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Abstract 

New rules regarding total nitrogen levels in wastewater treatment plant (WWTP) 

effluents may result in widespread implementation of total nitrogen removal 

technologies. Conventional nitrification systems do not remove total nitrogen, instead 

only oxidizing ammonium to nitrate. Conventional nitrification, however, does result in 

estrogen degradation. One estrogen naturally secreted by humans, estrone (E1), is a major 

contributor to the estrogenicity of WWTP effluent. The objective of this work was to 

provide guidance on the impact that changes in wastewater treatment practices could 

have on E1 removal by comparing E1 degradation in conventional nitrification systems 

with that in a range of treatment technologies designed to remove total nitrogen from 

wastewater. E1 removal was assessed in the following lab scale systems: conventional 

treatment at room temperature, e.g. 21r2 qC, (96% mean E1 removal), conventional 

treatment at 15 qC (99% mean E1 removal), Modified Ludzack-Ettinger treatment (96% 

mean E1 removal), aerobic granular sludge treatment (14% mean E1 removal), a 

sequencing semi-batch treatment (97% mean E1 removal) and an anaerobic ammonium 

oxidation (ANAMMOX) treatment (99.8% mean E1 removal). This work demonstrated 

that the choice of nitrogen removal technology used by a treatment plant could have a 

significant impact on the estrogenicity of WWTP effluent. Of particular note was that 

granular aerobic sludge treatment was contraindicated for applications where the 

estrogenicity of the effluent is important to consider, whereas the energy efficient 

ANAMMOX technology may be a good option for total nitrogen removal in similar 

situations. 
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Chapter 1: Introduction and Literature Review 

 

Nitrogen Pollution 

 

Nitrogen in the Environment 

A myriad of biologically mediated reactions govern the nitrogen cycle on earth. 

Ammonium is naturally produced either from the breakdown of organic molecules or 

from the activity of nitrogen fixing microorganisms anaerobically producing ammonium 

from nitrogen gas. Since the invention of the Haber-Bosch process in the early 1900s 

microbial ammonium production has been augmented with ammonium produced on an 

industrial scale, primarily for agricultural use.1 As shown in Figure 1-1, two common 

types of metabolic pathways in the cycle return ammonium to nitrogen gas: nitrification 

followed by denitrification and anaerobic ammonium oxidation (ANAMMOX). Aerobic 

nitrification oxidizes ammonium to nitrite or nitrate, which can then be microbiologically 

degraded to nitrogen gas via anaerobic denitrification. Alternatively, ANAMMOX 

organisms, first discovered in the mid 1990s,2 perform a one-step anaerobic ammonium 

oxidation reaction, converting ammonium and nitrite to nitrogen gas.  
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Figure 1-1. Simplified Nitrogen Cycle 
 

  

Ammonium or total nitrogen removal from runoff or wastewater effluent is 

desirable because not only can ammonium, nitrite and nitrate be toxic to humans and 

aquatic organisms, but also they can contribute to eutrophication.3 While ammonium is 

not toxic to humans at concentrations expected in drinking water,4 environmentally 

relevant ammonium and nitrite concentrations are toxic to fish.5 To protect fish, the EPA 

established a 1.9 mg/L NH3-N 30 day rolling average criterion for streams and lakes.6 

Other forms of nitrogen do have human health impacts: elevated nitrate and nitrite 

concentrations in drinking water can cause methemoglobinemia in infants.7,8 In nitrogen-

limited systems, such as much of the ocean, excess nitrogen causes eutrophication.9 

Eutrophication causes algal blooms that lead to hypoxic zones that result from oxygen 

consumption during algal decomposition following a bloom. Hypoxic zones supported 

little to no aquatic life, resulting in the moniker of “dead zone” given to an area 

experiencing hypoxia.10 
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 Toxicity and eutrophication problems ultimately drive regulation of some sources 

and forms of nitrogen. To protect human health, the EPA maximum contaminant limit for 

nitrate-N and nitrite-N in drinking water are 10 mg/L and 1 mg/L, respectively.11 

Typically, ammonium is regulated in surface waters to protect fish. In Minnesota, the 

standards are 0.016 mg/L as N for trout streams and 0.040 mg/L as N for all other 

streams.12 Some nitrate regulations are in place or being developed at wastewater 

treatment plants (WWTPs) that discharge into ecosystems impacted by 

eutrophication.13,14 For example, in the Chesapeake Bay watershed, TMDLs set in 2010 

call for a 20% reduction from 2009 levels in the total nitrogen discharged .14 In response 

to concerns about nitrate concentrations in surface water, a 2010 directive from the 

