removal processes by elucidating the link between operational controls and the structure and 

function of the microbial ecology grown under stoichiometrically-limited and excess glycerol conditions.  

Specific objectives were to: 

1. Develop and experimentally evaluate an improved metric for denitratation performance 

that can be objectively compared across studies; 

2. characterize the process kinetics, nitrogen conversion efficiencies, and microbial 

ecology of a glycerol-driven, stoichiometrically-limited denitratation process; 

3. elucidate the impact of kinetic limitation on microbial community structure and function 

in a glycerol-driven, stoichiometrically-limited denitratation process; 

4. explore the biological mechanisms contributing to nitrite (NO2
-) accumulation in a 

glycerol-driven denitratating microbial community; and, 

5. characterize the nitrogen conversion efficiencies and microbial ecology that favor 

dissimilatory nitrate reduction to ammonium (DNRA) in a glycerol-driven denitrification process 

at stoichiometric excess. 

 Accordingly, a nitrate (NO3
-) conversion ratio (NaCR) was first proposed as an improved 

metric of denitratation performance metric.  Previous metrics used throughout literature were 

deemed insufficient as they provided an incomplete and subjective representation of denitratation 



performance by not accounting for residual NO3
- remaining in the system following the selective 

reduction of NO3
- to NO2

-.  The NaCR represented a singular metric that better signifies true 

denitratation performance and can be compared across studies regardless of carbon source or 

system configuration. 

  Second, a glycerol-driven denitratation process was optimized according to different 

operational controls.  Steady-state reactor operation and in situ and ex situ batch assays indicated 

that the influent chemical oxygen demand to NO3
- (COD:NO3

--N) ratio was determined to 

influence process kinetics and nitrogen conversion efficiencies leading to significant NO2
- 

accumulation.  A singular microbial community structure correlated to system performance was 

identified. 

 Third, the application of kinetic limitation (by imposing different solids retention times 

[SRTs]) at a given influent COD:NO3
--N ratio was demonstrated as an effective mechanism in the 

selection for a denitratating microbial ecology capable of significant NO2
- accumulation.  Steady-

state reactor operation was used to characterize process kinetics and nitrogen conversion ratios 

supporting the determination of the optimal SRT for reactor operation.  Analysis of the microbial 

community structure elucidated the impacts of kinetic limitation on the microbial ecology which 

were correlated to system performance.  Functional denitrification gene transcripts were found to 

be significantly different under kinetic limitation, indicating that NO2
- accumulation was driven 

more by differences in microbial community structure as opposed to differential expression at 

different operating SRTs.     

 Fourth, ex situ batch assays were used to elucidate the microbial transcriptional response 

to the presence of varied sequences of electron acceptors.  The microbial community was found to 

be enriched with NO3
--respirers, or microorganisms incapable of NO2

- reduction, and progressive 



onset denitrifiers, which express functional denitrification genes in sequence.  The presence or re-

introduction of NO3
- in a NO2

--reducing community was found to elicit an immediate 

transcriptional change and shift of electron flow to NO3
- reductase.  Electron competition as the 

primary contribution to NO2
- accumulation was confirmed through the artificial inactivation of 

NO3
- reductase.  

 Lastly, an influent COD:NO3
--N ratio was applied in stoichiometric excess to create the 

conditions necessary to support DNRA over denitrification.  System performance at steady-state 

was found to vary under different kinetic regimes.  The induction of DNRA was found to be far 

more complex than simply providing glycerol in stoichiometric excess.  Additionally, glycerol 

does not appear to be an optimal COD source for DNRA under these conditions. 

 In sum, the optimization of engineered biological nitrogen removal processes through the 

manipulation of process kinetics and the resulting impacts on nitrogen conversion efficiencies and 

microbial community structure and function was investigated in detail.  From an engineering 

perspective, this knowledge can help guide the design and operation of biological nitrogen removal 

processes to systematically maximize the accumulation of targeted nitrogenous products or 

mitigate unintentional and undesired products. 
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CHAPTER 1 

 

 

Introduction 

 

 
1.1. Biological Reduction of Nitrate (NO3

-) 

Denitrification serves as one of the two overarching reactions involved in the engineered 

biological nitrogen removal (BNR) process that is employed by wastewater treatment facilities 

around the world (Figure 1-1).  Interest in denitrification began well over a century ago as 

indications of the negative impacts on the environment caused by localized release of ammonium 

(NH4
+) and NO3

- were noted.1  Each intermediate in the denitrification cascade is an environmental 

pollutant of its own accord.  Both NO3
- and nitrite (NO2

-) can impair receiving water quality 

through eutrophication and localized anoxia while the presence of NO2
- in treated wastewater 

effluents can severely destabilize chlorine-based disinfection.2  Gaseous nitric oxide (NO) is a 

precursor to acid rain and gaseous nitrous oxide (N2O) is a greenhouse gas 300 times as potent as 

carbon dioxide (CO2).3  Both NO and N2O also contribute to atmospheric ozone depletion.4   

Heterotrophic denitrification is the stepwise reduction of NO3
- to dinitrogen (N2) gas under 

anoxic conditions using organic chemical oxygen demand (COD) sources and electron donors.  

While a wide range of organic COD sources have been used to drive denitrification, glycerol was 

used in this study.  Glycerol presents an optimal alternative to methanol, which is being phased 

out as the primary external COD source by many wastewater treatment facilities due to safety and 

procedural concerns with its continued use.  Methanol was traditionally one of the most widely 

used external carbon sources for denitrification due to its availability and generally low cost.5  

Glycerol is also an abundant waste product of the biodiesel industry making it a sustainable choice 

to drive the denitrification process.6 
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Figure 1-1.  Schematic of the conventional biological nitrogen removal processes (adapted from 

Welsh et al.7). 

 

Recent advances in the application of the anaerobic ammonium oxidation (anammox) 

process (Figure 1-1) led to the development and implementation of short-cut biological nitrogen 

removal processes (scBNR).8  Prior to this, NO2
- accumulation was not desirable due to the 

generally toxic effects it exhibits when released into the environment.1,2  Additionally, transient 

NO2
- accumulation in a wastewater facility is typically indicative of inefficient process 

management suggesting the occurrence of significant gaseous NO and N2O emissions.  However, 

the intentional management of the nitrification and denitrification processes can lead to significant 

accumulation of NO2
-, for use as the electron acceptor for combined, resource-efficient NO2

- and 

NH4
+ removal by downstream anammox processes.   

Denitratation, or the selective reduction of NO3
- to NO2

- (Figure 1-1), represents the 

intentional control of denitrification to achieve selective NO3
- reduction to NO2

-.  Over the last 

decade, substantial advances have been made in the understanding of denitratation with studies 
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focused on performance driven by acetate, methanol, glucose, and endogenous carbon.  

Operational parameters that potentially contribute to NO2
- accumulation, such as influent COD:N 

ratios, pH, and NO3
- loading rates have been optimized.9–11   

Dissimilatory NO3
- reduction to NH4

+ (DNRA) is not a denitrification process, sensu 

stricto, as it does not result in the production of gaseous nitrogenous products.  However, under 

specific conditions, DNRA can outcompete denitrification for NO2
- thus conserving nitrogen as 

aqueous NH4
+ as opposed to removing it via gaseous N2.  The dominant mechanism supporting 

respiratory DNRA over denitrification is thought to be an influent COD:NO3
--N ratio in excess of 

the stoichiometric requirements for denitrification (e.g. electron acceptor-limited).12  This 

environment is believed to favor DNRA over denitrification because of the energy generation 

benefits that the transfer of an additional three electrons provides to the microorganisms.13  

Additional potential factors include COD source type, inorganic electron donor availability, pH, 

and others, although the controls remain poorly understood in general.12,14–16  DNRA has been 

shown to be coupled to both heterotrophic and autotrophic metabolic pathways through the 

coupling with either fermentation or sulfide or iron oxidation.16   

 

1.2. Alternative Process Configurations for scBNR 

Short-cut BNR (scBNR) processes are comparably effective in terms of performance and 

can result in significant reductions in chemical and energy use relative to conventional BNR.  

These savings are typically realized by taking advantage of a shortcut in the conventional 

nitrification-denitrification process across NO2
- (Figure 1-1).  scBNR processes have thus far 

mainly focused on nitritation (oxidation of NH4
+ to NO2

-) followed by either autotrophic or 

heterotrophic denitrification.   
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Traditionally, anammox-based wastewater treatment relied on nitritation or partial 

nitritation to produce NO2
- for use as the electron acceptor for anammox bacteria to then oxidize 

aqueous NH4
+ to gaseous N2.  Despite being energy and resource efficient (Table 1-I), this 

approach presented several challenges to maintaining long-term stability, especially for 

mainstream nitrogen removal.  The primary challenge associated with both partial nitritation-

anammox (Figure 1-2) and the non-anammox based nitritation-denitritation (Figure 1-3) process 

configurations is the difficulty in selectively retaining NH4
+-oxidizing bacteria (AOB) while 

concurrently out-selecting NO2
--oxidizing bacteria (NOB).  While NOB out-selection can be 

overcome more readily in sidestreams, such as anaerobic digestion centrate, owing to higher extant 

process-free NH4
+ concentrations and temperatures, application to mainstream waste where such 

factors are not prevalent is more challenging.  The incorporation of anammox in these systems 

presents additional challenges including the out-competition for NO2
- of heterotrophic denitrifiers 

over anammox due to their faster process kinetics and the need for significant enrichment of 

anammox bacteria to mitigate potential NO2
- toxicity at expected nitrogen loadings.17–20   

 

 

Figure 1-2.  Single- and dual-stage partial nitritation-anammox process configurations with 

theoretical aeration energy and chemical (COD) requirements as compared to conventional 

nitrification and denitrification. 
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Figure 1-3.  Single- and dual-stage nitritation-denitritation process configurations with 

theoretical aeration energy and chemical (COD) requirements as compared to conventional 

nitrification and denitrification. 

 

Alternatively, denitratation with downstream anammox coupling has proven to be much 

more stable as it does not require the need to navigate the fundamental and practical engineering 

complexities of partial nitritation.18,21  Additionally, research has shown that there is minimal 

competition between heterotrophic denitrifiers and anammox for NO2
- as denitratation is primarily 

controlled via a limiting influent COD:N ratio.22,23  Using this system to treat either mainstream 

or sidestream (centrate) wastewater theoretically reduces aeration energy requirements by 50% 

and chemical (COD) input requirements by 80% over conventional BNR systems (Table 1-I).  

Energy and chemical savings can be effected not just in sidestreams, which constitute 20-30% of 

the influent total nitrogen load, but the entire (100%) influent mainstream nitrogen load.  This is 

accomplished through a more operationally tractable process configuration than that used for 

nitritation and anammox-based configurations. 

 

 

 

 

 

Anoxic Anoxic Anoxic

NH4
+

NO3
-

NH4
+

NO2
-

NH4
+

NO3
-

N2(g)COD COD N2(g)

Aerobic Anoxic Aerobic (Intermittent);
Anoxic

Nitritation Denitritation
Nitritation

Denitritation

75%
O2(g)

O2(g)

60%
COD

NO2
-

NH4
+

75%
O2(g)

60%
COD



 6 

Table 1-I.  Comparison of theoretical aeration energy and chemical input requirements of 

various BNR process configurations. 

Process Configuration 

Mainstream Wastewatera 
Sidestream (centrate) 

Wastewatera 

Aeration 

Energy Req. 
COD Req. 

Aeration 

Energy Req. 
COD Req. 

Conventional BNR: nitrification, denitrification 100 100 100 100 

scBNR: Nitritation, denitritation 75 60 75 60 

scBNR: Partial nitritation, anammox 37.5 0 37.5 0 

scBNR: Partial nitrification, denitratation, anammox 50 20 50 20 

a Values are reported in generic "units" relative to conventional nitrification and denitrification requirements. 

"--" indicates that the process would likely not be used for a waste stream with characteristics typical of that 

listed. 

 

1.3. Stoichiometry and Process Kinetics 

The reaction stoichiometry for a glycerol-driven denitratation process using NH4
+ as the 

assimilative nitrogen source is:24 

 

Ra,   NO3
-
→NO2

- :   (0.50)NO
3

-
+H++e-=(0.50)NO

2

-
+(0.50)H2O 

 

Rd:   (0.21)CO2+H++e-=(0.07)C3H8O3+(0.21)H2O 

 

Rc:   (0.20)CO2+(0.05)HCO3
-
+(0.05)NH4

++H++e-=(0.05)C5H7O2N+(0.45)H2O 

 

The reaction stoichiometry for a glycerol-driven DNRA process using NH4
+ as the assimilative 

nitrogen source is similar to that for denitratation with only the electron acceptor reaction differing. 

 

Ra,   NO3
-
→NH4

+:   (0.13)NO
3

-
+(1.25)H

+
+e-=(0.13)NH

4

+
+(0.38)H2O 
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The electrons released during the oxidation of the organic COD source, glycerol in this 

case, are partially distributed to the electron acceptor (fe) in order to generate energy for converting 

the remainder of the electrons (fs) to cells.24  These fractions are incorporated into the overall 

stoichiometry according to:24 

 

R=fe(Ra-Rd)+fs(Rc-Rd)=feRa+fsRc-Rd, where 1=fe+fs 

 

Reaction stoichiometry can be used to determine the stoichiometric requirements for 

influent COD in order to reduce a given amount of influent NO3
-.  For denitratation, the theoretical 

influent COD requirement is 60% less than that required for denitrification driven by the same 

COD source.  This is determined on an electron equivalents basis where the reduction of NO3
- to 

NO2
- requires two electrons versus the five electron requirement for fully reduce NO2

- to N2 gas.  

Similarly, DNRA would require 160% of the influent COD required for denitrification due to the 

eight electron reduction.  Stoichiometric coefficients can also be determined through an estimation 

of the microbial yield using thermodynamics approaches.25,26  

 Kinetically, denitratation has been shown to have specific rates of NO3
- reduction (sDNaR) 

nearly one order of magnitude larger than specific denitrification rates (combined sDNaR and 

sDNiR) in denitrification studies using the same COD source (Table 1-II).  This is likely due to a 

series of factors regarding NO2
- accumulation including the enrichment of a specialized microbial 

ecology coupled with electron competition based upon NO3
- reductase’s higher electron affinity,27 

which are further discussed in section 1.5.  
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Table 1-II.  Comparison of specific rates of reduction for denitratation and denitrification. 

Carbon Source 
Inf. 

COD:NO3
--N 

sDNaR 

[mg N/g VSS/h] 

sDNiR 

[mg N/g VSS/h] 
Reference 

Sodium Acetate 

1.22 23.0f 19.0f 28 

5.0 82.3 32.0 11 

1.0 52.0 -- 
10 

6.0 280.0 -- 

3.5 
12 29 

3.6 30 

 

DNRA is reported to have slower process kinetics compared to denitrification by at least 

one order of magnitude.12  The much larger volume of electrons that must flow along the electron 

transport chain may limit the kinetics of DNRA.   This is potentially due to a bottleneck in the 

ability of the electron transport chain to supply electrons to the periplasmic NO2
- reductases, either 

six electrons to nrfA, which catalyzes NO2
- reduction to NH4

+, or one electron to nir, which 

catalyzes the reduction of NO2
- to NO along the denitrification pathway.14 

 

1.4. Molecular Basis and Biochemistry 

Respiratory denitrification is catalyzed through the step-wise expression of a series of 

nitrogen oxide reductases, including cytoplasmic NO3
- reductase (nar), periplasmic NO3

- reductase 

(nap), cytochrome cd1-encoded NO2
- reductase (nirS), Cu-encoded NO2

- reductase (nirK), NO 

reductase (nor), and N2O reductase (nos).1  NO3
- reduction can occur in either the cytoplasm (nar) 

or the periplasm (nap) depending on the environmental NO3
- concentrations.  With its high affinity 

for NO3
- but low activity, nap is expressed during periods of low NO3

- concentrations.  Whereas 

the cytoplasmic nar is expressed during high NO3
- loading due to its low affinity but high 

activity.31  Denitrifiers typically express nirS while nirK is found in taxa unrelated to heterotrophic 

denitrification,32 including chemolithoautotrophic nitrification.33   Following NO3
- reduction in 
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DNRA, NO2
- is reduced directly to NH4

+ with no intermediate products via the cytochrome c-

encoded NO2
- reductase, nrfA.  NO2

- reduction during DNRA can also be catalyzed via nir although 

only by specific microorganisms.34  Both respiratory denitrification and DNRA are repressed at 

the transcript level in the presence of O2.13   

Not all microorganisms are capable of expressing the complete denitrification pathway.  In 

fact, there is a wide disparity in the categorical descriptions of denitrifiers according to their 

metabolic capability.  Microorganisms which lack the genetic ability to express one or more of the 

functional denitrification genes are said to have a truncated denitrification pathway, including 

those limited to terminal reduction of NO3
- to NO2

- (NO3
--respirers) and those that are unable to 

reduce NO3
- (exclusive NO2

--reducers).35  Additionally, two distinctly phenotypes exist that are 

both capable of complete denitrification, however, the pattern of functional denitrification gene 

expression differs greatly.  Progressive onset (PO) denitrifiers sequentially express subsequent 

functional genes only when the next higher reduced product is exhausted from the system and 

rapid, complete onset denitrifiers immediately express the full range of functional denitrification 

genes upon receiving a signal that a nitrogen oxide is present in the environment.36 

The common link between DNRA and denitrification is through NO3
- reduction via the 

cytoplasmic NO3
- reductase, nar.13  In fact, different microorganisms are able to couple nar with 

the cytoplasmic or periplasmic NO2
- reductases involved in either denitrification or the reduction 

of NO2
- to NH4

+.  However, coupling in the opposite direction is not typically found as no 

microorganism has yet expressed the periplasmic NO3
- reductase, nap, with the cytoplasmic NO2

- 

reductase, nir.34  Additionally, the strict coupling of the cytoplasmic NO3
- and NO2

- reductases are 

only typically found in facultative anaerobic microorganisms in high NO3
- environments.13  
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1.5. Mechanisms of NO2
- Accumulation 

No clear consensus has been achieved as to why NO2
- is able to accumulate in a denitrifying 

system.  However, the three biological mechanisms that are predominantly regarded as the primary 

causes of transient or sustained NO2
- accumulation include: 

• the unbalanced competition for electrons between NO3
- reductase and NO2

- 

reductase leading to a higher NO3
- reductase activity; 

• the selection and enrichment of a microbial ecology supporting NO3
--respiring or 

progressive onset denitrification phenotypes; and, 

• the inhibition of NO2
- reductase transcription and/or expression thought to be 

caused by NO3
-.   

 

1.5.1. Electron Competition 

Within the denitrification cascade, NO3
- is the preferred electron acceptor during 

heterotrophic denitrification due to the highest potential for energy production.10,37  In some cases, 

this has corresponded with a more favorable distribution of electrons for NO3
- reductase versus 

NO2
- reductase.1,10,38  It has also been observed that during oxidation of a stoichiometric excess of 

COD, insufficient electron flow may be generated to supply both NO3
- and NO2

- reductases at their 

maximum activity levels.37,39  Due to the limited electron flow along the electron transport chain 

and NO3
- reductases higher electron affinity,1 NO3

- reductase will have the higher proclivity to 

outcompete NO2
- reductase for electrons.  In many cases this has been indirectly noted as a 

difference in NO3
- and NO2

- reduction rates,11,27,40,41 although NO2
- accumulation has also been 

proposed to be independent of the difference between the maximum NO3
- and NO2

- reduction 

rates.38  In either case, the unbalanced flow of electrons due to electron competition would 
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potentially result in transient NO2
- accumulation until NO3

- is exhausted causing NO3
- reductase 

to downregulate and become less competitive.   

Separately, it has been noted that the COD source plays an integral role in potential electron 

competition based upon where its electrons are delivered along the electron transport chain 

following COD oxidation.37  Delivery at the far upstream end in vicinity of cytochrome b or the 

ubiquinone pool (annotated as “CoQ” in Figure 1-4) typically allows for out-competition by NO3
- 

reductase due to its spatial proximity to the delivery location, whereas further downstream delivery 

near cytochrome c would limit NO3
- reductase’s competitive advantage (Figure 1-4).1,37,42   

 

 

Figure 1-4.  Schematic of the electron transport chain supporting denitrification.43 

 

COD sources such as acetate deliver electrons in the upstream region of the electron 

transport chain where NO3
- reductase can more rapidly accept available electrons thus causing an 

imbalance in reductase activity resulting in NO2
- accumulation.  Conversely, COD sources such 

as butyrate37 or methanol44 are reported to deliver electrons to multiple locations along the electron 

transport chain, with initial delivery directly to cytochrome c as opposed to the ubiquinone 
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pool.45,46  This mitigates potential electron competition by allowing concurrent electron flow 

(upstream and downstream) to both NO3
- and NO2

- reductases typically resulting in little to no 

transient NO2
- accumulation.37,39  

 

1.5.2. Microbial Community Structure and Function 

The structure of denitrifying microbial communities is strongly influenced by external 

environmental factors including the exogenous COD source, influent waste stream characteristics, 

and operating conditions.47,48  Due to the complex interplay of the four steps of denitrification, 

denitrifying microbial ecologies are highly diverse with microorganisms exhibiting 

complementary capabilities that work in concert to provide significant redundancy due to the high 

number of microorganisms capable of performing each function.  Rather, more specialized 

functions like the selective conversion of NO3
- to NO2

- in denitratation involve a more functionally 

synonymous microbial ecology due to the limited microbial redundancy available to perform the 

singular reduction step.49  Therefore, the accumulation of NO2
- through the selective reduction of 

NO3
- to NO2

- is potentially due to the enrichment of a highly specialized microbial ecology 

containing dominant fractions of NO3
--respirers35 or PO denitrifiers36 following the exhaustion of 

the upstream reductant in the denitrification cascade.  Selection for these specialized phenotypes 

is thought to be favored through the application of a stoichiometrically-limited influent        

COD:NO3
--N ratio.9,11  By limiting the electrons made available for energy generation through 

limited COD oxidation, a microbial ecology enriched with more specialized phenotypes capable 

of significant NO2
- accumulation is thought to occur. 
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1.5.3. Delayed Synthesis of NO2
- Reductase Caused by NO3

- Inhibition 

NO2
- potentially accumulates due to the delayed expression of NO2

- reductase.  The limited 

expression of NO2
- reductase beyond background levels until after NO3

- is exhausted from the 

system suggests that NO3
- may inhibit the expression of NO2

- reductase at the transcriptional 

level.27,40,47  In the case of two recent studies, near instantaneous upregulation of nirS was observed 

only after NO3
- was near fully reduced,9,36 e.g. Figure 1-5.   

 

 

Figure 1-5.  Example of delayed expression of NO2
- reductase following near-complete NO3

- 

exhaustion.9 

 

 

The cytotoxicity of NO2
- is widely known with several studies acknowledging the stoppage 

of cell growth once NO2
- concentrations increased beyond a transient threshold.27,38  However, in 

this case, the continual accumulation of NO2
- during NO3

- reduction failed to initiate a response 

from the cell to upregulate its internal metabolic mechanism to rid the environment of a potentially 
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toxic compound.  Indications are either that NO3
- potentially negatively interacts with one of the 

regulatory proteins that regulates nirS transcription, such as repressing the activation of the nitrite 

and nitric oxide reductases regulator (NNR),36,50 or that the cell has not sensed NO in its 

environment to serve as the signal to induce expression of NO2
- reductase.1,51  NNR is thought to 

be the regulator protein that facilitates the product-induced transcription and expression of NO2
- 

and NO reductases.52  Repression of the synthesis of NNR or blockage of NNR’s binding site by 

NO3
- supports the delay in the synthesis of NO2

- reductase until after NO3
- levels are nearly 

depleted,50 which would subsequently cause the transient accumulation of NO2
- as has been 

previously observed. 

 

1.6. Research Hypotheses and Objectives 

 The overall hypothesis of this study was that the intentional management of operational 

controls can select for a singular functional microbial ecology capable of the selective conversion 

of NO3
- to targeted nitrogenous reduction products in a glycerol-driven denitrification process.  

Five specific objectives were used to test this principal hypothesis: 

1. develop and test an improved universal metric that describes denitratation performance;  

2. characterize the extent of selective NO2
- accumulation according to process kinetics, 

nitrogen conversion efficiencies, and microbial ecology in a glycerol-driven, stoichiometrically-

limited denitratation process; 

3. characterize the extent of selective NO2
- accumulation according to the management of 

process controls in a glycerol-driven, stoichiometrically-limited denitratation process; 

4. diagnose the biological mechanisms contributing to selective NO2
- accumulation in a 

glycerol-driven denitratating microbial community; and, 
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5. characterize the feasibility of glycerol to selectively accumulate NH4
+ according to 

nitrogen conversion efficiencies and microbial ecology in a denitrification process at 

stoichiometric excess. 

This dissertation consists of seven chapters:   

1. Chapter 1 presents an introduction to denitratation and the dissimilatory nitrate 

reduction to ammonium (DNRA) process.   

2. Chapter 2 proposes an improved metric of denitratation performance and supports its 

use through fundamental thermodynamic analysis and application to recent studies.   

3. Chapter 3 describes the impact of the influent COD:NO3
--N ratio on glycerol-driven 

denitratation through characterization of process kinetics, nitrogen conversion efficiencies, and 

microbial community structure analysis during steady-state operation of a sequencing batch reactor 

(SBR), as well as batch kinetic assays.   

4. Chapter 4 characterizes the impact of kinetic limitation on the enrichment of a 

microbial community capable of significant NO2
- accumulation and differentiates the NO2

- 

reduction capabilities through the quantification of select denitrification functional genes.   

5. Chapter 5 explores the mechanisms a denitratating microbial community uses to 

maximize NO2
- accumulation through time series profiling of nitrogen oxide species and 

denitrification functional gene expression from ex situ batch assays.   

6. Chapter 6 characterizes the extent of selective NH4
+ accumulation in a glycerol-driven 

denitrification system under kinetic limitation and describes the feasibility of glycerol to support 

DNRA. 

7. Chapter 7 presents some holistic viewpoints on the potential for denitratation and 

DNRA processes, as well as future research directions.  
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CHAPTER 2 

 

 

Development of an Electron Equivalents-based Measure that Unifies the 

Description of Denitratation Process Efficiency 
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2.1. Introduction 

Denitratation, or the selective reduction of nitrate (NO3
-) to nitrite (NO2

-), coupled to 

downstream anaerobic ammonium oxidation (anammox) has proven to be a viable alternative for 

resource-efficient, short-cut biological nitrogen removal (scBNR).53,54  To take advantage of the 

significant reductions in chemical and aeration energy use compared to conventional 

denitrification in BNR systems, denitratation aims to maximize NO2
- accumulation through the 

directed and systematic management of process operating parameters.  Accumulated NO2
- would 

then serve as a co-substrate for combined NO2
- and ammonium (NH4

+) removal by downstream 

anammox.   

During the last decade, substantial advances have been made in the understanding of 

denitratation.9,10,55  Studies have focused on the performance of denitratation driven by myriad 

electron donors or exogenous chemical oxygen demand (COD) sources due to the lack of readily 

biodegradable COD in typical waste streams.  The manipulation of key system operating 

parameters and their impact on NO2
- accumulation has received particular emphasis in recent 

studies.9–11,56–58  Denitratation efficiency has typically been defined by the ratio of accumulated 

NO2
- to removed NO3

-, or more specifically, as nitrogen transformation ratios (NTR),11,22,53,55–67 

NO2
- accumulation efficiencies (NAE),54,68 NO2

- accumulation ratios (NAR),69,70 accumulated 

NO2
- ratio,71 or NO2

- yield,9 altogether herein referred to as NAR (Equation 2-1).   