Minnesota State Legislature to the Minnesota Pollution Control Agency (MPCA) has 

initiated a nitrogen monitoring program at WWTPs in Minnesota.13 In 2014 the MPCA 

anticipated that the monitoring program would be complete and limits for nitrate 

concentrations in wastewater effluents would be in place in by 2025.13 Nitrogen is not 

regulated in agricultural runoff or leaching. 

 

Conventional Technologies for Nitrogen Treatment in Wastewater  

Currently, the conventional method for nitrogen treatment in WWTPs when only 

ammonium and nitrite are regulated is nitrification. During nitrification the removal of 

ammonium and prevention of nitrite build up is often accomplished by using aeration and 

a long solids residence time (SRT) during activated sludge treatment.15,16 Very recent 

findings have shown that some microorganisms independently oxidize ammonium to 

nitrate.17,18 Nevertheless, it is believed that nitrification in wastewater is typically 
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performed by two groups of slow growing chemolithotrophs: ammonium oxidizers, 

which oxidize ammonium to nitrite, and nitrite oxidizers, which oxidize nitrite to 

nitrate.16,19 An oxygen intensive process, nitrification consumes two moles of oxygen per 

mole of ammonium oxidized, according to the following overall stoichiometry: 

�0�*�8
�> 
E�t�1�6 �\ �0�1�7

�? 
E�t�* �> 
E�*�6�1 . 

This process is typically limited by the oxidation of ammonium.16 

When total nitrogen, rather than only ammonium and nitrite, is regulated in 

WWTP effluent, nitrogen removal is generally accomplished through the combination of 

nitrification and denitrification.20 A nitrification plant can be retrofitted for nitrification 

and denitrification by adding an anaerobic step and a carbon source, either external, or 

from an internal recycle.15 During the denitrification step, anaerobic heterotrophs, 

denitrifiers, convert nitrate to diatomic nitrogen gas through the following major steps.21 

�0�1�7
�? �\ �0�1�6

�? �\ �0�1�\ �0�6�1 �\ �0�6 

Many types of total nitrogen removal systems exist; an example of one is the 

Modified Ludzack-Ettinger system (MLE). First introduced by Ludzck and Ettinger in 

1962,22 MLE utilizes a pump to recycle flow from the aerobic nitrification zone to the 

denitrification zone at two to five times the influent flow rate (see Figure 1-2) .15 As a 

result, in MLE the carbon source required by the denitrifying heterotrophs is the influent 

wastewater. Two-step nitrification/denitrification removes 60-80% of the influent total 

nitrogen.15 The addition of more steps, however, can result in greater removal 

efficiencies.15 



 

 5 

 

Figure 1-2. Figure taken from Shin Joh Kang et al.15. Schematic shows the Modified 
Ludzack-Ettinger process. RAS is return activated sludge and WAS is waste activated 
sludge. 
 

Although certainly a focus of wastewater treatment, ammonium and nitrate are 

not the only compounds in wastewater effluent that cause ecological problems. 

Contaminants of emerging concern (CECs) are another more recent concern in 

wastewater.23 CECs are chemicals present at low concentrations in water and include 

hormones, personal care products and pharmaceuticals.23 Estrogens are one group of 

CECs that have been shown to have the potential to cause dramatic ecological 

impacts.24,25 

 

Estrone (E1) Pollution 

 

Occurrence and Adverse Effects 

E1, a natural human estrogen excreted in urine, is one of the major estrogens 

present in wastewater effluent.26,27 It is excreted from the body in a conjugated, inactive 
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form and is eventually deconjugated into its active form in wastewater.28 E1, in addition 

to 17β-estradiol, also known as simply ‘estradiol’ or E2 and 17α-ethinylestradiol, also 

known as EE2, has been shown to have effects on fish at environmentally relevant 

concentrations (10s of ng/L).29,30 Estrogens affect fish in a myriad of ways, resulting in 

behavioral and physiological changes that negatively impact fish populations.25,29,30 

Despite its potential to be harmful, E1 is not currently regulated. 

 

E1 Removal and Relationship to Nitrification  

There are two main methods to remove E1 during wastewater treatment, 

biological degradation and sorption. With a log KOW of 3.1331, E1 has moderate potential 

to sorb to the hydrophobic phase. In 14C-labeled E1 degradation batch experiments using 

biosolids from a wastewater plant, 85% of the E1 was mineralized, indicating that 

sorption to biosolids was not the main removal E1 method.32 Similarly, sorption to 

biosolids was not the major removal method for E1 at a full scale activated sludge plant 

in Germany or at an Australian advanced WWTP where only 6% of the influent E1+E2 

was removed in the biosolids.33,34  A third, less significant method of E1 removal is 

abiotic nitritation. During abiotic nitritation E1 reacts with nitrite, producing nitrated E1. 

During typical nitrification conditions, this process is not a significant pathway for E1 

removal.35 

The conditions required for E1 degradation are consistent with those used for 

nitrification in wastewater treatment.  E1 degraders perform best when organic carbon is 

present at constant low concentrations,36 which is typical for nitrification. Aerobic 

conditions, used for nitrification, also encourage E1 degradation37,38 although E1 removal 
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has been observed in anaerobic systems37,39,40 Nitrifiers are slow growers and E1 

degraders are likely to be slow growers as well, both performing best when there is a long 

solids residence time.36,38,41 As a result, conventional nitrification, and by extension 

conventional nitrification/denitrification, results in E1 removal because the conditions 

that favor nitrifying activity also happen to favor E1 degradation.42 Nevertheless, new 

regulations on total nitrogen discharge may result in some WWTPs utilizing nitrogen 

removal technologies to reduce energy or material costs or to accommodate a smaller 

footprint, as compared to flow through systems, and these may not be consistent with E1 

degradation.  

 

Unconventional Nitrogen Removal from Wastewater 

 

Resource Use in WWTPs 

Wastewater treatment technology choices are made by weighing the value of 

energy, materials and space required for a treatment technology against its ability to 

produce effluent that meets all quality requirements. Municipal WWTPs are estimated to 

create 0.8% of the United States energy demand.43 Energy costs are significant for an 

individual plant as well, typically accounting for 15-40% of a WWTP’s budget.44 

Between 30 and 50% of a WWTP’s energy consumption comes from aeration costs.43 

Pumping also consumes a significant portion of energy at a plant, consuming from 10-

15% of the total energy.43 WWTPs use a variety of chemicals, such as ozone for 

disinfection, polymer for coagulation and, in nitrogen removal, a carbon source for the 

denitrification step.15 To minimize cost, a WWTP is likely to focus on limiting energy 
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and carbon use. An additional resource constraint for many WWTPs is land use. A plant 

without additional space for the expansion of treatment capacity must consider the 

footprint of any new technology to be added. 

 

Unconventional Nitrogen Removal Methods 

Many emerging nitrogen removal technologies lower costs by limiting energy and 

carbon use. ANAMMOX, nitritation, and aerobic granular sludge (GRAN) are a few of 

the most promising emerging technologies. Among these, ANAMMOX microorganisms 

are uniquely suited to efficient nitrogen removal as nitrate becomes more highly 

regulated in wastewater effluent. This is a result of their ability to anaerobically convert 

ammonium to nitrogen gas in a single step without oxygen input:45 

�s�0�*�8
�> 
E�s�ä�u�t�0�1�6

�? 
E�r�ä�r�x�x�*�%�1�7
�? 
E�r�ä�s�u�* �>

�\ �s�ä�r�t�0�6 
E�r�ä�t�x�0�1�7
�? 
E�r�ä�r�x�x�%�*�6�1�6�0�4�ä�5�9
E�t�ä�r�u�*�6�1 

In ANAMMOX, ammonium is oxidized by nitrite to produce nitrogen gas, effectively 

removing the nitrogen from the solution, as shown in the stoichiometry above. 