 

NAR= [
(NO2,eff

-
-N)-(NO2,inf

-
-N)

(NO3,inf
-

-N)-(NO3,eff
-

-N)
] x 100%       Equation 2-1 
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A NAR equal to 100% indicated that all of the NO3
- removed accumulated as NO2

-.  In contrast, 

the NAR would be 0% when all NO3
- removed was terminally reduced to gaseous-N products with 

no accumulation of NO2
- (Equation 2-1).  While naming conventions differed amongst studies, 

this standardized ratio was used to compare impacts of operating parameter changes on the 

system’s efficiency, or its ability to selectively convert NO3
- to NO2

- rather than terminal reduction 

to nitrogen (N2) gas.  Recent studies further refined the definition of their denitratation process 

efficiency with a second ratio that of removed NO3
- to influent NO3

-.9,54,58,68,71  The NO3
- removal 

ratio (NRR) normalized the removal of NO3
- to influent NO3

- (Equation 2-2).  A NRR equal to 

100% indicated complete biotransformation of influent NO3
- while an NRR of 0% indicated no 

removal. 

 

NRR= [
(NO3,inf

-
-N)-(NO3,eff

-
-N)

NO3,inf
-

-N
] x 100%       Equation 2-2 

         

As descriptive measures, the NAR and NRR presented specific shortcomings, which will 

be presented in more detail herein.  Most notably, the NAR incompletely categorized a system’s 

denitratation efficiency as it (1) did not account for residual NO3
- remaining in the system, and (2) 

inaccurately characterized efficiency on a mass-to-mass basis despite the difference in nitrogen 

oxidation states of the ratio’s components.  To mitigate the NAR’s lack of effluent NO3
- 

accounting, studies incorporated the NRR as a secondhand descriptor of NO3
- removal 

efficiency.9,54,58,68,71  While the NRR in combination with the NAR improved the ability to assess 

denitratation efficiency as each ratio fulfilled the missing component of the other, subjectivity 

remained.  Specifically, neither metric was identified as the determinant of overall efficiency 

resulting in the comparison of ratio combinations remaining open for interpretation. 
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In order to objectively assess the impacts of changes in operating parameters on 

denitratation efficiency, it was imperative that a single, unifying metric mitigating the limitations 

of those previously used be identified and defined.  A more complete methodology was to consider 

efficiency in terms of electron equivalents, or the electron accepting capacity remaining in the 

effluent.  Accordingly, the overarching goal of this study was to develop and characterize an 

improved, unified metric that accounted for effluent nitrogen speciation on an electron equivalents 

basis to objectively compare denitratation process efficiency across studies. 

 

2.2. Materials and Methods 

In this study, we propose the NO3
- conversion ratio (NaCR; Equation 2-3) as a singular 

metric to completely describe denitratation process efficiency.  NaCR was intended to measure 

efficiency according to the electron accepting capacity of nitrogen species remaining in the effluent 

compared to the influent.  Electron equivalents were applied to each respective nitrogen fraction 

with regard to N2 gas as the terminal reduction product.  While terminal reduction of NO3
- to NH4

+ 

was also possible, it was not applicable at the stoichiometrically-limited influent COD:NO3
--N 

ratios under which denitratation systems were typically operated. 

 

NaCR= [
3∙((NO2,eff

-
-N)-(NO2,inf

-
-N))-5∙(NO3,eff

-
-N)

5∙(NO3,inf
-

-N)
] x 100%     Equation 2-3 

  

Maximum process efficiency was defined as NaCR=60%, indicating that the influent NO3
- 

with an electron accepting capacity of five electrons was selectively reduced to NO2
- with an 

electron accepting capacity of three electrons, or 3/5 of the influent electron accepting capacity.  

Process inefficiency was thereby defined as either the lack of reduction of NO3
- in the system or 
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by terminal reduction of NO3
- past NO2

-.  The NaCR penalized the remainder of NO3
- in the system 

as additional COD would be necessary for selective reduction of the residual NO3
- to NO2

-, 

indicating non-optimal operating parameters that led to an inefficient process.  Subsequently, if all 

influent NO3
- remained in the effluent the NaCR would be -100%, signifying that the effluent had 

the same electron accepting capacity as the influent.  In the case of terminal reduction of NO3
- past 

NO2
-, electron equivalents of nitric oxide (NO) and nitrous oxide (N2O) were assumed to be 

equivalent to N2 gas, or an overall electron accepting capacity of zero electrons.  Terminal 

reduction of all influent NO3
- to gaseous-N products with no accumulation of NO2

- would, 

therefore, result in a NaCR of 0%, indicating that the electron accepting capacity of the influent 

NO3
- was completely removed.   

NAR (Equation 2-1), NRR (Equation 2-2), and NaCR (Equation 2-3) were compared using 

a theoretical distribution of end point nitrogen speciation based upon an influent NO3
--N 

concentration of 100 mg-N/L (Table 2-I).  The comparisons were used to highlight theoretical 

shortcomings of the NAR and NRR and to indicate how the NaCR mitigated said shortcomings.  

Additionally, denitratation-specific or denitratation-anammox studies that applied the NAR and/or 

the NRR as a denitratation efficiency metric were identified through a literature review (Table 

2-II).  Data from a sampling of those studies was used to compare the NAR (Equation 2-1), NRR 

(Equation 2-2), and NaCR (Equation 2-3) according to the varied operating conditions applied in 

each respective study.  Specific comparisons highlighting shortcomings and/or factors of 

mitigation are further discussed herein. 
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2.3. Results and Discussion 

2.3.1. Shortcomings of NAR as a Process Efficiency Metric 

The NAR (Equation 2-1) offered an incomplete approximation of the true efficiency of a 

denitratation system as it did not account for residual NO3
- in the system.  Theoretically, a study 

could report a 100% NAR, indicating that 100% of the NO3
- that was reduced accumulated as  

NO2
-, but not that 100% of the influent NO3

- was actually removed (Table 2-I; green shaded rows).  

In this context, the NAR by itself implied that a denitratation bioreactor was operated efficiently 

and at optimal conditions.  However, that same system could instead have significant NO3
- 

remaining in the effluent similar to the study58 that reported NAR=84% with over 26 mg/L         

NO3
--N remaining in the effluent (43% of influent) at influent acetate COD:NO3

--N=1.5:1 (Table 

2-II; orange shaded rows).  While the system may be efficient in terms of NO2
- accumulation from 

NO3
- reduction as shown by a high NAR, these results rather were indicative of an overall 

inefficient denitratation process operating at non-optimal conditions.   

Complete removal of residual NO3
- in the system would elicit an additional COD demand 

thus increasing the system’s required influent COD:NO3
--N ratio, or the stoichiometric measure 

of electrons needed through COD oxidation to reduce influent NO3
- to the desired end product.  

However, endpoint speciation cannot be guaranteed upon additional COD dosing into a 

denitratation system with responses that could include the selective conversion of remaining NO3
- 

to NO2
- with no concomitant reduction of previously accumulated NO2

- (increased NAR) or further 

reduction of accumulated NO2
- (decreased NAR).  As such, without acknowledging the varied 

levels of NO3
- removal according to respective system operating parameters, comparisons of 

process efficiency across studies were challenging.  Additionally, previously reported efficiency 
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metrics and optimal operating parameters would no longer be valid following increases in the 

influent COD:NO3
--N ratio to target complete NO3

- removal.     

As a mass-to-mass ratio, the NAR served as an inaccurate representation of denitratation 

process efficiency.  The chemical transformation of NO3
- to NO2

- changed the oxidation state of 

nitrogen and, as a result, it was more accurate to compare the transformation efficiency in terms 

of electron equivalents as opposed to using a mass-to-mass based ratio. 

 

  



 

Table 2-I.  Theoretical comparison of NAR, NRR, and NaCR for various effluent nitrogen speciation combinations. 
Influent 

[--] 

Effluent 

[--] 

NAR 

[%] 

NRR 

[%] 

NaCR 

[%] 

NO3
--N NO2

--N NO3
--N NO2

--N 
Gas.-N 

Prod. 
[
(NO2,eff

-
-N)-(NO2,inf

-
-N)

(NO3,inf
-

-N)-(NO3,eff
-

-N)
] x 100% [

(NO3,inf
-

-N)-(NO3,eff
-

-N)

NO3,inf
-

-N
] x 100% [

3∙ ((NO2,eff
-

-N)-(NO2,inf
-

-N)) -5∙(NO3,eff
-

-N)

5∙(NO3,inf
-

-N)
] x 100% 

100 0 100 0 0 0 0 -100 

100 0 80 0 20 0 20 -80 

100 0 80 20 0 100 20 -68 

100 0 60 0 40 0 40 -60 

100 0 60 20 20 50 40 -48 

100 0 40 0 60 0 60 -40 

100 0 60 40 0 100 40 -36 

100 0 40 20 40 33 60 -28 

100 0 20 0 80 0 80 -20 

100 0 40 40 20 67 60 -16 

100 0 20 20 60 25 80 -8 

100 0 40 60 0 100 60 -4 

100 0 0 0 100 0 100 0 

100 0 20 40 40 50 80 4 

100 0 0 20 80 20 100 12 

100 0 20 60 20 75 80 16 

100 0 0 40 60 40 100 24 

100 0 20 80 0 100 80 28 

100 0 0 60 40 60 100 36 

100 0 0 80 20 80 100 48 

100 0 0 100 0 100 100 60 

NAR: NO2
- accumulation ratio; NRR: NO3

- reduction ratio; NaCR: NO3
- conversion ratio 

2
3
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Table 2-II.  Operating parameters and denitratation performance of select denitratation-specific 

studies. 

COD 

Source 

Influent 

COD:NO3
--N 

Effluent NO3
--N 

[mg-N/L] 

NAR 

[%] 

NRR 

[%] 

NaCRf 

[%] 
Reference 

Sodium 

Acetate 

1.5 26 84 57 -15 

58 
2.0 15 81 75 11 

2.5 8 87 85 31 

3.0 1 66 97 37 

2.5 3 ~75c ~99c 44 55 
3.0 22 ~73d ~94d 36 

3.0 ~0a ~80 ~100b 48 11 

3.0 19 ~81e ~84e 26 67 
a Calculated value.  Effluent NO3

--N is not explicitly reported within the source manuscript. 

b Calculated value.  NRR is not explicitly reported within the source manuscript. 
c Ratios calculated using influent and effluent data in Table S1 of source manuscript for Phase III, run 10. 
d Ratios calculated using influent and effluent data in Table S2 of source manuscript for Phase III, run 8. 
e Ratios calculated using influent and effluent data in Table 2 of source manuscript for Days 160-180. 
f Calculated using Equation 2-3. 

 

2.3.2. Limitations of NRR as a Process Efficiency Metric 

Unlike the NAR, the NRR (Equation 2-2) accounted for NO3
- remaining in the effluent but 

remained incomplete as a singular metric of denitratation process efficiency because it did not 

describe the selective reduction of NO3
- to NO2

-.  The NRR must be used in conjunction with a 

corresponding NAR to more completely characterize process efficiency.  Acetate-driven 

denitratation systems in previous studies11,55,58,67 failed to achieve complete influent NO3
- removal 

(Table 2-II; NRR<100%).  Rather, near-complete removal was generally observed at influent 

COD:NO3
--N>2.5.  While descriptive in the sense that NO3

- removal efficiency was easily 

understood, the NRR failed to describe NO2
- accumulation.  Rather, only by referring to each 

corresponding NAR could it be interpreted that as the NRR increased at higher influent   

COD:NO3
--N ratios, those systems also experienced a decrease in the selective conversion of NO3

- 

to NO2
- compared to the systems operated at lower ratios (Table 2-II).  However, assessment across 

studies was not always clear-cut. 
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The difficulty in the approach of coupling the NRR and NAR was that a clear and 

conclusive assessment of the system’s overall efficiency was difficult due to the numerous 

permutations possible, many of which overlapped (Table 2-I; e.g. yellow shaded rows).  The 

challenge specifically resided in the subjective determination of which ratio, NRR or NAR, took 

precedence in determining the highest process efficiency at optimal operating parameters.  For 

instance, an argument could be made that a NAR of 80% along with a NRR of 100% indicated 

higher efficiency than a NAR of 100% and a NRR of 80%.  In the first case, 80 “units” of NO2
- 

accumulated from the reduction of 100 “units” of NO3
- with no NO3

- remaining, while the second 

case yielded an accumulation of 80 “units” of NO2
- from the reduction of 80 “units” of NO3

- with 

20 “units” of NO3
- remaining in the effluent.  Despite similar levels of NO2

- accumulation, the 

difficulty in determining which system performed better with the higher process efficiency fell to 

the subjective determination of whether complete NO3
- removal was more optimal than the 

additional selective reduction potential of 20 “units” of NO3
-.     

Si et al.58 reported that an increase in influent COD:NO3
--N from 2.5:1 to 3.0:1 to remove 

residual NO3
- (8 mg-N/L) in an acetate-driven denitratation system resulted in near-complete NO3

- 

removal (1 mg-N/L), or an increase in NRR from 85% to 97%, as well as a decrease in NAR from 

87% to 66% (Table 2-I; red shaded rows).  They reported that the optimal influent COD:NO3
--N 

ratio for long-term operation was 2.5:1 due to it yielding the highest combination of NAR and 

NRR in their study despite improved NO3
- removal at influent COD:NO3

--N=3.0:1.  Therefore, 

the question persisted of whether the higher NAR should be considered as the principal 

determining attribute of process efficiency or the higher NRR, thus illustrating the potential for a 

high degree of subjectivity when comparing results across studies.    
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2.3.3. Examining Denitratation Efficiency with the NaCR 

The NaCR (Equation 2-3) was proposed as a singular metric to more completely describe 

denitratation efficiency.  It accounted for NO2
- accumulation and NO3

- remaining in the effluent 

while mitigating the need for subjective assessment to accurately gauge and compare denitratation 

process efficiency, all of which were limitations inherent to the NAR and NRR.  The NaCR was 

fundamentally based in electron equivalents allowing for a more accurate comparison of nitrogen 

speciation following chemical transformation than the mass-to-mass based ratios would allow.  

Maximum efficiency occurred at NaCR=60%, which is representative of the selective reduction 

of all influent NO3
- to NO2

-, or the reduction of NO3
-‘s electron accepting capacity of five electrons 

to NO2
-’s capacity of three electrons.  Lower efficiencies (NaCR<60%) were indicative of either 

non-transformed NO3
- remaining in the effluent or terminal reduction of NO3

- past NO2
-.  A 

comparison of two studies58,67 with similar NAR but different NRR (Table 2-II; teal shaded rows) 

resulted in a lower NaCR, or a lower process efficiency, due to the penalty caused by decreased 

NO3
- removal despite similar percentages of NO2

- accumulation.  Additionally, Du et al.’s11 study 

resulted in NaCR=48%, which was less than the maximum NaCR (60%), despite complete NO3
- 

removal.  This decrease in NaCR was due to the reduction of a fraction of influent NO3
- past NO2

- 

to further reduced intermediates indicating decreased process efficiency. 

When denitratation system performance was described only by the NAR, significant 

overlap existed making it difficult to accurately ascertain the conditions that resulted in the highest 

process efficiency (Table 2-I; green shaded rows).  Conversely, the NaCR offered distinct 

measures of efficiency according to the electron accepting capacity remaining in the effluent 

following chemical transformation.  The five situations previously mentioned with a NAR of 100% 

but varied levels of NO3
- removal (Table 2-I; green shaded rows) would result in decreasing 
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NaCRs as residual NO3
- remaining in the system increased due to the decreased process efficiency 

that each situation described. 

When performance was assessed using the NAR and the NRR, assessment of maximum 

efficiency and optimal operating parameters was difficult and subjective.  In the previously 

described situation, a NAR of 80% with a NRR of 100% was compared to a NAR of 100% and a 

NRR of 80% (Table 2-I; yellow shaded rows), which led to the question of the ratio that was the 

determinant in identifying maximum overall efficiency.  Using electron equivalents as opposed to 

the mass-based NAR and NRR, the NaCR singularly identified the bioreactor operating with the 

higher NRR (100%) as that with the highest efficiency (NaCR=48% versus NaCR=28%) due to 

the electron penalty that residual NO3
- imposed on the system.  Similarly, the NaCR differentiated 

denitratation efficiencies across studies as depicted in the comparison of Si et al.’s58 NaCR=31% 

(influent COD:NO3
--N=2.5:1; NAR=87%; NRR=85%) and NaCR=37% (influent             

COD:NO3
--N=3.0:1; NAR=66%; NRR=97%) (Table 2-II; red shaded rows).  Previously, Si et al.58 

stated that influent COD:NO3
--N=2.5:1 resulted in the best process efficiency due to having the 

highest combination of NAR and NRR.  However, in electron equivalents as opposed to a mass-

to-mass comparison, the process efficiency at influent COD:NO3
--N=3.0:1 was higher 

(NaCR=37%) due to the additional electron demand of residual NO3
- remaining at lower influent 

COD:NO3
--N=2.5:1 (NaCR=31%).    

Application of the NaCR exhibited two limitations.  First, it was assumed that 

denitrification intermediates reduced beyond NO2
- had the same electron accepting capacity as if 

they were fully reduced to N2 gas.  While technically inaccurate, the fractionation of gaseous-N 

products between nitric oxide (NO), nitrous oxide (N2O), and N2 was typically dominated by N2, 

due to the much faster kinetics of NO and N2O reduction compared to NO3
- and NO2

- reduction.  
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As such, the electron accepting capacity of the gaseous intermediates was considered to be 

negligible compared to N2.  Second, the NaCR did not provide a unique measure of efficiency for 

every possible combination of effluent nitrogen speciation resulting from NO3
- reduction (Table 

S-I), which is similar to a limitation of the NAR.  There are combinations of effluent NO3
- and 

NO2
- that result in the same NaCR based upon their equivalent electron accepting capacities.  

However, as effluent NO3
- increased, effluent NO2

- must also increase in order for the system to 

still retain the same efficiency as measured by the NaCR, which is not true of the NAR (Table 2-I; 

green shaded rows).  

 

2.4. Conclusion 

The NaCR was proposed as an improved metric to characterize denitratation process 

efficiency.  It mitigated all of the limitations identified in previously used metrics, including the 

NAR and the NRR.  Through its use of a more complete methodology that considered residual 

NO3
- while accounting for NO2

- accumulation on an electron equivalents basis, the NaCR was 

used as a unifying metric to objectively compare denitratation efficiency across studies. 

 

2.5. Supplementary Information 

The supplementary information includes a select portion of an Excel worksheet 

displaying combinations of end point nitrogen speciation that resulted in the same NaCR (Table 

S-I). 
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Glycerol-driven Denitratation: Process Kinetics, Microbial Ecology, and 

Operational Controls 

 

 

 

 
This chapter has been submitted for publication: 

Baideme, M.†; Long, C.†; Plante, L.‡; Starke, J.‡; Butkus, M.‡; and K. Chandran.† “Glycerol-driven 

Denitratation: Process Kinetics, Microbial Ecology, and Operational Controls.” Environ. Sci. 

Technol. [In review] 

 

 

 

 
Affiliations: 

† Department of Earth and Environmental Engineering, Columbia University, New York, NY 

10027, U.S.A. 

‡ Department of Geography and Environmental Engineering, United States Military Academy, 

West Point, NY 10996, U.S.A. 

  



 30 

 

3.1. Introduction 

Traditionally, energy and chemical-intensive nitrification and denitrification are used to 

treat industrial waste streams containing high concentrations of ammonium (NH4
+) and nitrate 

(NO3
-), and municipal waste streams containing NH4

+.  Conventional biological nitrogen removal 

(BNR) channels through redundant terminal nitrogen oxidation to NO3
- for reduction to dinitrogen 

(N2) gas.  In contrast, engineered processes that achieve oxidation of NH4
+ to nitrite (NO2

-), termed 

nitritation, followed by denitritation (reduction of NO2
- to N2) or anaerobic ammonium oxidation 

(anammox) represent short-cut BNR (scBNR) alternatives to conventional BNR approaches.  Such 

scBNR processes provide reductions in chemical (external carbon for denitrification and alkalinity 

for nitrification) and energy use (aeration for nitrification).   

However, scBNR approaches present several operational challenges due to their need to 

restrict oxidation of NH4
+ to NO2

- in the face of variable influent and process characteristics.  The 

primary challenge lies in the selective retention of ammonia-oxidizing bacteria (AOB) over 

nitrite-oxidizing bacteria (NOB),17–20 which was attempted through the manipulation of 

operational controls including intermittent aeration or limited solids retention times (SRT).19,72,73  

The recently discovered74 complete ammonium oxidation (comammox) bacteria present additional 

challenges, particularly within mainstream nitritation or partial nitritation systems.  Comammox 

bacteria were found in conditions conducive to AOB enrichment and thus potentially compete for 

available NH4
+ with no known mechanism leading to washout.75,76   

An alternative pathway for resource-efficient BNR is through denitratation (selective 

reduction of NO3
- to NO2

-) coupled with downstream anammox, which could be particularly 

effective for treating industrial waste streams.  Recent studies9–11,56–58 focused on denitratation 

performance in lab-scale sequencing batch reactors (SBRs) driven by acetate, methanol, glucose, 
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and sludge fermentation liquid due to the lack of sufficient readily biodegradable chemical oxygen 

demand (COD) in typical waste streams.  Particular emphasis was placed on identifying 

parameters and conditions that potentially contributed to NO2
- accumulation, such as influent 

COD:N ratios, pH, ORP, and loading rates.  Various combinations were optimized, denoted by the 

observation of stable NO3
--to-NO2

- conversion ratios as high as 90% during steady-state studies.11  

A combined denitratation-anammox system used to treat pre-nitrified industrial wastewater would 

theoretically reduce aeration energy requirements by 100% and COD requirements by 60% over 

conventional BNR.  These benefits translate to municipal wastewater treatment as well, with a 

50% decrease in aeration energy requirements and 80% in COD requirements for a partial 

nitrification-denitratation-anammox system.   

Methanol has traditionally been one of the most widely used external carbon sources for 

denitrification due to its low cost and availability.5  NO2
- accumulation has proven difficult with 

methanol due to methanol’s downstream donation of electrons proximal to NO2
- reductase, 

potentially contributing to concomitant NO3
- and NO2

- reduction.37,77  Several water resource 

recovery facilities are switching to glycerol due to methanol’s operational and safety risks.  

Glycerol is a potentially optimal external electron donor for a denitratation-anammox system as it 

is similar in cost to methanol, is available as a waste or byproduct,6,78 and has no known inhibitory 

effects on the anammox process, unlike methanol.79  NO2
- accumulation during glycerol 

supplementation was also anecdotally observed in full-scale treatment plants resulting in 

unintentional enrichment of anammox on the produced NO2
-.80  Nevertheless, in order to fully 

realize the operating benefits that denitratation offers, it is imperative for the parameters and 

conditions leading to NO2
- accumulation in a glycerol-driven denitratation system to be 

systematically identified and defined.   
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Accordingly, the overarching goal of this study was to characterize the process kinetics, 

nitrogen conversion efficiencies, and microbial ecology of a glycerol-fed denitratation process.  

The specific objectives were to (1) control selective conversion of NO3
- to NO2

- through 

stoichiometric limitation of influent glycerol dose, (2) quantify the rates of NO3
- reduction relative 

to rates of NO2
- reduction and understand their impact on the selective accumulation of NO2

-, (3) 

elucidate a potentially singular microbial community structure associated with a functional 

glycerol-driven denitratation process, and (4) identify operational controls to maximize 

denitratation rates and efficiencies.     

 

3.2. Material and Methods 

3.2.1. Experimental Set-up and Reactor Operation 

A lab-scale SBR with a working volume, V=12 L, was operated at room temperature 

(22±2oC) for a period of 232 d.  The SBR was operated at a hydraulic retention time (HRT) of        

1 d, utilizing 4 cycles per day with each cycle consisting of a 90-min anoxic feed and react period, 

a 180-min anoxic react period, a 50-min settling period, and a 40-min decant period.  SBR feed 

contained 100.0 mg/L NO3
--N (as the terminal electron acceptor), 25.0 mg/L NH4

+-N (to support 

assimilation), 87.0 mg/L KH2PO4, 200.0 mg/L MgSO4·7H2O, 20.0 mg/L CaCl2·2H2O, NaOH (for 

pH adjustment), and trace nutrients.  Trace nutrients dissolved in deionized water included (per 

100 L SBR feed): 2,010.1 mg EDTA·Na2; 500.4 mg FeSO4·7H2O; 43.1 mg ZnSO4·7H2O; 23.8 mg 

CoCl2·6H2O; 172.2 mg MnCl2·4H2O; 25.0 mg CuSO4·5H2O; 10.0 mg Na2MoO4·2H2O; 2.1 mg 

NiSO4·6H2O; and 1.1 mg H3BO3.  pH was controlled automatically at pH 7.50 ± 0.05 using 0.5 M 

HCl and 1.0 M NaHCO3 via chemical dosing pump (Etatron D.S., Italy).  Sludge wasting was 

controlled daily during the anoxic feed and react period to maintain an SRT=3 d.  Glycerol, diluted 
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to a 15% solution by volume, served as the external carbon source whose flowrate was manipulated 

to meet influent COD:NO3
--N ratios from 2.4:1 to 5.0:1.  Glycerol was fed at the end of the anoxic 

feed and react period.  Upon transitioning to each influent COD:NO3
--N ratio tested, a stabilization 

period of 4 SRTs was allowed for sludge acclimation and microbial community adjustment prior 

to assessing performance relative to other conditions.  Sequencing and timing of SBR cycles and 

daily solids wasting was controlled and maintained by peristaltic pumps and tubing (Masterflex, 

IL) using electronic timers (ChronTrol Corporation, CA).  The SBR was wrapped in aluminum 

foil to mitigate phototrophic organism growth.  

 

3.2.2. Sample Collection and Wastewater Quality Analysis  

All testing procedures were in accordance with Standard Methods.81  Aqueous-phase 

samples were withdrawn during the decant period of the reactor cycle and concurrently from the 

influent for chemical species analysis after centrifugation (8,000 x G, 10 min, 4-8ºC) to remove 

cells and cell debris.  NO3
- and NH4

+ were measured using ion selective electrodes (Thermo Fisher 

Scientific, MA).  NO2
- concentration was measured via diazotization and colorimetry.81  The 

fraction of influent NO3
- lost to nitrogenous gases was determined via mass balance on nitrogen.  

Centrifuged aqueous-phase samples were filtered using 0.20 µm syringe filters (A Chemtek, MA) 

and stored at -20oC.  Dionex ICS-2100 ion chromatography using a Dionex IonPac AS-18 IC 

column (Thermo Fisher Scientific, MA) was used to confirm ion selective electrode measurements 

of NO3
- and NO2

- concentrations.  Similarly, a Dionex IonPac AS-14 IC column (Thermo Fisher 

Scientific, MA) was used to quantify volatile fatty acid (VFA) production during unbuffered ex 

situ batch kinetic assays.  Separate aqueous-phase samples were extracted just prior to the end of 

the anoxic react period and during the decant period of the reactor cycle in order to assess total 
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biomass concentrations in the reactor and effluent, respectively, for SRT control.  Aqueous-phase 

samples taken during the decant period were centrifuged (8,000 x G, 10 min, 4-8ºC) and filtered 

using 0.45 µm syringe filters (A Chemtek, MA) to assess remaining soluble COD concentrations 

(Hach Chemical Company, CO) at the end of a given reactor cycle.  Biomass concentrations were 

approximated using particulate COD measurements.  Additional aqueous-phase samples taken just 

prior to the end of the anoxic react period were centrifuged (8,000 x G, 10 min, 4-8ºC), supernatant 

was discarded, and cell pellets were preserved at -80oC for subsequent DNA extraction and 16S 

rRNA gene sequencing. 

 

3.2.3. Feeding Strategy Experiments 

Two feeding strategies were tested to maximize NO2
- accumulation.  First, a semi-

continuous feeding strategy delivered NO3
--containing SBR feed and glycerol continuously for the 

first 75 and 72 min, respectively, of the anoxic feed and react period (Figure S-1).  Second, a pulse 

feeding strategy delivered 6 pulses of NO3
--containing SBR feed and glycerol every 45 min 

throughout the anoxic feed and react period of the reactor cycle (Figure S-1).  Pump rates were 

manipulated to maintain equal mass loading rates of NO3
- and glycerol. 