ANAMMOX organisms are slow growers, requiring a warm, ammonium- and nitrite-rich 

anaerobic environment for growth. When an ANAMMOX technology is used full scale, 

it usually treats the nitrogen-rich liquid produced during the dewatering of wastewater 

treatment solids, also known as the side stream.46 Currently, about 100 plants worldwide 

utilize some form of ANAMMOX treatment full scale.47 

Often used as an influent preparation step ahead of an ANAMMOX technology, 

nitritation utilizes less aeration for oxidation by inhibiting the activity of nitrite oxidizers 

to produce a nitrite-rich effluent. Inhibition of nitrite oxidizers in favor of ammonium 
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oxidizers (AOB) is achieved by instituting a short SRT and maintaining increased 

temperature.15,48 Ammonium oxidizers produce nitrite according to the following 

stoichiometry:49 

�0�*�8
�> 
E�s�ä�w���1�6 �\ �0�1�6

�? 
E�t�* �> 
E�*�6�1. 

All partial nitritation technologies for use with ANAMMOX must be controlled to 

produce the 1.32:1 nitrite:ammonium molar ratio required to produce 1 mole nitrogen 

gas. One partial nitritation technology, SHARON or single reactor system for high 

activity ammonia removal over nitrite utilizes a very short SRT, low dissolved oxygen 

and an increased temperature to control the nitrite to ammonium ratio.48,50 Another partial 

nitritation with ANAMMOX technology, World Water Work’s DEMON¨ , combines 

partial nitritation and ANAMMOX all in one reactor. Initially an aeration period 

stimulates the AOB to produce nitrite and generate protons, lowering the pH of the 

system as shown in the above stoichiometry. Aeration ends at a set-point pH related 

stoichiometrically to the proper nitrite to ammonium ratio for efficient nitrogen removal 

via ANAMMOX activity. When aeration ends, ANAMMOX microorganisms are no 

longer inhibited by oxygen, and they begin to consume both nitrite and a small amount of 

the protons in the system. At the same time, the less acidic wastewater is introduced, 

increasing the mixed liquor pH to the initial aeration pH, triggering aeration and 

restarting the cycle.51 Over 80% of partial nitritation-ANAMMOX full scale systems use 

DEMON technology.47 

GRAN sequencing batch reactors (SBRs), another emerging technology for total 

nitrogen removal, keep WWTP footprints small by performing COD removal, 

nitrification and denitrification all in one reactor.52,53 The granules form with nitrifiers in 
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contact with the bulk liquid on the outside of the granule and denitrifiers shielded from 

dissolved oxygen on the inside of the granule.54 A GRAN SBR is operated with 

intermittent aeration and a very short settling period to select for large, fast-settling 

granules.55 A high influent COD concentration, a high reactor height to diameter ratio, 

and aggressive aeration are additional parameters that promote granule formation.53 

GRAN SBRs have a performance advantage over identical non-granulated SBRs. For 

example, in a typical SBR with flocculated biomass performing nitrogen removal 

operated with a 50% volume replacement at the beginning of each sequence, the 

maximum possible nitrogen removal is 50%, assuming complete nitrification of influent 

ammonium followed by complete denitrification during the anaerobic phase at the 

beginning of the next sequence. The protected denitrifiers in the anaerobic centers of the 

granules continue to remove nitrate even during the aerobic phase, resulting in increased 

nitrogen removal as compared to its conventional SBR counterpart.54 This, combined 

with the excellent settleability of the robust granules make GRAN SBRs especially 

attractive to plants with space constraints and nutrient removal needs. The systems have 

an overall smaller footprint, excellent solids settling, and the ability to withstand periodic 

loading of toxics such as phenol.56 Yancang WWTP in China utilizes a full-scale GRAN 

for domestic wastewater treatment and achieves 60% nitrogen removal.57  

 

Novel Nitrogen Removal: Is it consistent with E1 degradation? 

Theoretically, the E1 degradation capability of nitrogen removal methods such as 

MLE, ANAMMOX, nitritation and GRAN can be predicted from the known favorable 

conditions E1 degraders. The MLE technology includes a nitrification step, which has 
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been shown to degrade E1; therefore, E1 should degrade during MLE treatment. In 

ANAMMOX, the very long SRT would favor E1 degradation; nevertheless, the 

anaerobic conditions may prevent degradation from occurring. During nitritation, the 

increased temperature, aeration, and presence of organic carbon would favor E1 

degradation, but the very short SRT would select against E1 degradation. The high COD 

loading of GRAN systems is unlikely to favor E1 degraders, despite the long SRT and 

aeration occurring in this type of system. Because some of these processes suggest that 