 

3.2.4. Batch kinetic assays 

Batch assays, in situ (within the SBR) and ex situ, were conducted to measure extant 

process kinetics and optimize operational controls, including HRT, pH, and ORP.  Prior to each 

assay, the primary SBR’s microbial community was acclimated and stabilized for 4 SRTs at the 

conditions to be examined.  In situ assays followed the sampling collection and chemical analysis 

procedures described in section 3.2.2.  Aqueous-phase samples were extracted from the primary 
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SBR at steady-state over the course of a single 360-min reactor cycle.  Ex situ assays were carried 

out in an anoxic, sealed, spinner flask batch vessel with a working volume, V=1 L, at room 

temperature (22±2oC).  Mixed liquor was taken from the primary SBR at steady-state during the 

feed and react period, washed 4 times using SBR feed without NO3
-, and supernatant was 

discarded.  Prior to extant kinetic batch assays, the medium was buffered to approximately pH 

7.50 using 0.5 M HCl and 1.0 M NaHCO3 and was sparged with N2 gas until dissolved oxygen 

(DO) levels were equal to 0.01 mg/L O2, or the minimum practical limit of the InPro 6850i 

polarographic DO sensor with M300 transmitter (Mettler-Toledo, OH).  pH was maintained at pH 

7.50 ± 0.05 by manual control.  For pH optimization batch assays, the medium was initially 

buffered to approximately pH 9.0 but left unbuffered for the remainder of each experiment during 

which the pH ranged from 7.2 to 9.0.  NO3
- and glycerol were added to the medium to meet the 

desired influent COD:NO3
--N ratio.  NO3

- was added at the outset of the experiment (time=0 min) 

and the biomass was incubated for 30 min prior to the addition of glycerol.  This ensured that 

residual nitrogen species and glycerol from the primary SBR remaining in the washed mixed liquor 

were consumed prior to data collection.  pH, ORP, and DO were measured and recorded 

continuously online via an InPro 3253i/SG pH/ORP electrode and an InPro 6850i polarographic 

DO sensor, respectively, attached to an M300 transmitter (Mettler-Toledo, OH).  Following extant 

kinetic batch assays, linear regression with R2≥95% of NOx-N species over time was performed 

with biomass concentrations taken just prior to glycerol input to determine specific rates of NO3
- 

reduction (sDNaR) (Equation 3-1) and NO2
- reduction (sDNiR) (Equation 3-2).  

 

sDNaR= (
1

X
) (

∆SNO3
-

-N

∆t
)         Equation 3-1 
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sDNiR= (
1

X
) (

∆SNO2
-

-N

∆t
)         Equation 3-2 

                      

3.2.5. DNA Extraction, Next-Generation Sequencing of Amplicon Library, and Bioinformatics 

DNA was extracted from biomass samples and purified using a QIAamp DNA Mini Kit 

(Qiagen, Inc., MD).  The quality and quantity of DNA were checked using a NanoDrop Lite 

spectrophotometer (Thermo Fisher Scientific, MA).  Barcoded fusion primers with Ion XpressTM 

sequencing adapters (Thermo Fisher Scientific, MA) and a 16S rRNA bacterial 1055F/1392R 

universal primer set were applied in each sample for multiplex sequencing.  Amplification of 

genomic DNA targets was performed with iQTM SYBR® Green Supermix (Bio-Rad, CA) and 

purification via Agencourt AMPure XP Reagent (Beckman Coulter, CA).  Library quantification 

was performed with an Agilent DNA 1000 Kit (Agilent, CA).  Template preparation with the DNA 

library followed by Ion Spheres Particle (ISP) enrichment was performed using Ion OneTouch2 

(Ion PGM Hi-Q View OT2 Kit).  Enriched ISP was loaded onto an Ion Torrent 318 v2 BC chip 

and run on an Ion Torrent Personal Genome Machine (Ion PGM Hi-Q View Sequencing Kit).  Ion 

Torrent Suite software was used for base calling, signal processing, and quality filtering (Phred 

score of >15) of the raw sequences.  The 1055F/1392R universal primer set targeted sequences of 

approximately 350 bp.  Mothur software was used to initially screen out likely incorrect amplicon 

sequences with bp lengths more than 50 bp different than the target sequence length.82  AfterQC 

software was utilized to further delete bad quality reads (Phred score of <20) and trim the tails of 

reads where quality dropped significantly.83  DADA2 programming via R Studio software was 

used to produce a table of non-chimeric amplicon sequence variants from the demultiplexed fastq 

files.84  QIIME2 software was applied in conjunction with the Silva version 132 reference 

taxonomy for further post-sequencing bioinformatic analysis.85   



 37 

 

3.2.6. Nitrogen Conversion Calculations  

Reactor performance was normalized with respect to the influent characteristics.  A NO2
- 

accumulation ratio (NiAR) (Equation 3-3) was defined to relate the accumulation of NO2
- to the 

removal of NO3
-.11  A NiAR equal to 100% indicated that all NO3

- removed accumulated as NO2
- 

compared to terminal reduction to N2 gas, for which the NiAR would be 0%.   

 

NiAR= [
(NO2,eff

-
-N)-(NO2,inf

-
-N)

(NO3,inf
-

-N)-(NO3,eff
-

-N)
] x 100%       Equation 3-3 

   

A NO3
- conversion ratio (NaCR) (Equation 3-4) was defined to relate the fraction of NO3

- 

remaining in the effluent compared to reduction to either NO2
- or more reduced gaseous-N 

products.  A NaCR equal to +60% indicated that all influent NO3
- was reduced and accumulated 

as NO2
- with no NO3

- remaining in the effluent (ideal scenario).  Conversely, a NaCR equal to         

-100% indicated no conversion of influent NO3
-.  Influent and effluent NO3

- concentrations would 

be equal with no NO2
- accumulation.  In addition, a NaCR of 0% would indicate terminal reduction 

of all influent NO3
- to N2 gas (or other gaseous N-oxides) as opposed to aqueous intermediates.   

 

NaCR= [
3∙((NO2,eff

-
-N)-(NO2,inf

-
-N))-5∙(NO3,eff

-
-N)

5∙(NO3,inf
-

-N)
] x 100%     Equation 3-4 

  

NO3
- reduction was also classified in terms of a NO3

- reduction ratio (NRR) (Equation 3-5), 

which normalized the conversion of NO3
- to the influent NO3

- concentration.58  A NRR equal to 

100% would indicate conversion of all influent NO3
- to any reduced form, while a NRR of 0% 

would indicate no conversion. 
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NRR= [
(NO3,inf

-
-N)-(NO3,eff

-
-N)

NO3,inf
-

-N
] x 100%       Equation 3-5 

         

3.3. Results and Discussion 

3.3.1. Denitratation Reactor Performance  

The influent COD:NO3
--N ratio required for glycerol-driven denitrification was 

thermodynamically25 determined to be 5.9:1 (see Appendix B).  This corresponded well with 

experimentally-determined operational ratios of 4.2:1 to 5.6:1,78,86,87 although the lowest reported 

ratio86 may not be fully representative as it was determined via ex situ batch assays as opposed to 

steady-state operation.  Energy-transfer efficiency, ε, was assumed to be 0.40, which was 

confirmed as reasonable via the dissipation correlation approach to microbial yield prediction 

using a thermodynamics approach26,88 (see Appendix B).  According to these calculations, influent 

COD:NO3
--N=2.4:1 would provide only enough electrons via COD oxidation to reduce NO3

- to 

NO2
- on a theoretical electron equivalence basis as opposed to full denitrification.  Therefore, 

influent COD:NO3
--N ratios between 2.4:1 and 5.9:1 were referred to as stoichiometrically-limited 

for the purposes of this study.  These calculations form a fundamentally-based foundation for 

conducting and interpreting the results of glycerol-driven denitrification herein.   

The utilization of glycerol as the external COD source and electron donor resulted in 

significant NO2
- accumulation at stoichiometrically-limited influent COD:NO3

--N ratios from 

2.5:1 to 5.0:1, indicating that the use of glycerol was feasible to sustain a denitratation process.  

The best reactor performance, defined as the maximum NO3
- removal and NO2

- accumulation, as 

a function of influent COD:NO3
--N ratio during steady-state operation was determined to occur at 

influent COD:NO3
--N=3.0:1 (vide infra) (Figure 3-1).  This resulted in an average NO2

- 

accumulation of 60.8 ± 11.5 mg/L NO2
--N (n=10) and NiAR of 62%, indicating that 62% of the 
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NO3
- reduced was converted to NO2

- rather than terminally reduced to N2 gas.  Additionally, the 

NaCR was determined to be 32%, indicating that a majority of the influent NO3
- was reduced to 

NO2
- with the remainder to gaseous-N products and only approximately 4% of influent NO3

- in 

the effluent (NRR=96%; Table 3-I).  Accumulation of NO2
- at influent COD:NO3

--N=2.8:1 

compared to influent COD:NO3
--N=3.0:1 was not significantly different (p=0.49, α=0.05, n=21).  

Significant NO3
- accumulation occurred at influent COD:NO3

--N=2.8:1 (31.7 ± 11.4 mg/L        

NO3
--N, n=11) compared to influent COD:NO3

--N=3.0:1, signifying that this ratio was less 

operationally optimal.  The observed NO3
- accumulation at influent COD:NO3

--N=2.5:1 and 2.8:1 

may be due to lower COD-supported biomass concentrations leading to reduced denitrification 

rates.  However, effluent soluble COD (sCOD) concentrations were negligible signifying that 

glycerol was nearly completely consumed (sCOD and biomass concentration data not shown).  

NO3
- also may have accumulated due to intracellular storage induced under the limited influent 

COD:NO3
--N conditions thus limiting denitrification potential.89  In situ performance profiles 

(Figure 3-2) did not show significant endogenous denitrification, potentially indicating that COD 

uptake and storage was minimal.  Rather, the observed NO3
- accumulation in these cases was 

thought to indicate that the influent COD:NO3
--N was not sufficient,58 potentially due to unrealized 

COD requirements for cell maintenance and synthesis90 or demand by fully denitrifying 

microorganisms remaining in the microbial community.  Therefore, influent COD:NO3
--N=3.0:1 

was selected as the optimal ratio due to the similar NO2
- accumulation to influent                

COD:NO3
--N=2.8:1 coupled to less than 4% of the influent NO3

- remaining in the effluent.  The 

high sensitivity at influent COD:NO3
--N<3.0:1 highlighted significant implications for system 

operation and control.  A minimal reduction in influent COD:NO3
--N ratio from 3.0:1 to 2.8:1 
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yielded a sevenfold increase in effluent NO3
-, signifying that strict control of the glycerol-driven 

denitratation system must be maintained. 

 

 
Figure 3-1.  Steady-state denitratation performance and respective NiAR and NaCR assessed at 

each influent COD:NO3
--N ratio. *Effluent gaseous-N contributions were calculated via mass 

balance. 

 

Analysis of variance (ANOVA) across the influent COD:NO3
--N ratios identified a 

statistically significant difference in NiAR (p=4.8x10-11, α=0.05, n=38) with a decrease from 62% 

to 11% as the influent COD:NO3
--N ratio approached that for glycerol-driven denitrification 

(5.9:1; see Appendix B).  Further Holm-Sidak post-hoc multiple comparison analysis indicated 

that the significant difference in NiAR was primarily caused by the NiAR at influent         

COD:NO3
--N=5.0:1 (p<9.7x10-5 for all comparisons, α=0.05; Table S-II).  The decrease in NiAR 
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from influent COD:NO3
--N=4.0:1 to 5.0:1 was most likely attributable to the availability of excess 

COD.   

Previous studies11,56 observed that varying the influent COD:NO3
--N ratio had a negligible 

effect on the NiAR determined at the point of maximum NO2
- accumulation during ex situ batch 

experiments, while a separate batch study91 concluded that the COD source, as opposed to the 

influent COD:NO3
--N ratio, impacted the NiAR more readily.  In contrast, a separate batch study 

concluded that NO2
- accumulation was influenced by both the COD source and COD dosing.10  

While insightful, the utility of these results10,11,56 to guide steady-state denitratation processes is 

limited as these studies failed to acclimate their batch experiment seed sludge to the conditions 

being investigated.  This most likely contributed to the discrepancy in observed impacts with the 

current study.  Despite investigating the impact of various influent COD:NO3
--N ratios, Ge et al.10 

utilized a fully denitrifying inoculum, whereas Du et al.11 inoculated batch experiments assessing 

various influent COD:NO3
--N ratios with a microbial community acclimated to a single 

stoichiometrically-limited influent COD:NO3
--N ratio.  Both seed sludges potentially contained 

phenotypes capable of different NO2
- accumulation metrics than a microbial community’s 

capabilities following acclimation to the conditions being investigated.  Cao et al.56 did not report 

the conditions of their batch experiment inoculum.  Our current study utilized a sludge stabilization 

and acclimation period of 4 SRTs following changes to the influent COD:NO3
--N ratio.  This 

method purposefully allowed for the microbial ecology of the seed sludge to adjust and acclimate 

to the influent COD:NO3
--N ratio being investigated prior to batch assays.  In doing so, it was 

observed that influent COD:NO3
--N ratio had a similar impact on NiAR during both steady-state 

operation (Figure 3-1) and ex situ batch assays with a decreasing magnitude of NO2
- accumulation 

compared to influent NO3
- as influent COD:NO3

--N ratios increased (Figure S-2).   
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In comparison to other steady-state operation studies11,55,58 using primarily sodium acetate 

as the external carbon source, glycerol-driven NiARs were at least 10% lower (Table 3-I).  While 

most reported that NiARs for acetate-driven denitratation were greater than 80%, glycerol-driven 

denitratation yielded NiARs less than 70%.  The assessment of reactor performance based solely 

upon reported NiARs is somewhat misleading as the index does not account for residual NO3
- in 

the system.  Thus, a high NiAR does not necessarily indicate that all of the influent NO3
- was 

converted.  Several studies,11,55–57 however, reported NRRs of nearly 100% that when coupled with 

a NiAR approaching 100% indicated optimal denitratation performance.  It follows then that 

optimal performance in the current study occurred at influent COD:NO3
--N=3.0:1 with 

NiAR=62% and NRR=96%.  The inability of glycerol to achieve similar efficiency to acetate-

driven denitratation is not currently understood.  Possible explanations include a greater 

intracellular carbon and microbial energy storage mechanism during low substrate availability,89,92 

the COD-source supported enrichment of a microbial consortium with a greater abundance of true 

denitrifiers,35 or an inefficient metabolism in support of denitratation due to a less direct 

assimilability of glycerol or the downstream delivery of electrons on the electron transport chain 

similar to methanol.37,77   
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Table 3-I.  Influence of external COD source and influent COD:NO3
--N ratios on denitratation 

performance. 

External COD Source 
Influent  

COD:NO3
--N 

NiAR 

[%] 

NRR 

[%] 

Reactor 

Type 
Source 

Sodium Acetate 

3.0 51 – 73 ~73 - 93 USB 55 

3.0 80 ~100 

SBR 

11 

2.75 83 ~100 55 

2.5 87 ~87 58 

Sodium Acetate / 

Domestic Wastewater 
3.1a 90 ~100 SBR 56 

Fermentation Effluent 3.0 80 ~100 SBR 57 

Glycerol 

2.5 65 54 

SBR 
This 

study 

2.8 69 73 

3.0 62 96 

4.0 57 97 

5.0 10 99 
a Reported influent ratio includes COD associated both with the domestic wastewater and external carbon source 

 

Effluent sCOD measurements, as an estimation of residual glycerol concentration, 

averaged 9.4±8.8 mg/L COD (n=29) at all influent COD:NO3
--N ratios assessed.  The ca. 96% 

average decrease from influent to effluent sCOD indicates that nearly all of the glycerol was 

consumed, and that reactor cycle length was adequate for COD consumption. 

A likely contributing factor to the need for a higher than theoretical influent COD:NO3
--N 

ratio (see Appendix B) was an incomplete enrichment for a solely denitratating or progressive 

onset36 phenotype-dominated microbial community.  The presence of microorganisms that can 

express a complete denitrification metabolic pathway or those that exhibit a rapid, complete onset 

of denitrification genes36 would impress an immediate demand on influent COD, thus decreasing 

its availability for selective reduction of NO3
- to NO2

-.  This additional COD demand would result 

in a negative NaCR, or significant NO3
- in the effluent and gaseous-N products with limited NO2

- 

accumulation which was supported by the results (Table 3-I). 
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3.3.2. Process Kinetics 

Extant kinetic analysis indicated that transient NO2
- accumulation at all influent   

COD:NO3
--N ratios assessed was potentially due to at least one order of magnitude greater sDNaR 

compared to the sDNiR driven by glycerol (Table 3-II).27  Observed performance at influent 

COD:NO3
--N>3.0:1 (Figure S-2) also supported this assertion as the maximum NO2

- accumulated 

never equaled the initial NO3
- concentration, indicating that there was concomitant reduction of 

NO3
- and NO2

-.  However, performance at influent COD:NO3
--N=3.0:1 resulted in near-complete 

selective reduction of NO3
- to NO2

- prior to terminal reduction to N2 gas (Figure S-2).  

In general, measured sDNaR and µmax values were higher than those previously reported 

for glycerol-driven full denitrification studies (Table 3-II) and may be due to differences in the 

seed sludge or the microbial ecology that was selected for by stoichiometric limitation during our 

current denitratation-specific study.  Glycerol-driven sDNaR values were nearly double those 

reported for acetate-driven systems at similar influent COD:NO3
--N ratios, but slightly lower than 

those observed in an experiment utilizing a combination of external carbon sources garnered from 

sodium acetate and endogenous carbon in a domestic wastewater stream (Table 3-II).  This 

difference may be due to variations in the direct assimilability of each COD source90 or the COD 

source-supported microbial ecology.   
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Table 3-II.  Summary of process kinetic parameters for both full denitrification and denitratation 

studies with respect to external carbon source and influent COD:NO3
--N ratio. 

Carbon Source 
Inf. 

COD:NO3
--N 

Inf. NO3
--N 

[mg N/L] 

μ̂ 

[d-1] 

sDNaR 

[mg N/g VSS/h] 

sDNiR 

[mg N/g VSS/h] 
Reference 

Sodium Acetate 

1.22 2,700 -- 23.0f 19.0f 28 

5.0 150 -- 82.3 32.0 11 

1.0 -- -- 52.0 -- 
10 

6.0 -- -- 280.0 -- 

Sodium Acetate / 

Domestic WW 
3.4e 1,000 -- 190.0 -- 56 

Glycerol 

5.0 100 -- 6.5a,d 78 

26.0 22.5 3.4 1.7a,b 
86 

26.0 22.5 2.0 1.35a,c 

2.5 100 -- 112.3 1.8 

This Study 

3.0 100 -- 135.3 14.9 

5.0 100 -- 147.1 40.0 

20.0g 

(Unlimited) 
100 6.2 -- -- 

a Rates reported as mg NOx-N/g VSS/hr based upon full denitrification studies. 
b Rate reported in study exhibiting no NO2

- accumulation. 
c Rate reported in study exhibiting NO2

- accumulation. 
d Suspended phase rates reported; biofilm rates not reported for comparison purposes to current study. 
e Reported influent ratio includes COD associated both with the domestic wastewater and external carbon source.  
f Rates reported from original study for the pH utilized in current study. 
g Batch experiment used biomass acclimated to influent COD:NO3

--N=3:1. 

 

3.3.3. NO2
- Accumulation through the Management of Operational Controls 

3.3.3.1. Denitratation Control via HRT 

HRT was identified as an effective process control parameter to maximize NO2
- 

accumulation.  The duration of the anoxic feed and react period could be shortened to achieve 

comparable or improved performance.  Results confirmed that influent COD:NO3
--N=3.0:1 was 

the optimal ratio due to the lack of subsequent NO2
- reduction following the point of maximum 

NO2
- accumulation (Figure 3-2).  NO2

- concentrations decreased following peaks of NO2
- 

accumulation at higher influent COD:NO3
--N ratios (4.0:1, 5.0:1), indicating that excess COD 

remained following denitratation.  Despite minimal NO2
- reduction following peak NO2

- 
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accumulation at influent COD:NO3
--N=2.5:1, overall performance remained low, making this ratio 

less ideal (Table 3-I; Figure 3-2).   

 

 

Figure 3-2.  In situ NO2
--N profiles identified the optimal HRT (vertical dotted line; colors 

correspond with figure legend) at each respective influent COD:NO3
--N ratio. 

 

Results generally supported that influent COD:NO3
--N ratios have an inverse relationship 

with the time to maximum NO2
- accumulation during the anoxic feed and react period.  The 

standard duration was 270 minutes which could be reduced to 150 minutes or less, resulting in 

reductions in HRT of at least 33%.  Previous studies93,94 reported that HRT and total nutrient 

removal were inversely related due to the lack of sufficient time for biotransformation of 

substrates, which was similar to this study’s observations.  Other studies95,96 involving 
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continuously-fed systems reported that nutrient removal efficiencies increased with decreases in 

HRT primarily due to the higher food-to-microorganism (F/M) ratio.  The substrate delivery 

gradients in the current study would not be impacted by reductions in HRT as the feed period was 

complete at least 30 minutes prior to the shortest HRT identified.  Therefore, no changes to influent 

mass loading rates would be required.   

 

3.3.3.2. Denitratation Control via pH and ORP 

During unbuffered and non-carbon limited operation (influent COD:NO3
--N5.9:1), the 

denitratation-dominated phase of the denitrification profile exhibited a distinct decrease in the reactor’s 

pH and increase in the ORP until both reached inflection points after which pH increased and ORP 

decreased (Figure 3-3).  At this inflection point, NO3
- reduction decelerated due to the depletion of 

available NO3
- allowing for observable concomitant NO2

- reduction thus decreasing the NiAR and 

negatively impacting the objective of maximizing NO2
- accumulation.  Persistent monitoring of 

pH and ORP could, therefore, provide an observable real-time control to maximize denitratation 

and minimize reduction of NO2
- further down the denitrification cascade. 
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Figure 3-3.  NOx, pH, and ORP profiles depicting the pH (a) and ORP (b) inflection points at the 

point of maximum NO2
- accumulation prior to which denitratation was dominant  and after 

which denitritation became dominant (influent COD:NO3
--N=10.0:1; microbial ecology 

acclimated to influent COD:NO3
--N=3.0:1). 

 

 

pH and ORP were previously reported as control parameters for denitrification driven by 

acetate, methanol, endogenous carbon, soybean wastewater, and brewery wastewater.10,11,69,91,97–

99  Contrary to the distinct glycerol-driven pH and ORP profile observed in the current study,              

Ge et al.10 and Du et al.11 described acetate-driven profiles exhibiting a general increase in pH 

whereby a “turning point” separated denitratation from denitritation.   

It was initially hypothesized that the observed pH changes during this study were due to 

the fermentation of glycerol to VFAs during denitratation, which then served as the electron donor 

during denitritation.100  However, it was confirmed (results not shown) that VFA production did 

not occur.  Rather, energy-producing denitratation and denitritation reactions24,28 (Equation 3-6 

and Equation 3-7, respectively) indicated that denitratation should result in a net production of 

(a) 

(b) 
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0.43 equivalents of acidity per mole NO3
- reduced to NO2

- while denitritation should result in a 

net consumption of 0.36 equivalents of acidity per mole NO2
- reduced to N2 gas at pH 7.5, which 

supported the observed pH fluctuation profiles.   

 

NO3
-
+(0.14)C3H8O3=NO2

-
+(0.43)CO2+(0.57)H2O     Equation 3-6 

 

NO2
-
+(0.21)C3H8O3+H+=(0.50)N2+(0.64)CO2+(1.36)H2O   Equation 3-7 

               

3.3.3.3. Denitratation Control via Feeding Strategy 

The pulse feeding strategy resulted in a statistically significant improvement in 

denitratation performance (α=0.05; n=8) over the semi-continuous feeding strategy in both NO2
- 

accumulation (p=0.03) and NO3
- reduction (p=0.0003), indicating that feeding methodology 

impacted the performance of the system (Table S-III).  This difference was thought to be influenced 

by the temporal distribution of substrate pulses, which may have limited the time for the 

biotransformation of NO3
- past NO2

-, specifically for those pulses occurring later in the anoxic 

feed and react period.  This is counter to the semi-continuous feeding strategy where fully 

denitrifying microorganisms had the full anoxic feed and react period to reduce influent NO3
-.   

   

3.3.4. Microbial Ecology 

Proteobacteria was the most dominant phylum out of 14 identified at all influent 

COD:NO3
--N ratios with a relative abundance of approximately 85% at influent COD:NO3

--N 

ratios 3.0:1, 4.0:1, and 5.0:1 and approximately 55% at influent COD:NO3
--N=2.5:1 (Figure 3-4a).  

β-Proteobacteria made up at least 73% of the Proteobacteria phylum at all influent COD:NO3
--N 
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ratios with over 97% at the optimal influent COD:NO3
--N.  In a survey of wastewater denitrifying 

bacterial 16S rDNA sequences retrieved from GenBank, Lu et al.48 found that approximately 72% 

of prokaryotic microorganisms displaying denitrifying capabilities were taxonomically affiliated 

with Proteobacteria, while β sub-class affiliated microorganisms were typically abundant in 

denitrifying activated sludge,48,101,102 which were similar to the findings herein.  The high 

proportion of β-Proteobacteria observed in this study was due to the preferential enrichment of 

Thauera through the selective pressure of stoichiometric limitation in the system.  This is 

supported by the decrease in β-Proteobacteria relative abundance from nearly 98% at influent 

COD:NO3
--N=3.0:1 to nearly 86% at influent COD:NO3

--N=5.0:1, or as the ratio approached the 

theoretical requirement for full denitrification (see Appendix B).  Additionally, there was a distinct 

decrease in Proteobacteria at influent COD:NO3
--N=2.5:1 with subsequent enrichment of 

Bacteroidetes and Patescibacteria, or Saccharibacteria.103  While certain Bacteroidetes are 

capable of denitrification, selection for members of both phyla reported to prefer low food-to-

microorganism ratios or that exhibit the ability to hydrolyze complex organic substrates104,105 may 

have predominated at such a limited influent COD:NO3
--N.   
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Figure 3-4.  Taxonomic analysis of the microbial consortium at the phylum (a) and genus (b) 

taxonomic levels under optimal operating conditions (influent COD:NO3
--N=3.0:1, SRT=3 d).  

The grouping “Other” comprises OTUs with less than 1% total relative abundance (among all 

samples summed). 

 

Within β-Proteobacteria, the Rhodocyclaceae and Comamonadaceae families were 

identified as those mainly involved in denitrification in activated sludge.101,106,107  Our findings 

support this as Thauera sp., a β-Proteobacteria of the Rhodocyclaceae family, was enriched as the 

most dominant genus with a relative abundance of nearly 80% at influent COD:NO3
--N=3.0:1 

(Figure 3-4b).  Comamonadaceae fam. was not found, indicating that their enrichment may not be 

favored under stoichiometrically-limited conditions.  Thauera sp. was previously reported as being 

present in denitrification systems driven by myriad carbon sources.56,101,108–110  Certain Thauera 

spp. strains were characterized by a denitrification regulatory phenotype whereby two distinct 

phenotypes emerged,111 including the rapid, complete onset of denitrification genes with no 

detectable NO2
- accumulation and the progressive onset of denitrification genes with appreciable 
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NO2
- accumulation.36  Selective pressures were not identified for either phenotype, although the 

selection for progressive onset denitrifiers would be critical for a denitratation system.  The 

coupling of a high relative abundance of Thauera sp. (Figure 3-4b) and high NaCR (Table 3-I) 

with the ability to perform full denitrification when presented with sufficient COD (Figure S-2) 

indicated that the application of stoichiometric limitation as a selective pressure may favor the 

progressive onset phenotype.  Thauera sp. may represent a key functional microorganism for 

denitratation systems as indicated by its decreasing relative abundances away from the optimal 

influent COD:NO3
--N (Figure 3-4b).  Several recent denitratation-specific studies further support 

this argument with reported Thauera sp. relative abundances from 55% to 73% under limited 

influent COD:NO3
--N conditions with acetate as the external carbon source.11,22,56,58  In 

comparison, acetate-driven full denitrification studies reported no more than 12% relative 

abundance of Thauera sp.101,108,112  Therefore, the application of a stoichiometrically-limited 

influent       COD:NO3
--N ratio as a selective pressure in a denitratation system may impart a 

stronger impact on the denitrifying community structure than previously recognized.   

In conclusion, glycerol was found to support the process kinetics and microbial ecology 

necessary to selectively convert NO3
- to NO2

- in a stoichiometrically-limited denitratation system 

while resulting in consistently lower denitratation performance compared to other exogenous COD 

sources under similar conditions.  Operational controls, including influent COD loading and the 

identification of operational setpoints for pH, ORP, and HRT, were used to maximize the 

accumulation of NO2
-. 
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3.4. Supplementary Information 

The supplementary information (Appendix B) includes: 

• Thermodynamically-derived COD requirements for denitrification using the Reaction 

Energetics Method for predicting bacterial yield; 

• Confirmation of assumed energy transfer efficiency factor using the Dissipation Method 

for predicting bacterial yield; 

• Results of Holm-Sidak post hoc multiple comparison analysis (Table S-II); 

• Description of feeding strategies (Figure S-1); 

• Denitratation performance under different feeding strategies (Table S-III); and, 

• Ex situ batch assay NOx profiles at different influent COD:NO3
--N ratios (Figure S-2). 
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CHAPTER 4 

 

 

Enrichment of a Denitratating Microbial Ecology through Kinetic Limitation 
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4.1. Introduction 

Conventional engineered denitrification processes are driven by diverse microbial 

communities that reduce aqueous nitrate (NO3
-) to nitrogen (N2) gas, typically using organic 

carbon as an exogenous electron donor due to the lack of sufficient readily biodegradable chemical 

oxygen demand (COD) in many waste streams.38  The transient and undesirable accumulation of 

nitrite (NO2
-) during denitrification was frequently reported, many times due to the limited 

availability of influent COD113 or dissolved oxygen inhibition,27 and was traditionally negatively 

perceived.  However, the discovery114 and application of the anaerobic ammonium oxidation 

(anammox) process in engineered short-cut biological nitrogen removal (scBNR) systems 

increased the desirability and utility of NO2
- production to provide anammox bacteria with a         

co-substrate for resource-efficient nitrogen removal.  While most scBNR approaches have thus far 

mainly focused on nitritation (selective oxidation of NH4
+ to NO2

-) for the directed production of 

NO2
-,17,18,20 an alternative pathway is through denitratation (selective reduction of NO3

- to NO2
-).   

The intent of the denitratation process is to limit reduction of a pre-nitrified waste stream to       

NO2
-, as opposed to further reduced nitrogen intermediates.  The NO2

- can then be used as a co-

substrate for subsequent anammox processes, allowing for 60% reduction of COD requirements 

and 100% reduction of aeration energy requirements for pre-nitrified waste streams and 80% and 

50%, respectively, for typical municipal waste streams as compared to conventional nitrification 

and denitrification. 

Denitratation is driven by a microbial community dominated either by incomplete 

denitrifiers (NO3
--respirers incapable of terminal reduction past NO2

-) or incomplete NO2
- 

reducers35 and progressive onset (PO) denitrifiers,36 exhibiting a progressive expression of 

denitrification genes following the exhaustion of the previous respective substrate.  The primary 
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challenge in achieving and maintaining stable denitratation performance in engineered BNR 

processes lies in the selection for those specialized types of microorganisms as opposed to true35 

or rapid, complete onset (RCO) denitrifiers,36 or those microorganisms capable of concomitant 

reduction of NO3
- and NO2

-.  In general, it is well documented that the microbial community 

structure in a bioreactor is strongly influenced by several factors including influent waste 

characteristics, electron donor source, and reactor operating conditions.48  The manipulation of a 

system’s solids retention time (SRT) has been identified as one of the primary means of influencing 

the microbial ecology through changes in operating conditions.115–118  Specifically, SRT serves as 

a selection pressure to kinetically select for desired microorganisms based on their respective 

specific growth rates.  SRT manipulation can potentially enhance specific biochemical reactions 

by preventing growth of other undesirable phenotypes provided they have longer specific growth 

rates than the operating SRT.115 

Examination of the impact of kinetic limitation on a denitratation system has not previously 

been reported in literature.  Rather, recent studies (Table S-IV) focused on the optimization of 

denitratation and combined denitratation-anammox system performance through various 

combinations of operating parameters and conditions, including the influent COD:N ratio, pH, and 

NO3
- loading rates.  In those studies that did reference kinetic limitation,22,57,58,60,65 it was solely to 

acknowledge the lack of strict operational SRT control.  On the contrary, reports of kinetic 

limitation during denitrification are widespread with longer SRTs reported to increase total 

biomass concentrations and cellular decay,119 decrease gaseous N2O production,116,120–123 and 

improve total nitrogen removal.116,124  In order to fully take advantage of the operating benefits 

that denitratation offers, it is critical that the impacts of kinetic limitation be understood in order 
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for the denitratation process to be optimized and applied to the treatment of pre-nitrified waste 

streams. 

Accordingly, the overarching goal of this study was to characterize the selection for a 

microbial ecology dominated by a denitratating phenotype in a glycerol-fed denitratation process 

through kinetic limitation.  The specific objectives were to (1) characterize the influence of kinetic 

limitation on the selective conversion of NO3
- to NO2

- in a glycerol-driven denitratation system, 

(2) differentiate the extent of NO2
- accumulation according to the kinetically-supported microbial 

ecology, and (3) elucidate a potentially optimal microbial community structure in a glycerol-driven 

denitratation system.   

 

4.2. Materials and Methods 

4.2.1. Experimental Set-up and Reactor Operation 

Three laboratory-scale glass sequencing batch reactors (SBRs) (Bellco Glass, NJ) with 

working volumes, two at V=6 L and one at V=12 L, were operated at room temperature 

(22±2oC).   The SBRs were operated at a hydraulic retention time (HRT) of 1 d, utilizing 4 cycles 

per day with each cycle consisting of a 90-min anoxic feed and react period, a 180-min anoxic 

react period, a 50-min settling period, and a 40-min decant period.  SBR feed contained              

100.0 mg/L NO3
--N (as the terminal electron acceptor), 25.0 mg/L NH4

+-N (to support 

assimilation), 87.0 mg/L KH2PO4, 200.0 mg/L MgSO4·7H2O, 20.0 mg/L CaCl2·2H2O, NaOH (for 

pH adjustment), and trace nutrients.  Trace nutrients dissolved in deionized water included (per 

100 L SBR feed): 2,010.1 mg EDTA·Na2; 500.4 mg FeSO4·7H2O; 43.1 mg ZnSO4·7H2O; 23.8 mg 

CoCl2·6H2O; 172.2 mg MnCl2·4H2O; 25.0 mg CuSO4·5H2O; 10.0 mg Na2MoO4·2H2O; 2.1 mg 

NiSO4·6H2O; and 1.1 mg H3BO3.  pH was automatically controlled in the range 7.50±0.05 using 
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0.5 M hydrochloric acid and 1.0 M sodium bicarbonate via chemical dosing pump (Etatron D.S., 

Italy).  Glycerol served as the external carbon source and the influent COD:NO3
--N was controlled 

at 3:1.  Glycerol was fed at the end of the anoxic feed and react period during steady-state reactor 

operation.  Solids wasting, Qw,average, was calculated via mass balance using reactor and effluent 

biomass COD concentrations (Xreactor, Xeffluent, respectively) averaged over three days (t=0, -1, -2) 

of measurements (Equation 4-1) in order to minimize drastic variability in reactor biomass COD 

concentrations.  Solids wasting was controlled daily during the anoxic feed and react period to 

maintain the targeted SRT (θc,target; 1.5 d, 3.0 d, or 15.0 d) in each respective SBR.   

 

Q
w,average

=
∑ (

V∙Xreactor,t-Qin∙θc,target∙Xeffluent,t

θc,target∙Xreactor,t-θc,target∙Xeffluent,t
)t=0

t=-2

3
      Equation 4-1 

  

Steady-state in terms of solids concentrations was defined as when all solids concentrations over 

the course of one SRT were within ±10%.  Upon reaching steady-state solids concentrations, a 

stabilization period of four SRTs (targeted) was allocated to allow for sludge acclimation prior to 

assessing and comparing performance relative to other conditions.  Sequencing and timing of SBR 

cycles and daily solids wasting was controlled and maintained by peristaltic pumps and tubing 

(Masterflex, IL) using electronic timers (ChronTrol Corporation, CA).  SBRs were wrapped in 

aluminum foil to mitigate growth of phototrophic organisms. 

The SBRs were inoculated with fully denitrifying activated sludge from the mainstream 

denitrification tanks of a local water resource recovery facility (New York, NY) previously 

acclimated to glycerol as an external carbon source at approximately SRT=20 d.  The start-up of 

the SBRs consisted of inoculation of seed sludge into glycerol and NO3
--free synthetic wastewater 

prior to the initiation of the daily operational cycles.  Daily solids wasting immediately commenced 
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to align the SRT of the seed sludge to each targeted SRT.  The previously described stabilization 

period was initiated once each respective SBR achieved steady-state solids concentrations. 

4.2.2. Sample Collection and Wastewater Quality Analysis  

All testing procedures were in accordance with Standard Methods.81  Aqueous-phase 

samples were extracted during the decant period of the reactor cycle for chemical species analysis 

after centrifugation (8,000 x G, 10 min, 4-8ºC) to remove cells and cell debris.  Corresponding 

aqueous-phase samples were taken from the influent during each sampling event.  NO3
- and NH4

+ 

were measured using ion selective and gas-sensing electrodes, respectively (Thermo Fisher 

Scientific, MA).  NO2
- concentration was measured via diazotization and colorimetry.81  

Centrifuged (8,000 x G, 10 min, 4-8ºC) aqueous-phase samples were filtered using 0.20 µm 

syringe filters (A Chemtek, MA) and stored at -20oC.  Dionex ICS-2100 ion chromatography using 

a Dionex IonPac AS-18 IC column (Thermo Fisher Scientific, MA) was used to confirm NO3
- and 

NO2
- concentration measurements.  Separate aqueous-phase samples were extracted just prior to 

the end of the anoxic react period and during the decant period of the reactor cycle in order to 

assess total biomass concentrations in the reactor and effluent, respectively, for SRT control.  

Aqueous-phase samples taken during the decant period were centrifuged and filtered using 0.45 

µm syringe filters (A Chemtek, MA) to assess remaining soluble COD concentrations (Hach 

Chemical Company, CO) at the end of a given reactor cycle.  Biomass concentrations were 

approximated using particulate COD measurements.  Additional aqueous-phase samples taken just 

prior to the end of the anoxic react period were centrifuged (8,000 x G, 10 min, 4-8ºC), supernatant 

was discarded, and cell pellets were preserved at -80oC for subsequent DNA extraction and 16S 

rRNA gene sequencing. 
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4.2.3. Batch Experiments 

Batch experiments, both in situ (within the SBR) and ex situ, were conducted to profile 

nitrogen species transformations and measure process kinetics.  Prior to conducting batch 

experiments, biomass was acclimated and stabilized for four SRTs at the conditions to be 

examined.   In situ assays followed the sampling collection and chemical analysis procedures 

described in section 3.2.2.  Aqueous-phase samples were extracted from the primary SBR at 

steady-state over the course of a single 360-min reactor cycle.  Dissolved N2O was measured 

continuously and recorded online using an N2O microsensor and microsensor multimeter 

(Unisense A/S, Denmark).  Ex situ assays were carried out in an anoxic, sealed, spinner flask batch 

vessel (Corning, Inc., NY) with a working volume, V=1 L, at room temperature (22±2oC).  Fresh 

mixed liquor was taken from the primary SBR at steady-state during the feed and react period, 

washed four times using SBR feed without NO3
- and organic carbon (glycerol), centrifuged     

(8,000 x G, 10 min, 4-8ºC), and supernatant was discarded each time.  The medium was buffered 

to approximately pH 7.5 using 0.5 M HCl and 1.0 M NaHCO3 prior to the initiation of the batch 

kinetic assays and was additionally purged with N2 gas until dissolved oxygen (DO) levels were 

equal to 0.01 mg/L O2, which represented the minimum practical limit of the InPro 6850i 

polarographic DO sensor with M300 transmitter (Mettler-Toledo, OH).   pH was maintained at pH 

7.50±0.05 by manual control.  NO3
- and glycerol were added to the medium to meet the desired 

influent COD:NO3
--N ratio.  NO3

- was added at the outset of the assay (time=0 min) and the 

biomass was incubated for 30 min prior to the addition of glycerol.  This was intended to baseline 

starting cultures in each respective assay by ensuring that residual nitrogen species and glycerol in 

the washed mixed liquor from the primary SBR were consumed prior to data collection.  pH and 

DO were measured and recorded continuously online via an InPro 3253i/SG pH/ORP electrode 
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and an InPro 6850i polarographic DO sensor, respectively, attached to an M300 transmitter 

(Mettler-Toledo, OH).  

Specific NO3
- reduction (sDNaR) (Equation 4-2) and NO2

- reduction rates (sDNiR) 

(Equation 4-3) were determined from batch kinetic assays using linear regression of NOx-N 

species with R2≥95%.  Specific rates were calculated with biomass concentrations (X) taken just 

prior to glycerol input.  

 

sDNaR= (
1

X
) (

∆SNO3
-

-N

∆t
)         Equation 4-2 

                       

sDNiR= (
1

X
) (

∆SNO2
-

-N

∆t
)         Equation 4-3 

                     

4.2.4. DNA Extraction and Quantification 

DNA was extracted from biomass samples using a QIAamp DNA Mini Kit (Qiagen, Inc., 

MD).  A NanoDrop Lite spectrophotometer (Thermo Fisher Scientific, MA) was used to assess 

the quality and quantity of DNA.  nirS and nosZ gene transcripts were absolutely quantified in 

triplicate via iQTM SYBR® Green Supermix (Bio-Rad, CA) chemistry quantitative polymerase 

chain reaction (qPCR).  Amplification of gene transcripts were carried out using specific gene-

targeted primers (Table 4-I).  Serial dilutions of plasmid DNA containing specific target gene 

inserts from identified reference bacteria (Table 4-I) were used to produce standard curves.  The 

absence of primer-dimer was confirmed via melt curve analysis (data not shown). 

 

 

 

 

  



 62 

 

Table 4-I.  Primers and reference bacteria used for qPCR amplification and absolute 

quantification of gene transcripts. 
Target 

Gene 
Description Primer Nucleotide Sequence (5’-3’) Reference 

Universal 

16S rRNA 

Universal 16S 

rRNA 

1055F ATGGCTGTCGTCAGCT 
125 

1392R ACGGGCGGTGTGTAC 

nirSa 
cd1-NO2

- 

reductase 

nirScd3aF GTSAACGTSAAGGARACSGG 
126,127 

nirSR3cd GASTTCGGRTGSGTCTTGA 

nirKb 
Cu-NO2

-

reductase 

nirK1F GGMATGGTKCCSTGGCA 
128 

nirK5R GCCTCGATCAGRTTRTGG 

Reference Bacteria: a P. stutzeri; b A. faecalis. 

 

4.2.5. Next-Generation Sequencing of Amplicon Library and Sequence Analysis 

Next-Generation Sequencing and bioinformatics were performed according to widely 

published internal laboratory procedures as described further herein.  DNA extracts were purified 

using a QIAamp DNA Mini Kit (Qiagen, Inc., MD).  Multiplex sequencing was accomplished 

through the application of barcoded fusion primers with Ion XpressTM sequencing adapters 

(Thermo Fisher Scientific, MA) and a 16S rRNA bacterial 1055F/1392R universal primer set 

(Table 4-I).  Amplification of genomic DNA targets was performed with iQTM SYBR® Green 

Supermix (Bio-Rad, CA) and purification via Agencourt AMPure XP Reagent (Beckman Coulter, 

CA).  Library quantification was performed with an Agilent DNA 1000 Kit (Agilent, CA).  Ion 

OneTouch2 (Ion PGM Hi-Q View OT2 Kit) was used to prepare the template with the DNRA 

library, as well as the Ion Spheres Particle (ISP) enrichment.  Enriched ISP was loaded onto an Ion 

Torrent 318 v2 BC chip.  The ISP was processed on an Ion Torrent Personal Genome Machine 

(Ion PGM Hi-Q View Sequencing Kit) with base calling, signal processing, and quality filtering 

(Phred score of >15) of the raw sequences performed using Ion Torrent Suite software.  The 

1055F/1392R universal primer set targeted sequences of approximately 350 bp.  Mothur software 

was used to initially screen out likely incorrect amplicon sequences with bp lengths more than 50 
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bp different than the target sequence length.82  AfterQC software was utilized to further delete bad 

quality reads (Phred score of <20) and trim the tails of reads where quality dropped significantly 

in order to reduce downstream processing time.83  DADA2 programming via R Studio software 

was used to produce a table of non-chimeric amplicon sequence variants from the demultiplexed 

fastq files.84  Operational taxonomic units were generated with at least 99% similarity using 

QIIME2 software and were assigned to taxa using the Silva version 132 reference taxonomy 

classifier prior to further post-sequencing bioinformatic analysis of remaining amplicon 

sequences.85   

 

4.2.6. Nitrogen Conversion Calculations  

Reactor performance was normalized with respect to the influent characteristics.  The 

accumulation of NO2
- was related to the removal of NO3

- through a NO2
- accumulation ratio 

(NiAR) (Equation 4-4).    

 

NiAR= [
(NO2,eff

-
-N)-(NO2,inf

-
-N)

(NO3,inf
-

-N)-(NO3,eff
-

-N)
] x 100%       Equation 4-4 

         

The NO3
- remaining in the effluent compared to that reduced to either NO2

- or gaseous-N 

products was defined as the NO3
- conversion ratio (NaCR) (Equation 4-5).     
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NaCR= [
3∙((NO2,eff

-
-N)-(NO2,inf

-
-N))-5∙(NO3,eff

-
-N)

5∙(NO3,inf
-

-N)
] x 100%     Equation 4-5 

        

4.3. Results and Discussion 

4.3.1. Denitratation Performance 

Reactors operated at SRT=1.5 d, 3.0 d, and 15.0 d, respectively, exhibited a high capacity 

for NO2
- accumulation at influent COD:NO3

--N=3:1 (Figure 4-1), indicating that denitratation was 

feasible at a wide range of operating SRTs.  Analysis of variance (ANOVA) across the examined 

SRTs identified a statistically significant difference in NiARs (p=8.1x10-4, α=0.05, n=38) with an 

increase in NiAR from 42% to 65% as the SRT decreased, indicating that more of the NO3
- being 

reduced was accumulating as NO2
- rather than being terminally reduced to gaseous-N products.  

Further Holm-Sidak post hoc multiple comparison analysis indicated that the significant difference 

in NiAR was primarily caused by the lower NiAR at SRT=15.0 d while no significant difference 

existed between the NiARs observed at SRT=3.0 d and 1.5 d (p=0.69, α=0.05, n=31; Table S-V).  

The SBR operated at SRT=1.5 d performed with the highest NiAR (65±14%) but also experienced 

significant NO3
- accumulation implied by the drastic decrease in NaCR compared to the SBRs 

operated at longer SRTs, suggesting that these conditions were not optimal for denitratation 

performance due to the kinetically-supported microbial community structure at each operating 

SRT.  Rather, optimal performance was exhibited by the SBR operated at SRT=3.0 d with the 

highest NO2
- accumulation combined with NO3

- removal as indicated by the highest NaCR 

(32±8%; section 3.3.1).  Both ANOVA (p=3.3x10-14, α=0.05, n=38) and Holm-Sidak post hoc 

multiple comparison analysis (Table S-VI) confirmed the statistically significant difference 

between NaCRs across SRTs further supporting that SRT=3.0 d resulted in the optimal 

performance out of the SRTs investigated. 



 65 

 

 

Figure 4-1.  Fractionation of effluent nitrogen species at steady-state with corresponding NiAR 

and NaCR.  *Data at SRT=3.0 d was modified from section 3.3.1.  **Effluent gaseous-N 

contributions were calculated via mass balance. 

 

 Partial washout of NO3
--respiring bacteria at SRT=1.5 d may have contributed to the 

significant NO3
- accumulation observed as approximately 18% on average of the system’s biomass 

remained suspended during the settling period and was subsequently decanted.  The theoretical 

limiting SRT for this system was calculated to be SRT=0.72 d utilizing standard kinetic parameters 

from the ASM3 model (see Appendix C).129  Despite the operating SRT being more than twofold 

longer than the theoretical limiting SRT, the application of both kinetic and stoichiometric 

limitation selection pressures could have caused the minimum system SRT to be greater than 

predicted.130   
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The observed differences in denitratation performance may also have occurred due to 

additional soluble organic substrate contributions as a function of endogenous decay as opposed 

to kinetic limitation.  Soluble microbial products (SMP), such as proteins and polysaccharides, 

released into solution through cell lysis and decay131 were likely hydrolyzed into soluble 

substrate,105 which is supported by the higher relative abundance of hydrolyzing microorganisms 

(vide infra) found at longer SRTs in this study.  Active biomass may have oxidized this additional 

soluble substrate to continue to drive denitrification, thus negatively impacting NO2
- accumulation 

at longer SRTs.  Average total biomass concentrations in the reactors at SRT=1.5 d, 3.0 d, and 

15.0 d were approximately 272±26 mg/L COD (n=21), 448±85 mg/L COD, and 2,383±252 mg/L 

COD (n=7), respectively.  As expected, decay at longer SRTs contributed more sCOD in the form 

of hydrolyzed SMP, with decay in the reactor operated at SRT=15.0 d contributing approximately 

69.4±7.3 mg/L COD, 13.0±2.5 mg/L COD at SRT=3.0 d, and 7.9±3.7 mg/L COD at SRT=1.5 d 

(Equation 4-6; see Appendix C).129  However, the soluble substrate contributed by cell decay at 

SRT=15.0 d only increased the influent COD:NO3
--N ratio to 3.7:1.    

 

sCOD contributions=Xa,θc

0
∙(1-

1

1+bH,O2
∙ηH,end,NO3

∙θ
)     Equation 4-6 

      

Effluent sCOD of all SBRs was negligible (7.5±2.7 mg/L COD; n=38; results not shown), 

indicating that influent COD was nearly complete consumed and remained limiting.  However, a 

previous study (section 3.3.1) found no significant difference (p=0.16, α=0.05, n=17) in NiAR at 

influent COD:NO3
--N ratios of 3:1 and 4:1 operating at SRT=3.0 d.  Additionally, the NaCR at 

influent COD:NO3
--N=4:1 and SRT=3.0 d of the previous study (29±5%; Figure 3-1) was greater 

than that at influent COD:NO3
--N=3:1 and SRT=15.0 d of the current study (18±2%; Figure 4-1), 
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indicating that the decay observed in the current study at longer SRTs did not significantly impact 

NiAR compared to shorter SRTs.  As such, the differences in denitratation performance results of 

the SBRs operated at different SRTs was more likely attributable to differences in the kinetically-

supported microbial ecologies (vide infra).  Longer SRTs (15.0 d and 3.0 d) likely supported a 

microbial ecology that maintained a higher capability of NO3
- removal as shown by the 

approximately 5% or less of influent NO3
- remaining in the effluent (higher NaCRs), while the 

SBR operated at SRT=1.5 d exhibited significant NO3
- accumulation.   Additionally, shorter SRTs 

(3.0 d and 1.5 d) likely supported a microbial ecology that favored denitratation over denitrification 

indicated by the higher NiARs. 

 

4.3.2. Process Kinetics 

As expected, the observed yield increased with decreasing SRT (Table 4-II).  This 

corresponded with an increase in the fraction of electrons devoted to cell synthesis (fs) as opposed 

to energy production, which may have contributed to the accumulation of NO3
- in the SBR 

operated at SRT=1.5 d.  sDNaR and sDNiR values at SRT=3.0 d were found to be the highest and 

lowest, respectively, of the SRTs examined, which potentially contributed to that SBR exhibiting 

the highest NiAR and NaCR as well.  The large difference in sDNaR and sDNiR at SRT=3.0 d 

compared to the other SRTs may be due to the enrichment of a denitratating-specific microbial 

ecology at optimal conditions for glycerol-driven denitratation.  Other SRTs may favor microbial 

ecologies dominated by other functionally different microorganisms, thus impacting the 

operational performance of a denitratation-specific SBR. 
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Table 4-II.  Summary of process kinetic parameters determined at operating SRTs. 

SRT 

[d] 

sDNaR 

[mg N/g VSS/h] 

sDNiR 

[mg N/g VSS/h] 

Yield 

 [mg COD/mg NO3
--N] 

fs 

15.0 76.1 38.0 0.32±0.08 0.16±0.04 

3.0 135.3a 14.9a 0.39±0.07 0.34±0.06 

1.5 87.0 19.7 0.64±0.11 0.56±0.10 
a Data from section 3.3.1. 

 

4.3.3. N2O Production 

N2O production and accumulation was observed under each kinetically-limited condition 

tested during in situ batch assays (Figure 4-2).  At short SRT (1.5 d), both NO3
- and NO2

- 

accumulated indicating incomplete denitrification.  Steady-state operation at SRT=1.5 d yielded a 

residual aqueous N2O concentration of less than 1.5 mg/L N2O-N, which is less than 2% of the 

average influent NO3
--N concentration.  Dosing of exogenous COD at the end of the anoxic       

NO3
--N feed period elicited a small, immediate increase in dissolved N2O (<0.2 mg/L N2O-N) 

after which N2O returned to background concentrations and slightly decreased over the duration 

of the cycle.  Conversely, NO3
- was nearly fully converted while NO2

- accumulated in the SBR at 

the longer SRT (15.0 d).  Dissolved N2O concentrations sharply decreased upon COD dosing 

indicating that residual dissolved N2O in the system was immediately reduced to N2 gas.  

Concurrently, approximately 67% of the reduced NO3
- was accumulated as NO2

- with the 

remainder being further reduced to N2O and N2 gas indicated by the continual increase of N2O for 

the duration of the cycle. 

Insufficient COD source, or electron donor, was thought to limit the availability of 

electrons to drive the reductive pathway resulting in incomplete denitrification with terminal 

reduction to a reduced intermediate as opposed to N2 gas.  Previous studies investigating the impact 

of influent COD:N ratios on N2O evolution supported this assertion as they found that lower ratios 

led to increased N2O production during denitrification120,121,123,132  N2O production in denitratation 
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systems, however, responded in the opposite manner.  Higher influent COD:NO3
--N ratios led to 

higher N2O production,60 although the assertions of this study are limited as it used an inoculum 

acclimated to different conditions than those tested in its batch assays.  The difference in N2O 

production profiles between denitratation and denitrification systems is likely due to the system-

selected microbial ecology where a stoichiometrically-limited influent COD:NO3
--N ratio in 

denitratation systems favored PO denitrifiers,36 as opposed to true denitrifiers35 or rapid, complete 

onset (RCO) denitrifiers36 favored in denitrification systems.  Hanaki et al.120 argued that the 

microbial ecology selected for by either low influent COD:N or short SRT selective pressures was 

more critical to N2O accumulation during denitrification than the application of discrete 

operational conditions during testing.  The current study resulted in N2O accumulation at both 

SRTs, with nearly fivefold more N2O accumulated in the SBR at a long SRT than that at a short 

SRT (Figure 4-2).  Most likely is that less kinetic limitation at SRT=15.0 d supported a microbial 

ecology more capable of full denitrification as opposed to that at SRT=1.5 d.  The higher N2O 

production at SRT=15.0 d also may have been due to the additional soluble substrate contributed 

by cell decay and lysis at longer SRTs, although this was previously shown to not induce 

significantly different performance results (section 3.3.1).  Combined with stoichiometric 

limitation at influent  COD:NO3
--N=3:1, less kinetic limitation induced incomplete denitrification 

leading to higher N2O accumulation similar to the denitrification studies described 

previously.120,121,123,132  On the contrary, kinetically-limited conditions at short SRTs coupled with 

stoichiometrically-limited influent COD:NO3
--N ratios supported phenotypes more capable of 

selective reduction of NO3
- to NO2

- and, thus, lower dissolved N2O accumulation.   
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Figure 4-2.  In situ batch profiles depicting biotransformation of NOx and dissolved N2O at (a) 

SRT=1.5 d and (b) SRT=15.0 d (influent COD:NO3
--N=3:1; microbial ecology acclimated to the 

respective SRT tested). 

(a)

(b)
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4.3.4. Diversity of Microbial Ecology at Varying SRTs 

The application of kinetic limitation as a selective pressure to a fully denitrifying inoculum 

resulted in different microbial ecologies as inferred using 16S rRNA gene sequencing.  Weighted 

UniFrac Principal Coordinates Analysis (PCoA) indicated all three samples were diverse (Figure 

S-3), signifying that SRT changes shifted the microbial community as compared to the inoculum 

and between SRTs.115  As expected, the SBRs harbored lower diversity than the inoculum (Table 

S-VII), potentially due to the shift from real wastewater to a single COD source synthetic feed 

stock.105,133  Specialized functions, such as denitratation, involve a less diverse microbial ecology 

compared to denitrification due to the limited redundancy other microorganisms provide to 

perform the same respective function.49  Conversely, a greater percentage of microorganisms are 

capable of performing less specialized tasks, thus providing more functional redundancy and 

higher diversity in conditions favoring those tasks.  The current study found this to be the case as 

the SBR operated at SRT=15.0 d harbored the highest diversity (Table S-VII) and the lowest NiAR 

(42±5%; Figure 4-1), indicating that complete denitrification was more prevalent than 

denitratation with the majority of influent NO3
- reduced past NO2

- to gaseous nitrogen products.  

Conversely, the SBR operated at SRT=3.0 d was found to have the lowest diversity of the three 

SBRs (Table S-VII) along with the best denitratation performance suggesting that SRT control is 

critical to maximizing NO2
- production.  Most recent denitratation-focused studies did not 

accurately define the SRT used for their study (Table S-IV) and, therefore, impacts of kinetic 

limitation on the microbial ecology in a denitratation system have not been reported. 

Proteobacteria was identified as the dominant phylum at all examined SRTs (48-86% 

relative abundance) (Figure 4-3a).  Together, α, β, and γ-Proteobacteria comprised over 98% of 

the sub-category relative abundance within the Proteobacteria phylum at all SRTs.  These findings 
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correlate well with previous studies that determined that a significant portion of the Proteobacteria 

phylum, specifically β sub-class affiliated microorganisms abundant in denitrifying activated 

sludge, were found to possess denitrifying capabilities.48  There was a marked difference in relative 

abundance of β-Proteobacteria within the Proteobacteria phylum of the SBRs at SRTs of 15.0 d 

and 3.0 d (90% and 98%, respectively) and the SBR at lower SRT (65%).  In contrast, α and             

γ-Proteobacteria were higher in the SBR at lower SRT (Figure S-4).  The Patescibacteria 

superphylum, containing the renamed Candidate phylum Saccharibacteria,103 was enriched to 

nearly 21% relative abundance in the SBR at long SRT and 7% at SRT=3.0 d, but decreased to 

less than 1% at SRT=1.5 d.    

Thauera sp., a β-Proteobacteria of the Rhodocyclaceae family, was enriched as the most 

dominant of all genus across all SBRs (23% relative abundance at SRT=15.0 d, 80% at SRT=3.0 

d, and 29% at SRT=1.5 d), yet had a low relative abundance in the inoculum (1%; inoculum results 

not shown) (Figure 4-3b).  Thauera sp. has been described as a key functional microorganism in 

denitratation systems operated with myriad COD sources due to its preferential enrichment in 

stoichiometrically-limited conditions favoring denitratation over full denitrification,11,22,56,58 as 

exhibited by the increase in relative abundance in all SBRs compared to the inoculum.  Certain 

Thauera sp. strains were identified as PO denitrifiers,36 which favored NO2
- accumulation prior to 

terminal reduction to N2 gas.  The significant enrichment of Thauera sp. at SRT=3.0 d in the 

current study compared to the other SRTs indicated that the kinetic control at SRT=3.0 d was 

optimal for Thauera sp. growth in combination with its affinity for NO3
- and allowed it to 

outcompete the remainder of the microbial ecology.  The significantly lower relative abundance 

of Burkholderiaceae fam. in the SBR at SRT=3.0 d despite its persistence at higher and lower 

SRTs (3% versus 15% and 23%, respectively) alongside Thauera sp. supported this assertion. 
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Kinetic limitation in the SBR at SRT=1.5 d enriched a microbial ecology distinctly 

different than that at either of the longer SRTs.  In addition to Thauera sp. and Burkholderiaceae 

fam., Rhodanobacteraceae fam., Taibaiella sp., and Flavobacterium sp. (13%, 6%, and 3% 

relative abundance, respectively) were enriched in the SBR at shorter SRT while the SBRs at 

longer SRTs had insignificant affiliated reads.  Members of each taxa have been reported to possess 

phenotypes of truncated denitrification pathways with Flavobacterium spp. specifically able to 

grow on NO2
-.134–137  The high proportion of taxa capable of truncated denitrification enriched in 

the SBR at SRT=1.5 d indicated that this phenotype may primarily be favored under significant 

kinetic limitation, which is supported by the combined NO3
- and NO2

- accumulation in the SBR.  

The SBR at SRT=15.0 d exhibited an increase in relative abundance of Phycisphaeraceae fam., 

Rhodocyclaceae fam., and Ferruginibacter sp., all of which had insignificant affiliated reads found 

at either of the shorter SRTs.  Both non-affiliated Rhodocyclaceae fam. and Ferruginibacter sp. 

have been identified as complete denitrifiers.101,138  The extension of the SRT allowed for the 

retention of microorganisms with lower maximum specific growth rates and higher substrate 

affinities for NO3
- and NO2

-,118 thus selecting for phenotypes more capable of complete 

denitrification.  While Thauera sp. and Burkholderiaceae fam. persisted at all SRTs, it is possible 

that these taxa wholly or partially shifted phenotypes118 away from the progressive onset of 

denitrification genes observed at shorter SRTs to a phenotype supporting rapid and complete 

denitrification in order to continue to compete for substrate.  

Interestingly, the SBRs at longer SRTs were also enriched with Saccharimondaceae fam. 

of Candidate phylum Saccharibacteria (21% relative abundance at SRT=15.0 d and 7% at 

SRT=3.0 d), which was identified as a key component of activated sludge systems whose available 

genomes lack the genes necessary for denitrification.139,140  Reported phylogenetic functions of 
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Candidate phylum Saccharibacteria are limited141 although the phylum is reported to prefer 

complex organic substrates over simple COD sources.139,142  Despite this, enrichment of Candidate 

phylum Saccharibacteria was reported in studies using glycerol from biodiesel production141 and 

glucose143 as exogenous COD sources, similar to the current study’s findings and indicating that 

simple COD sources may not be the discriminating factor in overall enrichment.  Recent studies 

that observed enrichment of Candidate phylum Saccharibacteria were conducted either at long 

SRT143 or did not report an SRT141,142  Similarly, this study observed an increase in Candidate 

phylum Saccharibacteria relative abundance as SRT increased whereas biomass may have been 

wasted faster than SMP could be produced144 in the SBR operated at SRT=1.5 d, resulting in no 

enrichment in that respective SBR.  Presumably, Candidate phylum Saccharibacteria hydrolyzed 

SMP proteins and polysaccharides140 from cell decay thus contributing additional soluble substrate 

into the system at longer SRTs.  The significance of the enrichment and subsequent function of 

Candidate phylum Saccharibacteria in continuously operated denitratation systems must be 

further understood.    
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Figure 4-3.  16S rRNA gene sequencing results as shown in taxonomic bar plots at the (a) 

phylum level and the (b) genus level.  The grouping “Other” comprises OTUs with less than 1% 

total relative abundance (among all samples summed).  *Data at SRT=3.0 d was modified from 

section 3.3.4. 

 

4.3.5. Confirmation of a Denitratating Culture 

qPCR analysis revealed that the transcript levels of nirS coding for cd1-NO2
- reductase and 

nirK coding for Cu-NO2
- reductase decreased in the bioreactor operating at SRT=3.0 d (Figure 

4-4).  Total copy numbers for nirS and nirK were significantly lower at SRT=3.0 d (p=5.5x10-6, 

α=0.05, n=9 and p=2.1x10-5, α=0.05, n=8, respectively) compared to the other SRTs examined, 

indicating that SRT=3.0 d was the optimal SRT for denitratation.  Additionally, total copy numbers 

for nirS were at least two orders of magnitude greater than those for nirK at all SRTs examined, 

indicating that nirS-type denitrifiers may be dominant in denitratation systems.  The decrease of 

nirS and nirK transcripts at SRT=3.0 d would impact the reduction of NO2
- and serve as a potential 

contributor to the accumulation of NO2
- that was observed.  This also indicates that optimal kinetic 
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limitation selected for a microbial ecology more dominated by NO3
--respirers as indicated by 

NiAR=62±13% and NaCR=32±8%, or near-complete NO3
- removal with high NO2

- accumulation 

(Figure 4-1).  However, the microbial ecology acclimated to SRT=3.0 d was also capable of full 

denitrification when provided with a non-limiting influent COD:NO3
--N ratio during ex situ batch 

assays (section 3.3.1).  The majority of the nirS and nirK gene transcripts (Figure 4-4), therefore, 

potentially originated from PO denitrifiers, as opposed to true or RCO denitrifiers,35,36 based upon 

the observed NO2
- accumulation when the same microbial ecology was subjected to a 

stoichiometrically-limited influent COD:NO3
--N ratio Figure 4-1). 

NO2
- reduction could also potentially occur through nrfA coding for cytochrome c-NO2

-

reductase, which catalyzes the six electron reduction of NO2
- to NH4

+ during the dissimilatory 

nitrate reduction to ammonium (DNRA) process.  However, the DNRA process has been reported 

to occur only under conditions of NO3
- (as the electron acceptor) limitation12 as opposed to COD 

limitation under which this denitratation system operated.  Additionally, no microorganisms 

reportedly capable of DNRA were found during 16S rRNA gene sequencing (Figure 4-3).   

At the applied influent COD:NO3
--N ratio of 3:1, distinct differences emerged in the 

reactor’s responses to varied SRTs, likely due to shifts in the microbial community structure.  

Specifically, maximum performance and efficiency in terms of NO2
- production were observed at 

SRT=3 d amongst the SRTs investigated.  Longer SRTs (SRT=15 d) resulted in a larger fraction 

of end point nitrogen speciation as gaseous-N rather than NO2
-, whereas significant NO3

- remained 

in the effluent at shorter SRTs (SRT=1.5 d).  These differences were attributed to shifts in 

microbial community structure, with a significant increase in Thauera sp. relative abundance 

observed at SRT=3 d (80%) compared to SRTs of 1.5 d or 15 d (29% and 23%, respectively).  

Similarly, the function of the microbial community at SRT=3 d was significantly different than 
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the other SRTs, with a reduced ability to further reduce NO2
-.   Coupled with the lower specific 

reduction rates of NO2
- at SRT=3 d, this indicated that the kinetic conditions supported a greater 

enrichment of NO3
--respirers as opposed to other denitrification phenotypes.  

 

 

Figure 4-4.  Effects of kinetic limitation on nirS (a) and nirK (b) gene transcript copy numbers.  

Error bars represent one standard deviation of triplicate measurements by qPCR. 

 

4.4. Conclusions  

• Under a stoichiometrically-limited denitratation system, a lower degree of kinetic 

limitation (longer SRTs) supported a microbial ecology more capable of full denitrification as 

indicated by (1) the lower NiAR (42±5%) compared to other SRTs, (2) the higher sDNiR (38.0 

mg-N/g-VSS/h), and (3) the increased N2O production (1.5 mg/L N2O-N) at SRT=15.0 d versus 

SRT=1.5 d.  
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• Kinetic limitation resulted in distinctly different microbial ecologies at the investigated 

operating SRTs according to16S rRNA gene-based profiling.  qPCR analysis revealed that the 

SBR at SRT=3.0 d had the lowest total copy numbers of nirS and nirK, indicating selection for a 

microbial ecology dominated by NO3
--respirers.  Same SBR was found to have the lowest 

diversity, potentially due to the highly specific function of denitratation. 

 

4.5. Supplementary Information 

The supplementary information (Appendix C) includes: 

• Contributions of cellular decay to soluble organic substrate; 

• Calculation of minimum SRT in a denitrification system for ordinary heterotrophic 

organisms; 

• Annotated SRTs in recent denitratation studies (Table S-IV); 

• Holm-Sidak post hoc multiple comparison analysis results for NiAR (Table S-V); 

• Holm-Sidak post hoc multiple comparison analysis results for NaCR (Table S-VI); 

• Weight Unifrac Principles Coordinate Analysis (Figure S-3); 

• Alpha diversity metrics (Table S-VII); and, 

• Taxonomic bar plots at the class level (Figure S-4). 
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CHAPTER 5 

 

 

Intentional Microbial-Induced Electron Competition as a Mechanism Leading 

to Nitrite Accumulation in a Glycerol-driven Denitratating Culture 
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5.1. Introduction    

Conventional engineered denitrification processes aim to reduce nitrate (NO3
-) to 

dinitrogen gas (N2) typically using an external chemical oxygen demand (COD) source as electron 

donor due to deficient readily biodegradable COD in waste streams.  In certain cases, insufficient 

influent COD or other non-optimized process parameters have been reported to lead to transient 

nitrite (NO2
-) accumulation during the four-step reduction of NO3

- to gaseous N2.  Unintentional 

NO2
- accumulation presents numerous challenges due to the cytotoxicity of NO2

- in the 

environment, as well as its contributions to eutrophication.  However, recent advances in the 

development and application of short-cut biological nitrogen removal processes such as 

denitratation, or the selective reduction of NO3
- to NO2

-, coupled with downstream anaerobic 

ammonium oxidation (anammox) increased the desirability of NO2
- accumulation.   

Denitratation systems are typically operated at less than stoichiometric influent COD:NO3
-

-N ratios11,57 in an effort to provide only enough electrons for selective reduction of NO3
- to NO2

-

.  Additionally, insufficient influent COD has typically been reported to lead to NO2
- accumulation 

in denitrification systems.145–147  The fundamental premise in this approach is that less than 

stoichiometric influent COD:NO3
--N ratios, limited electron flow resulting from COD oxidation 

would provide a greater competitive advantage for NO3
- reductase versus NO2

- reductase due to 

NO3
- reductase’s higher electron affinity.1,10,38  The resulting imbalance in electron flow to each 

nitrogen oxide reductase would potentially contribute to transient NO2
- accumulation.   

However, there are also other reports contradicting preferential electron flow to NO3
- 

reductase under electron limitation.  For instance, one study suggested that NO2
- reductase 

effectively outcompeted NO3
- reductase, thus inhibiting NO3

- respiration in certain 

microorganisms.148  Additionally, different COD sources are thought to impact the ability of 
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nitrogen oxide reductases to compete for electrons based upon the proximity of their electron 

delivery to the  respective enzyme region along the electron transport chain.37,77,149  Specifically, 

butyrate37 and methanol have been shown to deliver electrons in the region between NO3
- and NO2

- 

reductase thus limiting the systematic accumulation of NO2
- through the concurrent delivery of 

electrons to both respective reductases.9,44  

NO2
- accumulation has also been found to be affected by the microbial ecology selected 

for through manipulation of system operating conditions.  Pure cultures that exhibited the 

progressive onset (PO) of denitrification genes or that possessed truncated denitrification 

pathways, or those with the limited genetic capability for terminal reduction of NO3
- to                 

NO2
-,36,47,150,151 were reported to accumulate NO2

-.  While it is thought that a stoichiometrically-

limited influent COD:NO3
--N ratio would select for these specific phenotypes in a mixed microbial 

culture, this has yet to be confirmed. 

Transcription analysis from two studies9,36 signified that there is significant potential that 

NO3
- may inhibit NO2

- reduction at the transcriptional level, thus causing NO2
- accumulation.  

Basally-expressed NO2
- reductase was found to be upregulated only upon the near-complete 

removal of NO3
- from the system resulting in an imbalance in the activity levels of NO3

- and NO2
- 

reductases and potentially contributing to the accumulation of NO2
-.  Nitric oxide (NO), the 

product of NO2
- reduction, has been found to be a necessary signal for upregulation of NO2

- and 

NO reductases.152  Thus, when limited electrons flow to NO2
- reductase due to out-competition by 

NO3
- reductase, a delayed upregulation of NO2

- reductase would be observed due to the lack of the 

NO signal. 

Significant NO2
- accumulation during denitratation driven by various carbon sources has 

been reported to accumulate significant NO2
- with NO3

- to NO2
- transformation ratios as high as 
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90%.11,57  Recent studies placed particular emphasis on optimizing process parameters, such as 

influent COD:N ratios, pH, and loading rates, that potentially supported the accumulation of     

NO2
-.  Despite this, there is no clear consensus on the corresponding biological mechanisms, 

which, especially in a mixed microbial culture, are complex and can vary depending on the overall 

physiology of the microbial ecology.  As such, transcriptional regulation, enzyme kinetics, and the 

electron affinity of the different nitrogen oxide reductases could all vary across community 

structures.  Therefore, in order to fully realize the operating benefits that denitratation offers, it is 

imperative for the mechanisms leading to significant NO2
- accumulation to be systematically 

identified and understood. 

Accordingly, the overarching goal of this study was to elucidate the interplay between 

electron competition and the regulation of the nitrogen oxide reductases to obtain better insight 

into NO2
- accumulation in a glycerol-driven denitratating microbial community.  The specific 

objectives were to (1) control the progressive conversion of NO3
- to N2 through the artificial 

manipulation of electron flow, (2) quantify the rates of NO3
- reduction relative to rates of NO2

- 

reduction with regard to electron competition and understand their impact on the selective 

accumulation of NO2
-, and (3) elucidate the relationship between the progressive onset of 

denitrification gene expression and a microbial community structure associated with a functional 

glycerol-driven denitratation process. 

 

5.2. Material and Methods 

5.2.1. Batch Experimental Set-up 

Ex situ batch assays were conducted in an anoxic, sealed, spinner flask batch vessel 

(Corning, Inc., NY) with a working volume, V=1 L, at room temperature (22±2oC).  Seed biomass 
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was harvested from a denitratating laboratory-scale sequencing batch reactor (SBR) achieving 

significant NO2
- accumulation that had been operated for over 800 d with glycerol as the external 

carbon source.  The SBR microbial ecology was acclimated to and stabilized at the optimal 

conditions (sections 3.3.1 and 3.3.4) of influent COD:NO3
--N=3.0:1 and SRT=3.0 d for four SRTs 

prior to harvesting.  Harvested biomass was washed four times in NO3
- and glycerol-free medium, 

centrifuged (8,000 x G, 10 min, 4-8ºC), and supernatant was discarded each time.  The medium 

contained 25.0 mg/L NH4
+-N (to support assimilation), 87.0 mg/L KH2PO4, 200.0 mg/L 

MgSO4·7H2O, 20.0 mg/L CaCl2·2H2O, and trace nutrients.  Trace nutrients dissolved in deionized 

water included (per liter of medium): 20.101 mg EDTA·Na2; 5.004 mg FeSO4·7H2O; 0.431 mg 

ZnSO4·7H2O; 0.238 mg CoCl2·6H2O; 1.722 mg MnCl2·4H2O; 0.250 mg CuSO4·5H2O; 0.100 mg 

Na2MoO4·2H2O (omitted for batch assay utilizing biomass cultured on sodium tungstate);        

0.021 mg NiSO4·6H2O; and 0.011 mg H3BO3.  The spinner flask was placed on a magnetic stirrer 

and constantly mixed for the duration of each respective batch assay.  The medium was initially 

buffered (Table 5-I) using 0.5 M hydrochloric acid and 1.0 M sodium bicarbonate after which pH 

remained unbuffered for the duration of assays 1 and 2.  The pH in batch assay 3 was manually 

controlled at pH 7.5±0.3 through the addition of 0.5 M HCl and 1.0 M NaHCO3.  All batch assays 

were initially purged with N2 gas until dissolved oxygen (DO) levels were equal to 0.01 mg/L O2, 

which represented the minimum practical limit of the InPro 6850i polarographic DO sensor with 

M300 transmitter (Mettler-Toledo, OH).  Electron acceptor dosing was varied by batch assay 

(Table 5-I).  Glycerol (influent COD:NO3
--N=20:1) was dosed to ensure carbon was not limiting 

and that the reaction was driven to complete denitrification.  The initial electron acceptor (Table 

5-I) was added at the outset of the assay (time=0 min) and the biomass was incubated for 30 min 

prior to the addition of glycerol and other electron acceptors in order to ensure that residual 
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nitrogen species and glycerol in the washed mixed liquor from the primary SBR were consumed 

prior to data collection.  Dissolved N2O was measured continuously and recorded online using an 

N2O microsensor and microsensor multimeter (Unisense A/S, Denmark).  pH and DO were 

measured and recorded continuously online via an InPro 3253i/SG pH/ORP electrode and an InPro 

6850i polarographic DO sensor, respectively, attached to an M300 transmitter (Mettler-Toledo, 

OH). 

 

Table 5-I.  Varied electron acceptor dosing regimens by batch assay. 
Batch 

Assay 
Electron Acceptor Dosing Regime 

Initial 

pH 

pH 

Range 

1 NO3
- dose 8.5 7.2 – 8.5a 

2 
NO2

- dose followed by equivalent NO3
- dose after NO2

- reduction 

commenced 
7.8 6.4 – 8.0a 

3 

NO2
- dose followed by equivalent NO3

- dose after NO2
- reduction 

commenced using biomass cultured on 10 mM sodium tungstate for 48 

hours 

7.5 7.2 – 7.8b 

a Unbuffered following buffering to initial pH. 
b Manually buffered using 1.0 M NaHCO3 and 0.5 M HCl. 

 

Batch assay 3 (Table 5-I) used biomass cultured on 10 mM sodium tungstate for 48 hours.  

Biomass was harvested from the parent SBR and washed using the procedures previously 

described prior to culturing on sodium tungstate.  Tungstate is an analog of molybdate, which is 

the cofactor of all four types of active NO3
- reductase,153 while the other nitrogen oxide reductases 

possess other metallocofactors as catalysts.154  Growth on excess tungstate was reported to replace 

molybdenum in NO3
- reductase leading to the formation of inactive NO3

- reductase.27  The 

inactivation of NO3
- reductase would presumably allow electrons to flow to NO2

- reductase even 

in the presence of NO3
-.   
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5.2.2. Sample Collection and Nitrogen Species Analysis 

Aqueous-phase samples were extracted from the spinner flask batch vessel at pre-specified 

time points for coincident nitrogen species analysis, biomass concentration approximation, and 

RNA extraction.  Aqueous-phase samples for chemical species analysis were centrifuged        

(8,000 x G, 10 min, 4-8ºC) to remove cells and cell debris, filtered using 0.20 µm syringe filters 

(A Chemtek, MA), and stored at -20oC.  Dionex ICS-2100 ion chromatography using a Dionex 

IonPac AS-18 IC column (Thermo Fisher Scientific, MA) was used to measure NO3
- and NO2

- 

concentrations.  Corresponding separate aqueous-phase samples were extracted for the 

approximation of total biomass concentrations in the reactor using particulate COD measurements 

(Hach Chemical Company, CO).   

Additional aqueous-phase samples corresponding to the nitrogen species analysis time 

points were extracted, immediately stored on ice and centrifuged (8,000 x G, 3 min, 0ºC).  

Following centrifugation, supernatant was discarded and replaced with RNAprotect Bacteria 

Reagent (Qiagen, Inc., MD), with a 5 min reaction time.  Samples were centrifuged (16,100 x G, 

5 min, 0ºC), RNAprotect Bacteria Reagent was discarded, and cell pellets were immediately 

preserved at -80oC for subsequent RNA extraction. 

 

5.2.3. Specific Nitrogen Reduction and Electron Consumption Rates 

Linear regression (R2≥97%) was performed on NOx-N species during each distinct 

reduction phase of respective batch assays in order to determine apparent NO3
-, NO2

-, and N2O 

reduction rates (rNOx,a).  True reduction rates (mg-N/g-VSS/h) of each nitrogen oxide were 

subsequently calculated according to Pan et al,44 with biomass-specific rates determined using the 

measured biomass concentrations (Equation 5-1; Equation 5-2; Equation 5-3; and Equation 5-4).  
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rNO3
- =rNO3

-
,a          Equation 5-1 

                        

rNO2
- =rNO2

-
,a+rNO3

-          Equation 5-2   

 

rNO=rNO,a+rNO2
-          Equation 5-3 

 

rN2O=rN2O,a+rNO         Equation 5-4  

 

Electron consumption rates (mmol-e/g-VSS/h) for each nitrogen oxide reductase (nar, nir, 

nor, nos) were calculated according to Pan et al.44 (Equation 5-5; Equation 5-6; Equation 5-7; and 

Equation 5-8). 

 

rnar,e=
rNO3

-

14
×2          Equation 5-5 

 

rnir,e=
rNO2

-

14
×1          Equation 5-6 

 

rnor,e=
rNO

14
×1          Equation 5-7 

 

rnos,e=
rN2O

14
×1          Equation 5-8 
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5.2.4. DNA Extraction, Quantification, Next-Generation Sequencing, and Sequence Analysis 

Aqueous-phase samples were taken from each batch assay prior to the dose of the initial 

electron acceptor.  Samples were centrifuged (8,000 x G, 10 min, 4-8ºC), supernatant was 

discarded, and cell pellets were preserved at -80oC for subsequent DNA extraction and 16S rRNA 

gene sequencing.  Extraction, quantification, sequencing and sequence analysis were performed as 

described previously (sections 4.2.4 and 4.2.5).   

 

5.2.5. RNA Extraction and Complementary DNA (cDNA) Synthesis      

Total RNA was extracted from biomass samples using a RNeasy Mini Kit (Qiagen, Inc., 

MD) and was stored at -80oC.  The quality and quantity of total RNA were checked using a 

NanoDrop Lite spectrophotometer (Thermo Fisher Scientific, MA).  Genomic DNA elimination 

and reverse transcription from total RNA were performed using the QuantiTect Reverse 

Transcription kit (Qiagen, Inc., MD) according to the manufacturer’s protocol.  cDNA was stored 

at -20oC prior to analysis via RT-qPCR. 

 

5.2.6. Functional Gene Transcription 

Expression of functional genes coding for NO2
- reduction (nirS and nirK) were quantified 

via RT-qPCR.  nirS and nirK gene transcripts were quantified in triplicate via iQTM SYBR® Green 

Supermix (Bio-Rad, CA) chemistry quantitative polymerase chain reaction (qPCR).  

Amplification of gene transcripts was carried out using specific gene-targeted primers (Table 5-II).  

Standard curves were generated via serial decimal dilutions of plasmid DNA containing specific 

target gene inserts from identified reference bacteria (Table 5-II) and used for absolute 
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quantification of gene transcripts.  The absence of primer-dimer was confirmed via melt curve 

analysis (data not shown). 

 

Table 5-II.  Primers and reference bacteria used for qPCR amplification and absolute 

quantification of gene transcripts. 
Target 

Gene 
Description qPCR Primer Nucleotide Sequence (5’-3’) Reference 

nirSa 
cd1-Nitrite 

reductase 

nirScd3aF GTSAACGTSAAGGARACSGG 
126,127 

nirSR3cd GASTTCGGRTGSGTCTTGA 

nirKb 
Cu-Nitrite 

reductase 

nirK1F GGMATGGTKCCSTGGCA 
128 

nirK5R GCCTCGATCAGRTTRTGG 

Reference Bacteria: a P. stutzeri; b A. faecalis. 

 

5.3. Results and Discussion 

5.3.1. Batch Assay 1: NO3
- as Single Electron Acceptor 

In non-limiting COD conditions (influent COD:NO3
--N=20:1), the denitratating seed 

biomass accumulated nearly 100% of influent NO3
- as NO2

- (Figure 5-1).  Additionally, dissolved 

N2O failed to accumulate prior to the point of NO3
- exhaustion, further supporting near-complete 

selective reduction of NO3
- to NO2

- as opposed to more reduced nitrogen oxides.  The accumulation 

of NO2
- coincided with a slight upregulation in nirS expression of nearly one order of magnitude, 

although nirK expression remained at background levels for the duration of the assay.  Further 

upregulation of nirS totaling nearly two orders of magnitude and subsequent NO2
- reduction was 

not observed until near depletion of NO3
- (<3 mg/L NO3

--N).  In stoichiometrically-limited influent 

COD:NO3
--N conditions, it would be expected that NO2

- or other denitrification intermediates 

would accumulate,132,146,155 as the limited flow of electrons would first be utilized by NO3
- 

reductase due to its typically higher electron affinity compared to NO2
- reductase.27  However, 

influent COD was in excess in this study, indicating that electrons were utilized for NO3
- reduction 
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as quickly as they could enter the electron transport chain through biological COD oxidation.  As 

such, electrons were not available for subsequent nitrogen oxide reductases to catalyze the 

reduction of NO2
- or more reduced nitrogen oxides until after complete NO3

- exhaustion.  
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Figure 5-1.  NOx-N (a) and functional gene transcription (b) profiles resulting from batch assay 

1 with a single NO3
- dose as the electron acceptor. 
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The specific nitrogen oxide reduction rates (Equation 5-1, Equation 5-2, Equation 5-3, 

Equation 5-4) were determined to be rNO3
- =219.3 mg-N/g-VSS/h and rNO2

- =rNO=rN2O=5.3 mg-N/g-

VSS/h prior to NO3
- exhaustion (Table 5-III) suggesting that NO3

- reductase effectively 

outcompeted subsequent nitrogen oxide reductases for electrons.  During NO3
- reduction and NO2

- 

accumulation,  the electron consumption rate of NO3
- reductase was determined to be rnar,e=31.3 

mmol-e/g-VSS/h, which was 96.5% of the overall electron consumption (Table 5-IV).  After NO3
- 

exhaustion, reduction of NO2
- and more reduced nitrogen oxides commenced, with 

rNO2
- =rNO=rN2O=71.5 mg-N/g-VSS/h.  The overall electron consumption rate of all denitrification 

steps was determined to be re=15.3 mmol-e/g-VSS/h.  The rate of electron consumption by NO3
- 

reduction during the NO2
- accumulation phase was higher than the overall electron consumption 

rate during NO2
- reduction.  This can partly be explained due to the fact that the microbial 

community structure was dominated by NO3
--respirers (terminal reduction of NO3

- to NO2
-) and 

PO denitrifiers (vide infra and section 3.3.4), thus leading to a higher fraction of  the community 

actively respiring while NO3
- was available as an electron acceptor resulting in a higher electron 

consumption rate.  The lack of appreciable concurrent NO2
- reduction or N2O accumulation during 

NO3
- reduction suggested that the electron supply system in PO denitrifiers was insufficient to 

support considerable reduction of NO2
-, either due to COD oxidation rate limits or electron 

delivery bottlenecks along the electron transport chain.  Additionally, with no observed N2O 

accumulation it can be assumed that NO2
- reduction resulted in near-immediate gaseous N2 

production, since NO accumulation is expected to be more transient than N2O  accumulation.155–

157  
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Table 5-III.  Comparison of specific reduction rates for each batch assay under different 

electron acceptor dosing conditions. 

 

 

 

Table 5-IV.  Comparison of electron consumption rates for each batch assay under different 

electron acceptor dosing conditions. 

 

 

 

 

 

 

Batch 

Assay 

Apparent Reduction Ratesa,b 

pre-NO3
- dose during NO3

- reduction post-NO3
- exhaustion 

rNO2
- , rNO, rN2O rNO3

-  rNO2
- , rNO, rN2O rNO2

- , rNO, rN2O 

1 -- 219.3 5.3 71.5 

2 94.3 219.0 9.9 59.5 

3c 52.1 36.5 52.7 -- 

a Accumulation is represented by a negative reduction rate. 
b All rates reported in mg-N/g-VSS/h. 
c Rates do not include rNO or rN2O as dissolved NO and N2O were not measured during batch assay 3. 

Batch 

Assay 

Electron Consumption Ratesa 

pre-NO3
- dose during NO3

- reduction post-NO3
- exhaustion 

rnir, rnor, rnos re rnar rnir, rnor, rnos re rnir, rnor, rnos re 

1 -- -- 31.3 0.4 32.5 5.1 15.3 

2 6.7 20.2 31.3 0.7 33.4 4.3 12.8 

3b 3.7 3.7 5.2 3.8 9.0 -- -- 

a All rates reported in mmol-e/g-VSS/h. 
b Rates do not include rnor or rnos as dissolved NO and N2O were not measured during batch assay 3. 
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5.3.2. Batch Assay 2: NO3
- and NO2

- as Dual Electron Acceptors 

The introduction of NO2
- as the initial electron acceptor resulted in immediate upregulation 

of nirS following COD dosing with subsequent NO2
- reduction (Figure 5-2).  nirS expression 

increased approximately 50-fold while nirK increased 5-fold prior to the introduction of NO3
- into 

the system as a subsequent electron acceptor.  Total copy numbers of nirK expression were always 

at least three orders of magnitude lower than nirS.  The specific rates of nitrogen oxide reduction 

prior to the addition of NO3
- were determined to be rNO2

- =rNO=rN2O=94.3 mg-N/g-VSS/h, 

corresponding to an overall electron consumption of  re=20.2 mmol-e/g-VSS/h (Table 5-IV).  Upon 

addition of NO3
- to the NO2

--reducing community, NO2
- reduction immediately stopped (Figure 

5-2).  Similar to batch assay 1, NO2
- then accumulated while NO3

- was reduced at similar specific 

reduction and electron consumption rates (Table 5-III; Table 5-IV).  Concurrently, nirS expression 

peaked immediately following the NO3
- dose and then decreased, although expression remained 

over one order of magnitude greater than background levels.  Despite the continued upregulation 

of NO2
- reductase (nirS and nirK), concurrent NO3

- and NO2
- reduction was not observed following 

the NO3
- dose as approximately 100% of added NO3

- accumulated as NO2
- (Figure 5-2).  Only 

after near-complete exhaustion of NO3
- (<1 mg/L NO3

--N) did NO2
- reduction recommence.  

Following NO3
- exhaustion, the specific rates of nitrogen oxide reduction were determined to be 

rNO2
- =rNO=rN2O=59.6 mg-N/g-VSS/h (Table 5-III) with an overall electron consumption rate of 

re=12.8 mmol-e/g-VSS/h (Table 5-IV).  Additionally, an uptick of nirS expression was observed 

after near-complete exhaustion of NO3
-, although still lower than the highest level of expression 

recorded during this respective batch assay (Figure 5-2). The lower reduction and electron 

consumption rates after NO3
- exhaustion as compared to prior to NO3

- addition could be due to 

these lower levels of nirS expression.  
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Figure 5-2.  NOx-N (a) and functional gene transcription (b) profiles resulting from batch assay 

2 with two separate electron acceptor doses including an initial NO2
- dose at the outset of the 

assay followed by a NO3
- dose once NO2

- had begun reduction. 
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The stoppage of NO2
- reduction upon introduction of NO3

- to the system indicated that 

delayed onset or expression of the NO2
- reductases36 did not cause the observed NO2

- 

accumulation.  nirS was still expressed at its highest levels when the NO2
- reduction rate decreased 

to zero and NO2
- accumulation began, indicating that the cells were metabolically prepared to 

continue NO2
- reduction.  Rather, the introduction of NO3

- likely caused NO3
- reductase to compete 

more effectively, thus shifting electron flow to NO3
- reductase to catalyze NO3

- reduction38 as 

opposed to being delivered further down the electron transport chain to NO2
- reductase.     

Accumulation of dissolved N2O was not observed until the period of NO2
- reduction 

following NO3
- exhaustion (Figure 5-2), indicating that electrons were available during the initial 

period of NO2
- reduction.  Dissolved N2O was thus able to be immediately reduced to gaseous N2 

at a rate equal to or greater than that of NO2
- reduction.  Following NO3

- exhaustion, NO2
- reduction 

recommenced with dissolved N2O transiently accumulating, with N2O eventually returning to 

baseline levels during NO2
- reduction. 

 

5.3.3. Batch Assay 3: Inactivation of NO3
- Reductase 

In contrast, biomass cultured on sodium tungstate was purported to contain partially 

inactivated NO3
- reductase, due to substitution during growth of tungstate for the molybdate 

cofactor in NO3
- reductase153  Presence of tungstate did not inhibit expression of NO3

- reductase, 

as evidenced by observed limited NO3
- reduction (vide infra).  Rather, it was unable to utilize 

electrons for the reduction of NO3
- due to its lack of the molybdate cofactor. 

The introduction of NO2
- as the initial electron acceptor resulted in immediate upregulation 

of nirS following COD dosing with subsequent NO2
- reduction (Figure 5-3).  nirS expression 

increased to approximately 25-fold of the baseline expression while nirK expression increased to 
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approximately 4-fold of the baseline nirK expression.  Total copy numbers of nirK expression 

were always at least one order of magnitude lower than nirS.  However, nirK expression was higher 

than the other two batch assays by one order of magnitude.  The NO2
- reduction rate was 

determined to be rNO2
- =52.1 mg-N/g-VSS/h prior to NO3

- addition (Table 5-III).  Since NO and 

N2O data was not collected during this respective batch assay, further downstream reduction rates 

could not be determined.  In contrast to batch assay 2, NO2
- reduction did not immediately stop 

upon addition of NO3
- to the NO2

--reducing community (Figure 5-3).  Rather, concurrent NO3
- 

and NO2
- reduction were observed, with specific reduction rates rNO3

- = 36.5 mg-N/g-VSS/h and 

rNO2
- =52.7 mg-N/g-VSS/h for NO3

- and NO2
-, respectively (Table 5-III).  Similar to batch assay 2, 

nirS expression decreased after addition of the NO3
- dose.  Despite low NO2

- reductase expression 

after addition of NO3
-, NO2

- reduction did not halt and continued at a similar rate as before.  The 

unchanged rate of NO2
- reduction was likely due to the longer half-life of the translated NO2

- 

reductase enzyme, compared to the mRNA transcript,158 thus maintaining metabolic capability of 

NO2
- reduction. 

The specific NO3
- reductase rates and percentage of electron consumption by NO3

- 

reduction (58.1%) were the lowest observed in the three batch assays, indicating that tungstate 

partially inactivated NO3
- reductase.  The calculated percentage of electron consumption by NO3

- 

is likely an overestimate, since NO and N2O data was not available for this test.  Thus, NO and 

N2O reduction rates were not included in the calculation for overall electron consumption.  If NO 

and N2O are assumed not to accumulate, this percentage decreases further to 31.6%. Additionally, 

the lack of response of specific NO2
- reductase rates to the addition of NO3

- implied that the 

inactivation of NO3
- reductase allowed electrons to be delivered further down the electron transport 

chain to NO2
- reductase. Interestingly, NO2

- reductase expression was downregulated upon the 
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addition of NO3
-, even though NO2

- continued to be reduced.  NO, the product of NO2
- reduction, 

has been found to be a necessary signal for NO2
- reductase expression through the transcriptional 

activator NNR.152,159  However, even though NO continued to be produced at rates similar to before 

the addition of NO3
- according to the apparent NO2

- reduction rates, a downregulation of NO2
- 

reductase was observed.  This suggests a more direct regulatory effect by NO3
- on NO2

- reductase 

expression, in addition to the NO signal.  

 

 

Figure 5-3.  Batch assay 3 NOx-N profiles resulting from two separate electron acceptor doses 

following the seed biomass being cultured on sodium tungstate to inactivate NO3
- reductase. 

 

5.3.4. Microbial Ecology-supported Electron Competition 

Each batch assay used a mixed microbial culture harvested from the same denitratating 

SBR with a microbial ecology that was stabilized at influent COD:NO3
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0.0E+00

1.0E+09

2.0E+09

3.0E+09

4.0E+09

5.0E+09

6.0E+09

7.0E+09

0

10

20

30

40

50

60

70

80

90

100

110

120

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170

A
b

so
lu

te
 G

en
e 

T
ra

n
sc

ri
p

ts
 [

to
ta

l 
co

p
y

 n
u

m
b

er
s]

N
O

x
-N

 [
m

g
-N

/L
]

Time [min]

NO3-N NO2-N nirS nirK

COD

Dose

NO2
-

Dose

NO3
-

Dose



 98 

 

over four SRTs.  At the time of harvesting, the SBR was experiencing significant NO2
- 

accumulation resulting in consistent denitratation performance (results not shown).  16S rRNA 

gene sequencing of each batch assay’s seed biomass resulted in similar microbial ecology at the 

genus level with Thauera sp. as the dominant genus with 72%, 73%, and 58% relative abundance 

for batch assays 1, 2, and 3, respectively (Figure S-5).  Enrichment of Thauera sp. (<12% relative 

abundance) has previously been reported in both acetate and glycerol-driven denitrification 

systems101,108,112 with significantly higher enrichment (>55% relative abundance) reported in 

denitratation-specific systems.11,55,56,58  Thauera sp. was observed to exhibit metabolic versatility 

with regard to electron usage in driving its catabolic denitrification pathway where certain strains 

were described as PO denitrifiers, while others exhibited the rapid and complete onset (RCO) of 

denitrification genes.36  Thauera sp. has also been reported to possess a truncated denitrification 

pathway.160   

When provided with a non-limiting influent COD:NO3
--N ratio, the accumulation of NO2

- 

and delayed expression of NO2
- reductase (Figure 5-1) verified that the microbial community 

structure in this study was enriched for NO3
--respirers and PO denitrifiers rather than RCO 

denitrifiers.  The near-complete selective reduction of NO3
- to NO2

- confirmed that the 

microorganisms progressively performed NO3
- and NO2

- reduction in situ as opposed to nitrogen 

reduction performed by syntrophic microorganisms with complementary truncated denitrification 

pathways.  Liu et al.36 proposed that the PO denitrifier phenotype allowed microorganisms to 

minimize energy used for respiratory metabolism while leaving open the option to express the 

remainder of the denitrification genes.  As such, the PO denitrifers would sequentially express 

nitrogen oxide reductases as a means of intracellular energy conservation only after the next higher 

energy producing reduction reaction was complete.  The upregulation of NO2
- reductase only after 
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near-complete NO3
- exhaustion in batch assay 1 (Figure 5-1), as well as the downregulation of 

NO2
- reductase upon introduction of NO3

- to a NO2
--reducing microbial community in batch assays 

2 and 3 (Figure 5-2; Figure 5-3) supported this assertion.  Previous studies9,11 alluded to the fact 

that NO2
- accumulation was due simply to the imbalance of nitrogen oxide reductase expression 

levels.  Rather, our results indicated a more nuanced rationale where the PO denitrifier phenotype-

exhibiting microorganisms supported intracellular electron competition through purposeful 

progressive expression and regulation of nitrogen oxide reductases.  By delaying the upregulation 

of NO2
- reductase in batch assay 1 (Figure 5-1) and downregulating NO2

- reductase upon 

introduction of NO3
- in batch assays 2 and 3 (Figure 5-2; Figure 5-3), the microorganisms allowed 

for NO3
- reductase to compete nearly unhindered for electrons in order to maximize energy gain.  

Despite the intentional downregulation of NO2
- reductase in batch assay 3 (Figure 5-3), the 

inactivation of NO3
- reductase inhibited its ability to effectively outcompete subsequent nitrogen 

oxide reductases for electrons thus allowing electrons to flow further downstream resulting in 

concurrent NO3
- and NO2

- reduction. 

 

5.3.5. Electron Competition and Process Kinetics 

The microbial ecology in this study supported faster process kinetics compared to 

microbial ecologies observed in full denitrification studies.  Previous glycerol-driven full 

denitrification studies reported specific denitrification rates of 1.35 to 6.5 mg-N/g-VSS/h with little 

to no NO2
- accumulation indicating concurrent nitrogen oxide reduction by a microbial ecology 

more capable of RCO denitrification.78,86  These rates were two orders of magnitude lower than 

the specific NO3
- reduction rate observed in batch assay 1 (rNO3

- =219.3 mg-N/g-VSS/h), which was 

likely due to incomplete competition for electrons between NO3
- reductase and the downstream 
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nitrogen reductases.113  The dispersal of electrons amongst all of the nitrogen reductases as 

opposed to complete out-competition by NO3
- reductase would effectively slow the rate of 

observed NO3
- reduction.  Differences in NO3

- and NO2
- reduction rates were previously suggested 

as one of the determining factors leading to NO2
- accumulation in a denitrification system,11,27,40,41 

with a large difference like that observed in batch assay 1 of this study proposed to result in NO2
- 

accumulation while slower rates with smaller differences would not.  However, it was also reported 

that NO2
- accumulation is independent of the difference between the maximum NO3

- and NO2
- 

reduction rates.38  The current results supported this assertion38 as they indicated that large 

differences in NO3
- and NO2

- reduction rates were not necessarily the cause of NO2
- accumulation, 

but rather a symptom of electron competition.  Rather, as electron competition became more 

pronounced, specifically with NO3
- reductase outcompeting the downstream nitrogen oxide 

reductases, specific NO3
- reduction rates increased while NO2

- reduction rates decreased leading 

to NO2
- accumulation. 

 

5.3.6. Distribution of Electrons 

The fraction of total electrons consumed by NO3
- reduction when NO3

- was the presumed 

primary oxidant was 96.5% and 93.6% in batch assays 1 and 2, respectively.  When NO3
- was 

depleted, NO2
- reduction, NO reduction, and N2O reduction all consumed equal fractions of the 

electron flow, as evidenced by the lack of considerable accumulation of any intermediates.  Overall 

electron consumption was higher in batch assay 1 and 2 when NO3
- was being reduced, likely due 

to the proposed presence of exclusive NO3
--respirers alongside PO denitrifiers.  In batch assay 3, 

the fraction of electrons devoted strictly to NO3
- reduction represented only 58% of the total 

consumed by concurrent NO3
- and NO2

- reduction, a considerable drop from batch assay 1 and 2. 
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These electron distribution patterns suggested that unbalanced electron competition is a 

key factor for NO2
- accumulation in the microbial ecology.  NO3

- reductase more effectively 

competed for electrons than the downstream reductases.  Additionally, the three downstream 

reductases appeared to compete equally for electrons.  When NO3
- reductase was inactivated by 

growth on tungstate, NO2
- reduction was unaffected by the addition of NO3

- since there was a 

reduced electron flow to NO3
- reductase.  This corresponded to the electron distribution from the 

reported electron transport chain during denitrification.  NO3
- reductase receives its electrons 

directly from the ubiquinol pool, whereas the other reductases receive electrons from cytochrome 

c, which is a movable electron carrier that transports electrons from the ubiquinol pool to the 

reductases,37,161 thus setting the stage for a competitive advantage for NO3
- reductase.  COD source 

has also been found to influence electron competition and NO2
- accumulation.  P. stutzeri 

accumulated NO2
- during NO3

- reduction when supplied with acetate or propionate, but not when 

supplied with butyrate, valerate, or caproate.37  Further studies of cytochrome c redox transitions 

in NO2
--reducing P. stutzeri treated with antimycin-A, an inhibitor that blocks electron flow 

between cytochromes b and c, suggested that butyrate delivered electrons to cytochrome c whereas 

acetate delivered electrons further upstream the electron transport chain.37  Additionally, no NO2
- 

accumulation was reported during methanol-driven denitrification.44  Methanol dehydrogenase, 

the first step in methanol oxidation, was found to deliver electrons to cytochrome c in 

methylotrophs.45,46  When electrons can directly flow to cytochrome c, the competitive advantage 

of NO3
- reductase receiving its electrons further upstream is reversed.  Therefore, the COD source 

and its respective electron delivery location along the electron transport chain have a great impact 

on the electron competition between the nitrogen oxide reductases and, consequently, the 

accumulation of NO2
-.  Accordingly, the results suggested that electrons resulting from the 
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oxidation of glycerol were delivered upstream of cytochrome b as evidenced by the near complete 

selective reduction of NO3
- to NO2

-.  

 

5.4. Conclusions 

The application of a stoichiometrically-limited influent COD:NO3
--N ratio was determined 

to be oversimplified in its fundamental premise leading to NO2
- accumulation in a glycerol-driven 

denitratation system.  Rather, microbial-induced electron competition resulting from the 

distinctive microbial ecology enriched under stoichiometrically-limited conditions was shown as 

the primary cause of NO2
- accumulation.  The microbial ecology, enriched with NO3

--respirers and 

PO denitrifiers, was found to regulate nitrogen oxide reductase gene expression as a means of 

controlling electron flow according to the most energy-producing electron acceptor available.  

Sodium tungstate was utilized to inactivate NO3
- reductase, which resulted in the concurrent 

reduction of NO3
- and NO2

-.  Overall results suggested that the continual presence of minimal 

levels of NO3
- in a denitratation system would cause NO3

- reductase to outcompete NO2
- reductase 

for electrons thus ensuring continual NO2
- accumulation.  In addition to glycerol, these results are 

attributable to COD sources that deliver electrons upstream of cytochrome b in the electron 

transport chain. 

 

5.5. Supplementary Information 

The supplementary information (Appendix D) includes taxonomic bar plots of each batch 

assay’s seed biomass at the genus level (Figure S-5). 
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CHAPTER 6 

 

 

Glycerol-driven Dissimilatory Nitrate Reduction to Ammonium (DNRA): 

Impact of Kinetic Limitation in a Sequencing Batch Reactor 
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6.1. Introduction 

Conventional engineered denitrification processes typically use organic carbon as an 

electron donor as many waste streams do not possess sufficient readily biodegradable chemical 

oxygen demand (COD).  Inefficient process operation is oftentimes reported to lead to the 

accumulation of aqueous nitrite (NO2
-) and/or gaseous nitrous oxide (N2O) as major intermediates.  

This presents distinct environmental challenges that facilities attempt to prevent through external 

COD dosing in excess of stoichiometric requirements.  This technique may prove far more 

complex owing to factors such as microbial ecology adaptation in support of dissimilatory nitrate 

reduction to ammonium (DNRA), the reduction of nitrate (NO3
-) to ammonium (NH4

+), over 

denitrification.  DNRA is not typically desired due to its resultant aqueous nitrogen conservation 

as opposed to denitrification’s nitrogen loss to nitrogen gas (N2),87 as well as the likely increase in 

COD discharges to receiving waters. 

In general, it is well documented that the dominant selection mechanism of DNRA over 

denitrification is the limitation of NO3
- as the electron acceptor when compared to the availability 

of organic COD as the electron donor.162,163  The ability of DNRA to channel eight electrons versus 

five during denitrification is most commonly postulated as the basis of DNRA being favored under 

these conditions in order to serve as an electron sink.163  Additionally, other factors such as pH, 

variation in NO3
- or NO2

- as the electron acceptor, fermentable COD source loading, and the 

availability of inorganic reductants, such as bisulfide (HS-) or ferrous (Fe2+)  ions, have also been 

reported to favor DNRA.12,14–16  The metabolic pathways used to drive DNRA are varied, with 

both fermentative heterotrophs and chemoautotrophs possessing the necessary metabolic pathways 

for growth coupled to DNRA.16   
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Significant work has been performed to characterize the interplay between denitrification 

and DNRA in the environment.164–168  However, only recently have studies placed an emphasis on 

better understanding the steady-state bioreactor conditions that favor DNRA over denitrification 

in engineered biological nitrogen removal (BNR) systems.12,14,169–173  While the majority of recent 

studies have focused on continuous flow systems, it has proven far more complex to induce DNRA 

in sequencing batch reactors (SBRs) than simply providing an electron acceptor-limited 

environment.174  Comparatively, sequencing batch systems present operational challenges as truly 

growth-limiting conditions with low, but not limiting NO3
-, are difficult to maintain due to the 

system cycling.12,169  Previously reported DNRA rates are lower than those for denitrification, 

which could be due to differences in constituent microbial ecology12 or a bottleneck in electron 

distribution to the cytochrome-c nitrite reductase (nrfA) that catalyzes the reduction of NO2
- to 

NH4
+ versus that of denitrification (nirS/nirK),14 suggesting that the selection of DNRA over 

denitrification may also be kinetically-controlled.14  Therefore, DNRA may be favored over 

denitrification in conditions that select for DNRA-capable microorganisms based upon the 

mediation of biokinetics coupled with an electron acceptor-limited environment. 

Accordingly, the overarching goal of this study was to characterize the selection of a 

microbial ecology favoring DNRA over denitrification through kinetic limitation.  The specific 

objectives were to (1) characterize the influence of kinetic limitation on the reduction of NO3
- to 

NH4
+ in a glycerol-driven SBR system, (2) differentiate the extent of NH4

+ accumulation according 

to the kinetically-supported microbial ecology, and (3) elucidate a potential microbial community 

structure that favors DNRA in a glycerol-driven SBR system.  
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6.2. Material and Methods 

6.2.1. Experimental Set-up and Reactor Operation 

Two SBRs (herein denoted as SBR1 and SBR2, respectively) with working volumes, V=6 

L, were operated at room temperature (22±3oC) for a period of 322 d.  The SBRs were operated at 

a hydraulic retention time (HRT) of 1 d, utilizing 4 cycles per day with each cycle consisting of a 

90-min anoxic feed and react period, a 180-min anoxic react period, a 60-min settling period, and 

a 30-min decant period.  SBRs were mixed at approximately 200 rpm via overhead mechanical 

stirrers during the anoxic feed and react period.  SBR feed contained 100.0 mg/L NO3
--N (as the 

terminal electron acceptor), 30.0 mg/L NH4
+-N (to support assimilation), 87.0 mg/L KH2PO4, 

200.0 mg/L MgSO4·7H2O, 20.0 mg/L CaCl2·2H2O, NaOH (for pH adjustment to pH 7.5), and 

trace nutrients.  Trace nutrients dissolved in deionized water included (per 100 L SBR feed): 

2,010.1 mg EDTA; 500.4 mg FeSO4·7H2O; 43.1 mg ZnSO4·7H2O; 23.8 mg CoCl2·6H2O; 172.2 

mg MnCl2·4H2O;  25.0 mg CuSO4·5H2O; 10.0 mg Na2MoO4·2H2O; 2.1 mg NiSO4·6H2O; and 1.1 

mg H3BO3.  pH was controlled automatically at pH 7.50 ± 0.10 using 1.0 M NaHCO3 via chemical 

dosing pump (Etatron D.S., Italy, or Masterflex, IL).  Glycerol served as the external COD source 

whose flowrate was manipulated to meet influent COD:NO3
--N=12:1.  Glycerol was fed at the 

beginning of the anoxic feed and react period.  Solids wasting, Qw,average, was calculated via mass 

balance using biomass concentrations (Xreactor, Xeffluent) averaged over three days (t=0, -1, -2) of 

measurements (Equation 6-1) in order to minimize rapid changes in biomass concentrations.  

Solids wasting was controlled daily during the anoxic feed and react period to maintain the targeted 

solids retention time (SRT) (θc,target; 3 d, 6 d, 12 d, or 20 d) in each respective SBR.   

 



 107 

 

Q
w,average

=
∑ (

V∙Xreactor,t-Qin∙θc,target∙Xeffluent,t

θc,target∙Xreactor,t-θc,target∙Xeffluent,t
)t=0

t=-2

3
      Equation 6-1 

     

Upon transitioning to each SRT tested, a stabilization period of four SRTs was allowed for sludge 

acclimation and microbial community adjustment and stabilization prior to assessing performance 

relative to other conditions.  Sequencing and timing of SBR cycles and daily solids wasting was 

controlled and maintained by peristaltic pumps and tubing (Masterflex, IL) using electronic timers 

(ChronTrol Corporation, CA).   

The SBRs were inoculated with fully denitrifying activated sludge from the mainstream 

denitrification tanks of a local water resource recovery facility (New York, NY) previously 

acclimated to glycerol as an external carbon source at approximately SRT=20 d.  The start-up of 

the SBRs consisted of inoculation of seed sludge into glycerol and NO3
--free synthetic wastewater 

prior to the initiation of the daily operational cycles.  Daily solids wasting immediately commenced 

to align the SRT of the seed sludge to each targeted SRT.  The previously described stabilization 

period was initiated once each respective SBR achieved steady-state solids concentrations. 

 

6.2.2. Sample Collection and Wastewater Quality Analysis  

All testing procedures were in accordance with Standard Methods.81  Aqueous-phase 

samples were withdrawn during the decant period of the reactor cycle and concurrently from the 

influent for chemical species analysis after centrifugation (8,000 x G, 10 min, 4-8ºC) to remove 

cells and cell debris.  For SBR1, NO3
- and NH4

+ were measured using ion selective electrodes 

(Thermo Fisher Scientific, MA).  NO2
- concentration was measured via diazotization and 

colorimetry.81  For SBR2, NO3
-, NO2

-, and NH4
+ were measured using TNTplus® chemistry test 

kits (Hach Chemical Company, CO).  The fraction of influent NO3
- lost to nitrogenous gases was 
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determined via mass balance on nitrogen.  Separate aqueous-phase samples were extracted just 

prior to the end of the anoxic react period and during the decant period of the reactor cycle in order 

to assess total biomass concentrations in the reactor and effluent, respectively, for SRT control.  

Aqueous-phase samples taken during the decant period were centrifuged (8,000 x G, 10 min,          

4-8ºC) and filtered using 0.45 µm syringe filters (A Chemtek, MA) to assess remaining soluble 

COD concentrations (Hach Chemical Company, CO) at the end of a given reactor cycle.  Biomass 

concentrations were approximated using particulate COD measurements.  For SBR2, total 

suspended solids81 were also used to approximate biomass concentrations.  Additional aqueous-

phase samples taken just prior to the end of the anoxic react period for both SBRs were centrifuged 

(8,000 x G, 10 min, 4-8ºC), supernatant was discarded, and cell pellets were preserved at -80oC 

for subsequent DNA extraction and 16S rRNA gene sequencing. 

 

6.2.3. Feeding Strategy Experiments 

Two feeding strategies were tested to maximize NH4
+ accumulation in the same conditions 

at SRT=20 d.  First, a pulse feeding strategy delivered 1 pulse of glycerol at the beginning of the 

anoxic feed and react period of the reactor cycle (Figure S-6).  Second, a semi-continuous feeding 

strategy delivered NO3
--containing SBR feed continuously for the first 90 min of the anoxic feed 

and react period with glycerol dosed every 10 minutes starting at the beginning of the period 

(Figure S-6).  Pump times were manipulated to maintain equal mass loading rates of glycerol in 

both strategies. 
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6.2.4. DNA Extraction, Next-Generation Sequencing of Amplicon Library, and Bioinformatics 

DNA was extracted from biomass samples and purified using a QIAamp DNA Mini Kit 

(Qiagen, Inc., MD).  The DNA quality and quantity was verified using a NanoDrop Lite 

spectrophotometer (Thermo Fisher Scientific, MA).  Next-Generation Sequencing and 

bioinformatics were performed according to internal and widely published laboratory procedures 

as described further herein.  Multiplex sequencing was accomplished through the application of 

barcoded fusion primers with Ion XpressTM sequencing adapters (Thermo Fisher Scientific, MA) 

and a 16S rRNA bacterial 1055F/1392R universal primer set.  Amplification of genomic DNA 

targets was performed with iQTM SYBR® Green Supermix (Bio-Rad, CA) and purification via 

Agencourt AMPure XP Reagent (Beckman Coulter, CA).  Library quantification was performed 

with an Agilent DNA 1000 Kit (Agilent, CA).  Ion OneTouch2 (Ion PGM Hi-Q View OT2 Kit) 

was used to prepare the template with the DNRA library, as well as the Ion Spheres Particle (ISP) 

enrichment.  Enriched ISP was loaded onto an Ion Torrent 318 v2 BC chip.  The ISP was then run 

on an Ion Torrent Personal Genome Machine (Ion PGM Hi-Q View Sequencing Kit) with base 

calling, signal processing, and quality filtering (Phred score of >15) of the raw sequences 

performed using Ion Torrent Suite software.  The 1055F/1392R universal primer set targeted 

sequences of approximately 350 bp.  Mothur software was used to initially screen out likely 

incorrect amplicon sequences with bp lengths more than 50 bp different than the target sequence 

length.82  AfterQC software was used to further delete bad quality reads (Phred score of <20) and 

trim the tails of reads where quality dropped significantly.83  DADA2 programming via R Studio 

software was used to produce a table of non-chimeric amplicon sequence variants (ASVs) from 

the demultiplexed fastq files.84  QIIME2 software was applied in conjunction with the Silva version 

132 reference taxonomy for further post-sequencing bioinformatic analysis.85   
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6.2.5. Nitrogen Conversion Calculations  

The degree of NH4
+ accumulation in the SBRs was normalized to the influent NO3

- 

concentration and described by an ammonium accumulation index (AAI; Equation 6-2), relating 

the accumulation of NH4
+ to the removal of NO3

- while accounting for theoretical assimilation 

requirements (NH4
+

,REQ-N).  An AAI of 1.0 indicated complete reduction of NO3
- to NH4

+ (DNRA-

dominated) compared to terminal reduction to N2 gas (denitrification-dominated), for which the 

AAI would be less than 0.50.   

 

AAI=
(NH4,EFF

+
-N)+(NH4,REQ

+
-N)-(NH4,INF

+
-N)

(NO3,INF
-

-N)
       Equation 6-2 

 

Theoretical assimilation requirements were determined at steady-state (           Equation 

6-3).  As such, it was assumed that NH4
+ was taken up for microbial growth necessary to replenish 

the microorganisms (Xreactor) that were wasted in the daily wasting cycle (Qw) used to maintain 

each targeted SRT.  The conversion factor (see Appendix E) in            Equation 6-3 assumes Xreactor 

is measured in mg/L COD and that C5H7O2N is the cell’s relative composition.175 

 

NH4,REQ
+ -N=0.0875(Xreactor∙Qw

)                 Equation 6-3175  

 

6.3. Results and Discussion 

6.3.1. DNRA Reactor Performance  

The influent COD:NO3
--N ratio required for glycerol-driven DNRA was 

thermodynamically25 determined to be 7.8:1 as previously described in section 3.3.1.  This 

corresponded well with an experimentally-determined operational ratio of 7.7:1 for acetate-driven 
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DNRA,12 although no glycerol-driven steady-state experiments were found for comparison.  

Intuitively, it followed that the required glycerol-driven operational ratio was greater than that for 

denitrification, of which experimentally-determined influent COD:NO3
--N ratios of 4.2:1 to 5.6:1 

have been observed.78,86,87  An influent COD:NO3
--N ratio of 12:1 was utilized to ensure NO3

--

limited conditions persisted for the duration of the SBR cycle, although other electron acceptors, 

specifically SO4
2-, also were likely to have been reduced due to the addition of COD in 

stoichiometric excess.     

Kinetic limitation was found to impact the favorability of DNRA over denitrification.  

SBRs operated at a NO3
--limited influent COD:NO3

--N ratio under SRTs of 3, 6, 12, and 20 d all 

resulted in denitrification being favored over DNRA.  However, the SBR operated at SRT=12 d 

exhibited increased DNRA activity compared to the other SRTs which yielded no DNRA activity.  

During steady-state operation, this was indicative of the best SBR performance, defined as the 

maximum NO3
- removal and NH4

+ accumulation after accounting for assimilation, as a function 

of operational SRT (Figure 6-1; Table 6-I).   

Operation at SRT=12 d resulted in an average NH4
+ accumulation (effluent NH4

+ and 

theoretical assimilation requirements) of 302.4±62.6 mg/L NH4
+-N (n=7) and AAI of 0.22±0.11, 

indicating that 22% of the NO3
- reduced was converted to NH4

+ via DNRA while the remainder 

escaped as gaseous-N products via denitrification (Figure 6-1; Table 6-I).  While denitrification 

was still dominant (AAI<0.50), a positive AAI indicated that DNRA activity was quantitatively 

observed.  NH4
+ accumulation at all other SRTs was approximately equal to influent NH4

+ with 

no DNRA activity observed.  AAIs of approximately 0 supported this assertion (Table 6-I).  NO3
- 

was not likely used for assimilation due to the presence of significant NH4
+ in the effluent at all 

SRTs.  Additionally, in situ batch assay results at SRT=3 d indicated that COD remained in excess 
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(NO3
--limited) for the duration of each cycle while NO3

- or NO2
- failed to accumulate even during 

the feed period of the SBR cycle (Figure S-7).  

 

 

Figure 6-1.  Input and accumulation of NH4
+ at each examined SRT. 

 

We also explored and refuted the possibility that the accumulated NH4
+ at SRT=12 d may 

be indirectly due to organic-N contributions as a function of endogenous decay, rather than actual 

DNRA activity.176  Active biomass may have utilized this additional organic-N for assimilation 

purposes, thus decreasing the demand on NH4
+ in solution at longer SRTs making the elevated 

effluent NH4
+ appear to be due to DNRA activity.  The average total biomass concentration in the 

SBR at SRT=12 d was approximately 2,481±60 mg/L COD (n=7).  As expected, decay at longer 
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SRTs contributed more organic-N compared to shorter SRTs (see Appendix E).  Decay in the SBR 

operated at SRT=12 d contributed approximately 6.3±0.2 mg-N/L.  This alternate input of 

assimilative nitrogen was accounted for through subtraction from the effluent NH4
+ and listed as 

a decay-adjusted AAI (Equation 6-4; Table 6-I).   

 

Decay adj. AAI=
(NH4,EFF

+
-N)+(NH4,REQ

+
-N)-(NH4,INF

+
-N)-(OrgNdecay-N)

(NO3,INF
-

-N)
   Equation 6-4 

 

After accounting for decay, the SBRs at all SRTs except for SRT=12 d favored denitrification over 

DNRA as indicated by the negative decay-adjusted AAIs (Table 6-I). 

 

Table 6-I. DNRA performance metrics (AAI) at each respective SRT. 
SRT 

[d] 
AAIa Decay-adjusted AAIb 

3 

(n=8) 
0.00±0.03 -0.02±0.03 

6 

(n=6) 
0.00±0.06 -0.04±0.06 

12 

(n=7) 
0.22±0.11 0.15±0.11 

20 

(n=5) 
0.00±0.06 -0.17±0.04 

a Calculated via Equation 6-2. 
b Calculated via Equation 6-4. 

 

Analysis of variance (ANOVA) across the SRTs identified a statistically significant 

difference in decay-adjusted AAIs (p=3.6x10-7, α=0.05, n=27) with an increase from -0.02 to 0.15 

as the SRT approached SRT=12 d and then a subsequent decrease to -0.17 as SRT was increased 

to SRT=20 d (Table 6-I).  Further Holm-Sidak post-hoc multiple comparison analysis indicated 

significant differences amongst each comparison except for SRT=3 d and SRT=6 d.  The decay-

adjusted AAI at SRT=12 d was also found to be significantly different than that at all other SRTs 
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(p<0.003 for all comparisons, α=0.05; Table S-VIII).  The statistically significant increase in 

decay-adjusted AAI at SRT=12 d indicated that the kinetic conditions were favorable for glycerol-

driven DNRA compared to the other SRTs examined at uniformly non-limiting influent COD:N 

ratios.   

The difference in DNRA activity observed at the examined SRTs was attributed to the 

manipulation of kinetic limitation; however, several other potential reasons could exist.  Desired 

microorganisms can be selectively enriched within a system by varying the SRT based on their 

respective specific growth rates.115  At SRT=12 d, the system supported a microbial ecology more 

capable of DNRA (vide infra), whereas phenotypes supporting denitrification were more prevalent 

at shorter SRTs.  However, DNRA activity was lost after increasing the SRT to 20 d, indicating 

that the reduced kinetic limitation at the higher SRT allowed for the enrichment of a microbial 

ecology that was able to outcompete the DNRA-capable microorganisms at SRT=12 d.  Other 

continuous-flow studies14,177 have noted similar results, where populations capable of DNRA and 

increased DNRA activity were generally supported by longer generation times or lower dilution 

rates.  Rates of DNRA have also been shown to be much slower than denitrification rates, 

potentially due to the inability of a cell to transfer the six electrons required for NO2
- reduction to 

NH4
+ as quickly as a single electron could be transferred to reduce NO2

- to NO in the denitrification 

cascade.14  Specific glycerol-driven denitrification rates were found to be much greater at shorter 

SRTs than longer SRTs (section 4.3.2), thus propagating the electron bottleneck even further by 

allowing for denitrifiers to outcompete DNRA microorganisms for electrons.  As specific 

denitrification rates begin to slow at longer SRTs, DNRA may be able to more effectively compete 

for available electrons, which could explain the increase in DNRA activity at SRT=12 d, although 
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a shift in the microbial ecology at SRT=20 d may have contributed to the decrease in DNRA 

activity under those conditions. 

 

6.3.2. DNRA Control via Feeding Strategy 

The semi-continuous feeding strategy (influent COD:NO3
--N=12:1, SRT=12 d) did not 

result in a statistically significant improvement in decay-adjusted AAI (p=0.24; α=0.05; n=10) 

over the pulse feeding strategy, indicating that feeding methodology did not impact the 

performance of the SBR system under the conditions examined.  The semi-continuous feeding 

strategy was intended to more closely mimic continuously fed systems,12 which have had greater 

success in harnessing significant DNRA activity, as compared to SBRs.174  The increased DNRA 

activity observed in continuous flow studies was thought to be influenced by the constant substrate 

gradient of an electron acceptor-limited environment.  Therefore, the primary challenge with 

inducing DNRA in an SBR is believed to be the constantly changing substrate gradient due to the 

cycling.169   

 

6.3.3. Competition for NO3
- 

Fermentative heterotrophs and chemoautotrophs are capable of performing DNRA under 

NO3
--limited conditions.163  Both glycerol fermentation and HS- oxidation coupled to the reduction 

of NO3
- or NO2

- to NH4
+ for growth purposes have been reported.87,177,178  Glycerol was supplied 

in stoichiometric excess in the current study in order to induce heterotrophic DNRA activity.  

However, DNRA activity was only observed at SRT=12 d of the four SRTs examined.  Previous 

studies found that DNRA was more thermodynamically favorable than denitrification per mol 

NO3
- under NO3

--limited conditions for glucose179 and acetate174 as electron donors.  Similarly, 
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DNRA was found to be thermodynamically favorable over denitrification per mol NO3
- for 

glycerol as an electron donor as well, with a theoretical energy gain at standard conditions for 

glycerol-driven DNRA of ∆G
0'

=-592 kJ/mol-NO3
- and glycerol-driven denitrification of         

∆G
0'

=-555 kJ/mol-NO3
- (Table 6-II).24  Despite this, denitrification remained the dominant 

reduction pathway at all SRTs examined even when DNRA activity was observed, indicating that 

the microbial ecology was not selected to optimize energy gain according to the metabolic 

potential.174 

Analysis of chemoautotrophic DNRA driven by HS- oxidation was quite the opposite.  

Autotrophic denitrification was more thermodynamically favorable per mol NO3
- than DNRA for 

both HS- oxidation to elemental sulfur (S0) and sulfate (SO4
2-), although energy gain differences 

were much less pronounced compared to heterotrophic DNRA and denitrification (Table 6-II).  

However, heterotrophic processes remained much more favorable on an energy gain per mol NO3
- 

than autotrophic processes. 

 

 

Table 6-II. Comparison of theoretical energy gain between heterotrophic and autotrophic 

denitrification and DNRA. 

Process 
Electron Donor 

Oxidation Couple 
∆G0' 

[kJ/mol-NO3
-] 

Heterotrophic Denitrification 

Glycerol 

-555 

Heterotrophic DNRA -592 

Autotrophic Denitrification 

HS-
→S0 -491 

HS-
→SO4

2- -466 

Autotrophic DNRA 

HS-
→S0 -488 

HS-
→SO4

2- -448 
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The partitioning between two metabolic processes, such as denitrification and DNRA, is 

not solely determined by thermodynamic favorability.162  Rather, other factors contributing to the 

fate of NO3
-, include electron donor to acceptor ratios, reaction kinetics, and substrate affinities.162  

The increase of the influent COD:NO3
--N ratio above the stoichiometric requirement for DNRA 

did not result in the favoring of DNRA over denitrification in the current study (Figure 6-1; Table 

6-I).  As such, kinetic limitation was reduced (increase in SRT) in order to mediate process kinetics 

and select for a DNRA-capable microbial ecology as a means of partitioning NO3
- reduction 

processes in favor of DNRA.  The kinetic conditions created at SRT=12 d as opposed to other 

operational SRTs supported DNRA activity as indicated by the positive decay-adjusted AAI 

(0.15±0.11; Table 6-I), although denitrification was still the dominant process despite 

thermodynamic favorability of heterotrophic DNRA (Table 6-II).  Interestingly, no fermentative 

heterotrophs were identified at SRT=12 d (vide infra), suggesting that the observed DNRA activity 

was driven by the oxidation of inorganic reductants, such as Fe2+ or HS-, rather than fermentation.  

In this case, the fate of NO3
- reduction via autotrophic denitrification was thermodynamically 

favored over autotrophic DNRA by a slightly higher theoretical energy gain (Table 6-II), further 

supporting the assertion that kinetic limitation, in addition to maintaining a NO3
--limited 

environment, was a factor in process partitioning between DNRA and denitrification. 

 

6.3.4. Microbial Ecology 

Proteobacteria was the most dominant phylum out of 21 identified at all SRTs with a 

relative abundance that decreased with increasing SRT (92% at SRT=3 d, 81% at SRT=6 d, 47% 

at SRT=12 d, and 37% at SRT=20 d) (Figure 6-2a).  The decrease was attributed to a similarly 

phased decrease in γ-Proteobacteria, which comprised 57% relative abundance at SRT=3 d, 
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increased to 64% at SRT=6 d, and then decreased to 22% and 13% relative abundances at    

SRT=12 d and SRT=20 d, respectively (results not shown).  δ-Proteobacteria (15-28%) and           

α-Proteobacteria (0.5-6%), however, maintained fairly consistent relative abundances at all SRTs.  

Comparatively, Epsilonbacteraeota phyl. nov.180 increased in relative abundance as SRT increased 

(6% at SRT=3 d, 10% at SRT=6 d, 29% at SRT=12 d, and 36% at SRT=20 d) (Figure 6-2a).  Many 

species of γ-Proteobacteria, δ-Proteobacteria, and Epsilonbacteraeota were previously identified 

as being DNRA-capable, with the ability to reduce NO3
- to NO2

- and/or NO2
- to NH4

+.34,181  An 

obligate anaerobe, Elusimicrobia, was found to be enriched from negligible reads (<0.1% relative 

abundance) at shorter SRTs to 17% relative abundance at SRT=12 d and 5% at SRT=20 d (Figure 

6-2a).  Elusimicrobia was previously thought to enhance organics removal182,183 based upon its 

purely fermentative metabolism with products such as acetate, hydrogen, ethanol, and alanine.183  
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Figure 6-2.  Taxonomic analysis of the microbial ecology at the phylum (a) and genus (b) 

taxonomic levels (influent COD:NO3
--N=12:1).  The grouping “Other” comprised ASVs with 

less than 1% total relative abundance (among all samples summed). 

 

Genera with reported DNRA-capable phenotypes were present at all SRTs, which indicated 

that the electron acceptor-limited (NO3
--limited) environment was a dominant selection 

mechanism.  Members of Enterobacteriaceae fam.,163 Geobacter sp.,12 Desulfovibrio 

desulfuricans,184–187 Desulfobulbus sp.,186 and Sulfurospirillum sp.188 were previously reported as 

possessing the cytochrome-c NO2
- reductase, nrfA, encoded gene as opposed to cytochrome-cd1 

NO2
- reductase, nirS, or Cu-containing NO2

- reductase, nirK.  However, those taxa identified as 

DNRA-capable decreased in total relative abundance as SRT increased, from approximately 85% 

relative abundance at SRT=3 d to 25% at SRT=20 d, suggesting that the sheer abundance of these 

taxa did not necessarily correspond to elevated DNRA activity (Figure 6-2b).15     

DNRA activity was observed at SRT=12 d as indicated by the positive decay-adjusted AAI 

(AAI=0.15±0.11).  The driver of elevated DNRA activity at SRT=12 d compared to shorter SRTs 
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was believed to be due to the enrichment of Sulfurospirillum sp. based upon its ability to couple 

HS- oxidation with NO3
- reduction to NH4

+.34,179,188–190  Additionally, the conditions at this SRT 

supported the enrichment of Rhodocyclaceae fam., known heterotrophic denitrifiers,101 and              

C. Endomicrobium sp., a fermentative heterotroph incapable of reducing NO3
-.183  Geobacter sp. 

persisted across all SRTs at similar relative abundances, indicating that it may not have been 

involved with DNRA at SRT=12 d despite its reported DNRA capabilities.12  The lack of DNRA-

capable fermentative heterotrophs at SRT=12 d supported the assertion that the observed DNRA 

activity was likely due to the chemoautotroph, Sulfurospirillum sp.  

Enterobacteriaceae fam. was significantly enriched at shorter SRTs with relative 

abundances of 56% at SRT=3 d, 48% at SRT=6 d, and negligible reads at longer SRTs.  

Fermentation was widely reported as a capability of many members of Enterobacteriaceae fam.,163 

with specific reports of glycerol fermentation coupled to heterotrophic DNRA.87,177,178  Despite the 

significant enrichment of Enterobacteriaceae fam., its function in anaerobic nitrogen cycling was 

undetermined as no DNRA activity was observed at the shorter SRTs where Enterobacteriaceae 

fam. was present and no members have reported denitrification capabilities.1   

Longer SRTs promoted the enrichment of Sulfurovum sp., which was previously reported 

as an autotrophic denitrifier capable of driving denitrification through the oxidation of HS- to either 

S0 or SO4
2-.191  As HS- was not intentionally dosed, HS- was likely produced through the reduction 

of SO4
2- as confirmed through olfactory and visual observations and by the detection of the known 

SO4
2--reducing bacteria, Desulfovibrio sp. at shorter SRTs and Desulfobulbus sp. at longer SRTs 

(Figure 6-2b).34,181,185,187  SO4
2--reducing bacteria have also been reported as being capable of 

reversing their metabolic pathway through the partial oxidation of HS- to SO4
2- coupled to the 

reduction of NO2
- to NH4

+.185,186,192–194  However, it is unlikely that this reversed pathway was 
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expressed, as the greatest total relative abundance (~13%) of Desulfovibrio sp. and Desulfobulbus 

sp. was identified at SRTs of 3 d and 20 d during which DNRA activity was not observed.  Rather, 

the HS- resulting from SO4
2- reduction was likely used as the electron donor for Sulfurospirilllum 

sp.-mediated chemoautotrophic DNRA at SRT=12 d.  The enrichment of Sulfurovum sp. at 

SRT=20 d likely led to higher autotrophic denitrifying activity and the out-competition of DNRA 

microorganisms for available electrons resulting in a drastic decrease in decay-adjusted AAI            

(-0.17±0.04; Table 6-I) .  Based on these results, it would be interesting to further explore the 

kinetics and ecology of HS--supported DNRA in engineered nitrogen cycling systems.   

 

6.4. Conclusions 

Results indicated that the provision of NO3
--limited environment by itself was not enough 

to induce and favorably partition DNRA over denitrification in an SBR.  Rather, observed DNRA 

activity at SRT=12 d (AAI=0.15±0.11), as opposed to other operational SRTs, indicated that 

kinetic limitation supported the partitioning of at least a portion of NO3
- reduction to DNRA.  The 

microbial ecologies supported at each operational SRT were different with the decrease of 

Enterobacteriaceae fam., a DNRA-capable fermentative heterotroph, to negligible levels as SRT 

increased to SRT=12 d suggested that DNRA activity observed at that SRT was potentially due to 

chemoautotrophic DNRA as opposed to heterotrophic.  The visual confirmation of SO4
2- reduction 

to HS- and the identification of increased relative abundances of the DNRA-capable sulfide-

oxidizing, Sulfurospirillum sp. at SRT=12 d supported this assertion. 
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6.5. Supplementary Information 

The supplementary information (Appendix E) includes: 

• Contributions of cellular decay to organic-N availability for potential assimilation; 

• Feeding strategy schematic (Figure S-6); 

• In situ nitrogen species profiles at SRT=3 d (Figure S-7); and, 

• Holm-Sidak post hoc multiple comparison analysis results for AAI (Table S-VIII). 
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CHAPTER 7 

 

 

Concluding Remarks 

 

 
7.1. Denitratation -- Is It Environmentally Worth It? 

Denitratation has been shown to result in significant cost savings compared to 

denitrification while maintaining similar nitrogen removal efficiencies.  Specifically, reductions 

in aeration energy requirements and chemical input (COD and alkalinity) requirements result in 

the direct, observable impacts when contemplating an scBNR system compared to a conventional 

system.  While the bottom line is important, is scBNR truly more sustainable than a conventional 

system, e.g. what are the tangible positive environmental impacts?  

While the facility’s overall energy demand will obviously decrease in line with the lower 

aeration energy requirements, the resultant indirect CO2 emissions are difficult to estimate based 

upon power generation and base loading and other intricacies involved in navigating the United 

States’ domestic power grid.  However, direct reductions in CO2 emissions from the biological 

COD oxidation in the facility itself can be quantified.  Treatment of the roughly 20 million tons195 

of reactive nitrogen contained in annual domestic wastewater flows via a denitratation-based 

scBNR system would reduce annual CO2 emissions by over 9 million tons.  In 2015, the United 

States Department of Transportation reported that there were approximately 113,000,000 

passenger vehicles registered in the United States.1  While not nearly that many vehicles are 

regularly driven, this represents the worst case scenario.  The United States Environmental 

Protection Agency reported in 2018 that the average passenger vehicle produces approximately 

                                                 
1 US DOT, https://www.fhwa.dot.gov/policyinformation/statistics/2015/mv1.cfm 
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4.6 tons of CO2 per year.2  Accordingly, the reduction of annual CO2 emissions resulting from a 

denitratation-based scBNR system as opposed to a conventional system would be equivalent to 

removing approximately 2,000,000 or 2% of all passenger vehicles from driving in the United 

States every year.  Coupled with the immediate cost savings and the similar nitrogen removal 

efficiencies as compared to conventional BNR systems, the annual reduction in CO2 emissions 

resulting from a change to an scBNR system would be substantial. 

 

7.2. Potential Impact of an Engineered DNRA Process 

To support our population’s increasing demand on Earth’s crop yields, the Haber-Bosch 

process is used to anthropogenically fix 100 million tons195 of unreactive nitrogen into reactive 

ammoniacal-nitrogen annually.  This places undue stress on nature through indirect contributions 

to global warming (1-2% of total world energy consumption)195 and an artificial imbalance in the 

nitrogen cycle at a rate which nature cannot overcome.  Historically, conventional engineered 

denitrification processes have been used to help re-balance the nitrogen cycle through 

bioconversion of aqueous NO3
- to inert gaseous N2 for atmospheric release.  Instead, this study’s 

results indicated that NO3
-, a typical waste product, could be reduced to NH4

+ through DNRA, thus 

conserving aqueous nitrogen as opposed to conversion to and loss of gaseous N2 through 

denitrification.  While the COD requirement is higher than that for denitrification, the potential 

exists to utilize pre-existing organic carbon COD in domestic waste streams or other ‘waste’ 

organic streams, such as food waste, to meet or offset that condition.  As such, the ability to harness 

and optimize the DNRA process in an engineered system could offset anthropogenic nitrogen 

fixation requirements and their associated greenhouse gas emissions by over 25% based upon the 

                                                 
2 US EPA, https://www.epa.gov/greenvehicles/greenhouse-gas-emissions-typical-passenger-vehicle 
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nearly 27 million tons195 of reactive nitrogen contained in annual domestic wastewater and food 

waste flows.  Increased COD requirements to drive DNRA would result in higher chemical input 

costs at the facility level, as well as higher CO2 emissions, however, both costs would likely be far 

outweighed by the direct and indirect benefits of CO2 savings through the reduction in energy 

demand. 

 

7.3. Future Research Directions 

7.3.1. Application and Scale-up of a Denitratation-Anammox System 

The feasibility of coupled denitratation-anammox has previously been confirmed for 

treatment of both mainstream and sidestream wastewater streams.22,23  However, the origination 

of this study was to develop a resource-efficient process capable of combined NO3
- and NH4

+ 

removal of highly concentrated waste streams with potentially inhibitory compounds present.  

With the feasibility of denitratation confirmed, additional work is needed to confirm the efficacy 

of a glycerol-driven combined denitratation-anammox system, as well as the inhibitory impacts of 

specific compounds that may be present in the waste stream.  Work is underway as heterotrophic 

denitrifers and anammox bacteria were recently introduced into a combined denitratation-

anammox system utilizing an integrated fixed-film activated sludge (IFAS) process configuration.  

Using the optimized operational controls determined in this study to maximize NO2
- accumulation 

for use as a co-substrate by the anammox bacteria, initial results were promising.  However, 

continued enrichment is necessary to ensure that appropriate denitrifier and anammox activity has 

been established to effectively meet the anticipated nitrogen loading of the simulated waste stream.  

Following stabilization, impacts of the inhibitory compounds on the microbial community 
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structure and function, as well as the system performance and resilience must be characterized in 

order for the system to be recommend for scale-up and implemented as a pilot. 

 

7.3.2. Thauera spp. -- The Unproven Superstar in Denitratation Systems? 

Significant enrichment (55-78% relative abundance) of Thauera sp. has been observed in 

both acetate-driven11,55,56,58 and glycerol-driven (this study) denitratation studies at 

stoichiometrically-limited influent COD:NO3
--N conditions.  Comparatively, full denitrification 

studies reported Thauera sp. relative abundances as less than 12%.101,108,112  Liu et al.36 proposed 

that the progressive onset phenotype, which Thauera sp. is reported to exhibit, allows the 

microorganism to minimize energy used for respiratory metabolism during short periods of 

environmental stress.  Together, this indicates that Thauera sp. may be the model microorganism 

for denitratation systems operated at stoichiometrically-limited influent COD:NO3
--N conditions.  

As such, further fundamental work must be done to characterize Thauera sp.’s carbon and nitrogen 

metabolic pathways in pure culture using global mRNA and/or global protein-based responses 

under varied environmental stresses.  Global survey work would also be beneficial to assess the 

ubiquity of Thauera sp. in mixed microbial cultures across various scBNR process configurations 

in time and space and examine the metabolic pathways using either global or specific mRNA-

based responses.  This analysis would allow us to potentially unlock the underlying causes of such 

high Thauera sp. enrichment in conditions supporting denitratation as opposed to denitrification, 

while providing additional understanding with regard to its respective mechanisms supporting 

NO2
- accumulation.   
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7.3.3. Waste Glycerol -- Feasibility, Cost-benefit, and Lifecycle Assessment 

With the increase in biodiesel production in recent years, glycerol, a byproduct of said 

production, has oversaturated the marketplace.6  Despite glycerol’s use in numerous applications 

and production processes, the biodiesel industry is saddled with the need and additional costs of 

proper disposal.  With many wastewater treatment facilities now converting from methanol-based 

denitrification systems to glycerol-based due to safety and procedural concerns, there is a distinct 

opportunity to use the waste glycerol to drive the denitrification process, thus treating a waste 

product (NO3
-) with another waste product (glycerol).  Our results indicated that purified glycerol 

was an optimal COD source to drive the denitratation process and achieve significant NO2
- 

accumulation.  Rather, the impacts of raw waste glycerol, either directly from the biodiesel 

industry or in various stages of purification, on microbial ecology, process kinetics, and nitrogen 

conversion efficiencies should be defined.  Additional waste products contained in the raw glycerol 

may have an inhibitory effect which should also be characterized.  A better understanding of the 

impacts of using raw versus purified glycerol would allow us to provide treatment 

recommendations for the biodiesel industry in how to best prepare glycerol for wastewater 

treatment facility use. 
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APPENDICES 

 

 
A. Supplementary Information, Chapter 2 

 

 

Table S-I.  Example of end point nitrogen speciation that resulted in equivalent NaCRs. 

Influent Effluent 
NAR 

[%] 

NRR 

[%] 

NaCR 

[%] NO3-N NO2-N NO3-N NO2-N 
Gas.-N 

Products 

100 0 36 60 4 0.94 0.640 0.0000 

100 0 33 55 12 0.82 0.670 0.0000 

100 0 30 50 20 0.71 0.700 0.0000 

100 0 27 45 28 0.62 0.730 0.0000 

100 0 24 40 36 0.53 0.760 0.0000 

100 0 21 35 44 0.44 0.790 0.0000 

100 0 18 30 52 0.37 0.820 0.0000 

100 0 15 25 60 0.29 0.850 0.0000 

100 0 12 20 68 0.23 0.880 0.0000 

100 0 9 15 76 0.16 0.910 0.0000 

100 0 6 10 84 0.11 0.940 0.0000 

100 0 3 5 92 0.05 0.970 0.0000 
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B. Supplementary Information, Chapter 3 

 

Calculations and Derivations 

Electron acceptor, organic electron donor, and cell synthesis half-reactions and Gibb’s 

free energy:24 

Rc:   (0.20)CO2+(0.05)HCO3
-
+(0.05)NH4

++H++e-=(0.05)C5H7O2N+(0.45)H2O               

  

Rd:   (0.21)CO2+H++e-=(0.07)C3H8O3+(0.21)H2O   

∆Ga
0'

=38.88
kJ

eeq
 

Ra,   NO3
-
→N2

:   (0.20)NO
3

-
+(1.20)H++e-=(0.10)N2+(0.60)H2O   

∆Ga
0'

=-72.20
kJ

eeq
 

Ra,   NO3
-
→NO2

- :   (0.50)NO
3

-
+H++e-=(0.50)NO

2

-
+(0.50)H2O  

∆Ga
0'

=-41.65
kJ

eeq
 

Ra,   NO2
-
→N2

:   (0.33)NO
2

-
+(1.33)H++e-=(0.17)N2+(0.67)H2O   

∆Ga
0'

=-92.56
kJ

eeq
 

Rin,   acetylCoA:   (0.22)CO2+H++e-=(0.11)C2H3O+(0.33)H2O24,25,196  

∆Gin
0'=30.90

kJ

eeq
 

R=fe(Ra-Rd)+fs(Rc-Rd)=feRa+fsRc-Rd  

1=fe+fs  
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RNO3
-
→N2

:   

fe[(0.20)NO3
-
+(0.07)C

3
H8O3+(0.20)H

+
]+fs[(0.05)NH

4

+
+(0.05)HCO3

-
+(0.07)C

3
H8O3] 

                      =fe[(0.10)N2+(0.39)H
2
O+(0.21)CO2]+fs[(0.05)C

5
H7O2N+(0.24)H

2
O+(0.01)CO2] 

 

RNO3
-
→NO2

- :   fe[(0.50)NO3
-
+(0.07)C

3
H8O3]+fs[(0.05)NH

4

+
+(0.05)HCO3

-
+(0.07)C

3
H8O3] 

                   =fe[(0.50)NO2
-
+(0.29)H

2
O+(0.21)CO2]+fs[(0.05)C

5
H7O2N+(0.24)H

2
O+(0.01)CO2] 

 

RNO2
-
→N2

:   

fe[(0.33)NO2
-
+(0.07)C

3
H8O3+(0.33)H

+
]+fs[(0.05)NH

4

+
+(0.05)HCO3

-
+(0.07)C

3
H8O3] 

                      =fe[(0.17)N2+(0.45)H
2
O+(0.21)CO2]+fs[(0.05)C

5
H7O2N+(0.24)H

2
O+(0.01)CO2] 

 

Ric,   glycerol→acetylCoA:   (0.07)C
3
H8O3+(0.01)CO2=(0.11)acetylCoA+(0.12)H2O  

 

Thermodynamic derivation of COD requirements for glycerol-driven denitrification using the 

Reaction Energetics Method for predicting bacterial yield. 

A combination of TEEM124 and the modifications incorporated into the TEEM225 

thermodynamic models was employed to determine stoichiometric coefficients for glycerol-

driven chemoorganoheterotrophic denitrification.    

∆Gic
0'

=∆Gin
0'

-∆Gd
0'

=30.90
kJ

eeq
-38.88

kJ

eeq
=-7.98

kJ

eeq
  

∆Gin
0'

=30.90
kJ

e- eq
 to represent the energy required to convert the cell carbon source to an 

intermediate compound (acetyl-CoA) prior to full oxidation.25 
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∆Gd
0'

=38.88
kJ

eeq
 for the heterotrophic reaction.24 

∆Gic
0

=∆Gic
0'

-RTvH+ln[10-7]=-7.98
kJ

eeq
- (0.008314

kJ

mol∙K
) (273.15+23K)(0)ln[10-7]==-7.98

kJ

eeq
 

∆Gic=∆Gic
0

+RTlnQ=∆Gic
0

+RTln (
[C2H3O]0.11[H2O]0.12

[CO2]0.008[C3H8O3]0.07
) 

Assume average atmospheric CO2(g) concentration, PCO2
=409ppm=4.09∙10-4atm, 

therefore, [CO2(g,headspace)]=[CO2(aq)]=
PN2

KH
=

4.09∙10-4atm

29.41
atm

M

=1.39∙10-5M 

Initial [C3H8O3]=(600
mgCOD

L
) (

1gCOD

1000mgCOD
)(

1molCOD

32gCOD
) (

1molC3H8O3

3.5molCOD
)=5.36∙10-3M per cycle. 

 Assume all glycerol is converted to acetyl-CoA, [C3H8O3]=[acetylCoA]. 

System was operated at room temperature (23oC) and buffered at pH=7.5, or 

[H+]=10-7.5M. 

∆Gic=-7.98
kJ

eeq
+ (0.008314

kJ

mol∙K
) (273.15+23K)ln (

[5.36∙10-3M]
0.11
[1M]0.12

[1.39∙10-5M]
0.008

[5.36∙10-3M]
0.07
) 

         =-8.27
kJ

eeq
 

∆Gr
0'

=∆Ga
0'

-∆Gd
0'

=-72.20
kJ

eeq
-38.88

kJ

eeq
=-111.08

kJ

eeq
 

∆Gr
0
=∆Gr

0'

-RTvH+ln[10-7]=-111.08
kJ

eeq
- (0.008314

kJ

mol∙K
) (273.15+23K)(-0.20)ln[10-7] 

        =-119.02
kJ

eeq
 

∆Gr=∆Gr
0
+RTlnQ=∆Gr

0
+RTln (

[N2]
0.10[CO2]

0.21[H2O]0.39

[NO3
- ]0.20[C3H8O3]0.07[H+]

0.20
) 
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Assume completely anoxic reactor with headspace saturated with N2(g), therefore,  

[N2(g,headspace)]=[N2(aq)]=
PN2

KH
=

1atm

1639.34
atm

M

=6.10∙10-4M 

 Initial [NO3
- ]=(100

mgN

L
) (

1gN

1000mgN
) (

1molN

14gN
)=7.14∙10-3M per cycle. 

∆Gr=-119.02
kJ

eeq
+… 

            …+ (0.008314
kJ

mol∙K
) (273.15+23K)ln (

[6.10∙10-4M]
0.10
[1.39∙10-5M]

0.21
[1M]0.39

[7.14∙10-3M]
0.20
[5.36∙10-3M]

0.07
[10-7.5M]

0.20
) 

         =-114.88
kJ

eeq
 

Aε∆Gr+∆Gs=0, at steady-state, assuming that the energy transfer efficiency from the oxidation 

of electron donor to capture by the electron carrier is equal to that of the electron carrier to 

electrons captured for cell synthesis.24 

A=-
∆Gs

ε∆Gr

 

 ∆Gs=
∆Gfa-∆Gd

εm
+

∆Gin-∆Gfa

εn
+

∆Gpc

ε
, where ∆Gpc=18.8

kJ

eeq
 with NH4

+ as the nitrogen source for 

cell synthesis and C5H7O2N is assumed as the cell relative composition.25  Sufficient NH4
+ was 

included in the feed stock for theoretical growth requirements and significant NH4
+ was always 

remaining in the effluent indicating that additional nitrogen sources (NO3
- or NO2

-) were not 

used for synthesis purposes as they are less energy efficient for the cell. 

 Since glycerol and acetyl-CoA are not C1 compounds, ∆Gfa=0 and m=n.25 

n=-1 as ∆Gp<0.  

ε=0.40 was assumed based upon experimental data25 and reported operational influent 

COD:NO3
--N ratios.78,86,87  



 153 

 

∆Gs=
∆Gin-∆Gd

εn
+

∆Gpc

ε
=

∆Gic

εn
+

∆Gpc

ε
 

A=-
∆Gs

ε∆Gr

=-

∆Gic

εn +
∆Gpc

ε
ε∆Gr

=-

(

 
 
 
 
 (

-8.27
kJ
eeq

0.60
-1 )+(

18.8
kJ
eeq

0.60
)

(0.60) (-114.88
kJ
eeq
)

)

 
 
 
 
 

=0.951 

fs=
1

1+A
=

1

1+0.436
=0.513 

fe=1-fs=1-0.513=0.487 

R=feRa+fsRc-Rd=(0.487)Ra+(0.513)Rc-Rd 

RNO3
-
→N2

:   NO
3

-
+(0.73)C

3
H8O3+(0.26)NH

4

+
+(0.26)HCO3

-
+H+ 

                                                                   =(0.50)N2+(1.15)CO2+(0.26)C
5
H7O2N+(3.17)H

2
O 

COD=(0.73 mol C3H8O3) (
3.5 mol O2

1 mol C3H8O3
) (

32 g O2

1 mol O2
)=82.1 g O2=82.1 g COD  

NO3
-
-N=(1 mol NO3

- ) (
1 mol NO3

-
-N

1 mol NO3
- ) (

14 g NO3
-
-N

1 mol NO3
-
-N
)=14 g NO3

-
-N  

COD:NO3
-
-N=82.1 g COD: 14 g NO3

-
-N=5.9:1 

 

Using this same process, assumptions of other energy-transfer efficiencies yield the following 

results: 

Bacterial yields calculated using various assumed energy-transfer efficiencies, ε. 

ε 0.30 0.40 0.50 0.60 0.70 0.80 

A 1.809 0.951 0.583 0.383 0.262 0.184 

fs 0.356 0.513 0.632 0.723 0.792 0.845 

fe 0.644 0.487 0.368 0.277 0.208 0.155 

 



 154 

 

As can be seen, the assumption of an energy-transfer efficiency has a drastic effect and, 

therefore, must be confirmed. 

 

Confirmation of thermodynamic assumptions using the Dissipation Method for predicting 

bacterial yield. 

The Dissipation Method for predicting bacterial yield26,88,197 was employed to confirm 

assumptions used in the thermodynamic Reaction Energetics Method determination of COD 

requirements to support glycerol-driven denitrification.    

Ds
0
'

rAx
=200+18∙(6-C)1.8+e

[{(3.8-γD)
2
}
0.16

∙(3.6+0.4C)]
, which describes the heat (Gibbs free energy) 

dissipated during growth or production of 1 C-mole of biomass.  

 C=3, which represents the number of carbon atoms in a mole of glycerol.  

 γ
D

=4.667, degree of reductance of the carbon in glycerol as the electron donor.26 

Ds
0
'

rAx
=200+18∙(6-3)1.8+e

[{(3.8-4.667)2}
0.16

∙{3.6+(0.4)(3)}]
=428.06

kJ

c mol
   

YDX=
γD

γX

∆GeD
0
'

-∆GeA
0
'

(∆GeD
0
'

-∆GeA
0

'
)+[(

Ds
0
'

rAx
∙

1

γX
)+(∆GeX

0
'

-∆GeD
0
'
)]

, which represents the bacterial cell yield on the electron 

donor. 

 ∆GeD
0'

=38.88
kJ

eeq
, Gibbs standard free energy for glycerol as the electron donor.24 

 ∆GeA
0'

=-72.20
kJ

eeq
, Gibbs standard free energy for NO3

- as the electron acceptor.24 

 ∆GeX
0'

=38.80
kJ

eeq
, assuming ∆GfX

0'

=-67
kJ

c-mol
. 198 

γ
X

=4.2, degree of reductance of the carbon in biomass.26 
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YDX= (
4.667

4.2
) [

38.88
kJ

eeq
-(-72.20

kJ

eeq
)

{38.88
kJ

eeq
-(-72.20

kJ

eeq
)}+{(428.06

kJ

c mol
∙

1

4.2
)+(38.80

kJ

eeq
-38.88

kJ

eeq
)}
]=0.580

c molX

c molD
  

YDX=0.522
eeqX

eeqD

   

In terms of eeq, YDX=fs
0
, therefore, fs

0
=0.522

eeqX

eeqD

. 

fe
0
=1-fs

0
=1-0.522=0.487 

 

Comparison of fs
0
 calculated using the Dissipation Method with fs calculated using the Reaction 

Energetics Method indicates that the energy-transfer efficiency, ε, inherent in the Dissipation 

Method calculations is ε=0.406.  This confirms the validity of the assumption of ε=0.40 in the 

Reaction Energetics Method calculations. 

 

While these calculations are at standard state, it has been shown that there is little difference 

between predictions at standard state and non-standard state in certain instances provided system 

pH is close to neutral, substrate concentrations are low, and ∆GeD
0'

-∆GeA
0'

>20
kJ

eeq
.25,197  

Additionally, as they are simply being used to confirm assumptions made using the reaction 

energetics method, calculations were not made to convert to non-standard state conditions. 

 

 

 

 

Table S-II.  Results of Holm-Sidak post hoc multiple comparison analysis to determine between 

which NiARs a significant difference exists (statistical significance exists at p<0.05 and is 

demarcated using bold font). 

Inf. COD:NO3
--N 

2.5 

(x̄=0.65) 
2.8 

(x̄=0.69) 

3.0 

(x̄=0.62) 

4.0 

(x̄=0.57) 

5.0 

(x̄=0.11) 

2.5  0.496 0.755 0.319 0.000 

2.8   0.147 0.006 0.000 

3.0    0.329 0.000 

4.0     0.000 
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Figure S-1.  Two feeding strategies, semi-continuous (green arrows; 75-min NO3
- feed with 

concurrent 72-min glycerol feed, influent COD:NO3
--N=2.4:1) and pulse (red arrows; each 

pulse contained 4-min NO3
- feed with concurrent 1-min glycerol feed, influent COD:NO3

--

N=2.4:1), were investigated to determine their impact on NO2
- accumulation. 

 

 

 

Table S-III.  Denitratation performance under continuous and pulse operational feeding 

strategies. 

Influent 

COD:NO3
--N 

SRT 

[d] 

Operational Feeding 

Strategy 

Avg NO3,
-
eff  

[mg/L NO3
--N] 

Avg NO2,
-
eff  

[mg/L NO2
--N] 

2.4 3 

Pulse NO3
- 

Pulse COD 
11.3 ± 3.3 86.4 ± 7.5 

Continuous NO3
- 

Continuous COD 
16.0 ± 5.5 70.1 ± 8.4 

 

Contrary to the continuous operational feeding strategy, the pulse operational feeding 

strategy reduced nearly 90% of the influent NO3
- despite the limited reaction time for late 

occurring pulses of NO3
- and glycerol (Table S-III) indicating that influent NO3

- underwent rapid 

reduction upon entering the system.  This observation was consistent with other studies which 

reported that specific denitrification rates are higher for pulse-type feeding strategies as 

compared to continuous feeding strategies resulting in a faster reduction of influent NO3
-.199,200  

Martins et al.199 determined that maximum specific denitrification rates were considerably lower 

for SBR systems with long feeding periods that mimicked continuously-fed, completely mixed 

systems, than in plug flow-type systems.  Similarly, Ryu et al.200 found that denitrification rates 

were fastest during slug feeding followed in order by intermittent and continuous feeding 

strategies during their evaluation of fermented food waste as an external carbon source for 

nutrient removal in an SBR.  

Feed and Anoxic React
(270 min)

Settle
(50 min)

Decant
(40 min)



 157 

 

 

Figure S-2.  Ex situ NO3
--N (▲, solid line) and NO2

--N (, dotted line) profiles at influent 

COD:NO3
--N ratios (a) 2.5, (b) 3.0, (c) 5.0, (d) 10.0. 
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C. Supplementary Information, Chapter 4 

 

Contributions of soluble organic substrate caused by cellular decay  

All calculations were made using standard kinetic parameters taken from the ASM3 model 

for anoxic chemoorganoheterotrophic denitrification, when applicable.129 

Xa=
Xa,θc

0

1+bH,O2
∙ηH,end,NO3

∙θ
  

Xa,15
0 =2383

mg COD

L
  Xa,3

0 =448
mg COD

L
  Xa,1.5

0 =272
mg COD

L
  

bH,O2
=0.30 d

-1
 129 

η
H,end,NO3

=0.40 129 

 θ=0.25 d, which was used to determine the contributions during a single SBR cycle for a 

SBR operating at HRT=1 d.   

Xa=
Xa,θc

0

1+(0.30
1

d
)(0.40)(0.25 d)

  

sCOD contributions=Xa,θc

0
-X

a
=Xa,θc

0 ∙(1-
1

1+(0.30
1

d
)(0.40)(0.25 d)

)  

The new influent COD:NO3
--N was determined by adding the soluble organic substrate generated 

through cell decay to the operating COD:NO3
--N of each system. 

 
SRT 

15 d 3 d 1.5 d 

sCOD Contributed 

[mg-COD/L] 
69.4±7.3 13.0±2.5 7.9±3.7 

New System Influent 

COD:NO3
--N 

3.7:1 3.1:1 3.1:1 
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Minimum SRT in a chemoorganoheterotrophic denitrification system 

All calculations were made using standard kinetic parameters taken from the ASM3 model 

for anoxic chemoorganoheterotrophic denitrification, when applicable.129 

[θX
min]

lim
=

1

μ̂∙ηH,NO3
+μ∙ηH,NO2

-bH,O2
∙ηH,end,NO3

  

 μ̂=3.0 d
-1

   129 

 η
H,NO

=0.50  129 

 bH,O2
=0.30 d

-1
 129 

η
H,end,NO3

=0.40 129 

[θX
min]

lim
=

1

(3.0
1

d
)(0.50)-(0.30

1

d
)(0.40)

=0.72 d   
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Table S-IV.  Summary of recent denitratation studies and their extent of reporting on system 

SRT. 

System Configuration SRT Reference 

Denitratation 

Unlimited 

(no intentional wasting) 

57,60 

Denitratation-anammox 22,64 

Denitratation 

Not reported 

11,22,55,56,58,62,68,69 

Denitratation-anammox 54,59,65,66,70,201,202 

 

 

 

 

 

 

Table S-V.  Results of Holm-Sidak post hoc multiple comparison analysis to determine between 

which NiARs a significant difference exists (statistical significance exists at p<0.05 and is 

demarcated using bold font). 

SRT 
15 

(x̄=0.42) 

3 

(x̄=0.62) 

1.5 

(x̄=0.65) 

15  0.001 0.000 

3   0.693 

 

 

 

 

  

 

Table S-VI.  Results of Holm-Sidak post hoc multiple comparison analysis to determine between 

which NaCRs a significant difference exists (statistical significance exists at p<0.05 and is 

demarcated using bold font). 

SRT 
15 

(x̄=0.32) 

3 

(x̄=0.55) 

1.5 

(x̄=-0.11) 

15  0.000 0.000 

3   0.000 
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Figure S-3.  Weighted UniFrac Principal Coordinates Analysis (PCoA) indicated all samples 

were diverse. 

 

 

 

 

SRT=15.0 d 

SRT=3.0 d 

Inoculum 

SRT=1.5 d 
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Table S-VII.  Alpha diversity metrics of all three samples depicting that diversity within each 

sample decreased from the inoculum with the manipulation of SRT. 

 Shannon 

Diversity Indexa 
Evenness Richness 

Inoculum 8.41 0.83 1156 

SRT=15 d 5.69 0.68 323 

SRT=3 d 1.77 0.29 67 

SRT=1.5 d 4.64 0.60 210 
a Calculated using log2 Shannon diversity formula. 

 

 

 

 

 

Figure S-4.  16S rRNA gene sequencing results as shown in taxonomic bar plots at the class 

level.  The grouping “Other” comprises OTUs with less than 1% total relative abundance 

(among all samples summed). 

 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

15 d 3 d 1.5 d

SRT

Betaproteobacteria

Bacteroidia

Gammaproteobacteria

Alphaproteobacteria

Saccharimonadia

Verrucomicrobiae

Anaerolineae

Deltaproteobacteria

Phycisphaerae

Leptospirae

Other



 163 

 

D. Supplementary Information, Chapter 5 

 

 

Figure S-5.  Taxonomic bar plots of each respective batch assay (BA) at the genus level.  The 

grouping “Other” comprises OTUs with less than 1% total relative abundance (among all 

samples summed). 
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E. Supplementary Information, Chapter 6 

 

Contributions of organic-N caused by cellular decay  

All calculations were made using standard kinetic parameters taken from the ASM3 model 

for anoxic chemoorganoheterotrophic denitrification, when applicable.129 

Xa=
Xa,θc

0

1+bH,O2
∙ηH,end,NO3

∙θ
  

Xa,3
0 =701

mg COD

L
  Xa,6

0 =1278
mg COD

L
   

Xa,12
0 =2481

mg COD

L
  Xa,20

0 =6151
mg COD

L
 

bH,O2
=0.30 d

-1129  η
H,end,NO3

=0.40129 

 θ=0.25 d, contributions during a single SBR cycle for a SBR operating at HRT=1 d.   

Xa=
Xa,θc

0

1+(0.30
1

d
)(0.40)(0.25 d)

  

Decayed Biomass=X
a,θc

0
-Xa=Xa,θc

0 ∙(1-
1

1+(0.30
1

d
)(0.40)(0.25 d)

)  

Org N contributions=
(Xa,θc

0
-Xa)14

mg N

mmol N

(1.42
mg COD

mg VSS
)(113

mg VSS

mmol VSS
)(1

mmol VSS

mmol N
)
  

Org N contributions=0.0875
mg N

mg COD
[Xa,θc

0 ∙(1-
1

1+(0.30
1

d
)(0.40)(0.25 d)

)]  

 
SRT 

3 d 6 d 12 d 20 d 

Org N Contributed 

[mg-N/L] 
1.8±0.3 3.3±0.2 6.3±0.2 16.9±3.5 
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Figure S-6.  Two feeding strategies, semi-continuous (red arrows; 90-min NO3
- feed with 

concurrent 1-min glycerol doses every 10-min, influent COD:NO3
--N=12:1, SRT=3 d) and pulse 

(green arrow; single pulse contained 10-min glycerol feed, influent COD:NO3
--N=12:1, SRT=3 

d), were investigated to determine their impact on NH4
+ accumulation. 

 

 

 

 

 

Figure S-7.  In situ nitrogen species profiles at influent COD:NO3
--N=12:1, SRT=3 d. 
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Table S-VIII.  Results of Holm-Sidak post hoc multiple comparison analysis to determine 

between which decay-adjusted AAIs a significant difference existed (statistical significance exists 

at p<0.05 and is demarcated using bold font). 

SRT 
3 

(x̄=-0.02) 

6 

(x̄=-0.04) 

12 

(x̄=0.15) 

20 

(x̄=-0.17) 

3  0.389 0.000 0.000 

6   0.003 0.002 

12    0.000 
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