E1 degradation may take place, though it is not guaranteed, the objective of this research 

was to experimentally determine whether E1 was degraded at steady state in a selection 

of nitrogen removal technologies. This will help plants simultaneously consider E1 

removal and their chemical, energy, and physical footprint as they adapt to stricter 

nitrogen regulations. In this research bench-scale treatment systems were constructed to 

compare E1 removal during conventional nitrification and MLE treatment to E1 removal 

in three emerging nitrogen removal technologies: ANAMMOX, SHARON and GRAN. 
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Chapter 2: Experimental 
 
Reactors 
 
 
Reactor Seed 

Each reactor experiment, excluding the ANAMMOX experiment, was seeded 

with a 10 mL aliquot of concentrated activated sludge collected at one time from the 

Metropolitan WWTP in St. Paul, MN. To prepare the aliquots, six 500 mL portions of 

activated sludge supernatant was centrifuged for 15 minutes at 5000 rpm and the 

resulting supernatant was decanted and replaced with phosphate buffer. The 

centrifugation followed by phosphate buffer addition process was repeated two more 

times, with the resulting concentrate combined with enough phosphate buffer to 

resuspend the solids. The resulting suspension was preserved in a 15% glycerol solution 

and divided into 10 mL aliquots prior to freezing at -20 qC until use. The ANAMMOX 

experiment was seeded with 500 mL of sludge taken from a full-scale DEMON System 

(York River WWTP, Seaside, VA) and stored at 4 qC until use. Following an upset, on 

Day 20 of the ANAMMOX experiment an additional 100 mL of the DEMON sludge was 

added to the ANAMMOX reactor.  

 

Overall Reactor Set-Up 

Lab-scale nitrification and nitrogen removal experiments were performed using 

three unique reactor systems. These systems were tested in six experiments, two of which 

were duplicated, resulting in eight individual experiments: Room Temperature (RT) 

Nitrifi cation, A & B; 15¡C Nitrification, A & B; Modified Ludzack-Ettinger (MLE); 

ANAMMOX; Aerobic Granular Sludge (GRAN); and Semi-Batch.  
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Overall Reactor Operation 

See Table 2-1 for the relevant influent composition, reactor volume, hydraulic 

retention time (HRT), solids retention time (SRT) and temperature of the operation used 

for in each experiment. Peristaltic pumps with cassettes were used to control the influent 

flow rate in all experiments. The pH was not specifically controlled, but remained 

between a pH of 6.8 and 9 in all experiments. In every experiment the reactor influent 

solution was amended with 10 μg/L E1. To prevent the addition of solvent to the influent 

solution, the required volume of E1 in methanol was added to plastic influent containers 

the day before wastewater or synthetic wastewater was added, to allow the methanol to 

volatilize. All reactors, except for the GRAN and Semi-Batch, were continuously stirred 

and the temperature was controlled via a heated stir plate or a combination of placement 

in a cold room on a heated stir plate. 

Table 2-1. Reactor Operation.  
Experiment Reactor 

Type 
Influent 
Composition 

Reactor 
Volume (L) 

HRT 
(hours) 

SRT 
(days) 

Temperature 
(¡C) 

Nitrification: 
RTb & 15¡C 

CSTRa Metropolitan 
Wastewater 

0.8 5 10 RT, 15¡C 

MLE CSTR Metropolitan 
Wastewater 

Anaerobic: 
0.2 
Aerobic: 0.8 

10 10 RT 

ANAMMOX  SBRc Synthetic 
Wastewater 

1 12 ∞d 30¡C 

GRAN SBR Synthetic 
Wastewater  

2 12 ∞ RT 

Semi-Batch SBR Synthetic 
Wastewater 
 

2 12 ∞ RT 

aContinuously Stirred Tank Reactor      
bRoom Temperature (21qC ±2) 
cSequencing Batch Reactor 
dInfinity; solids were not removed from experiment. 
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Table 2-2. Wastewater Influent Compositions 
Experiment(s) Type of Influent 

Solution 
COD 

(mg/L) 
Total N 
(mg/L) 

E1 
(μg/L) 

Nitrification, MLE 1¡ Treatment Effluent 
from Metropolitan 

WWTP 

x̄a=299 

SDb=80 

(nc=8) 

x̄=47 
SD=7.8 
(n=16) 

x̄=6.2 
SD=3.1 
(n=16) 

ANAMMOX  
Day 0-20 
Day 21-38 

 
Synthetic 

 
0d 

0d 

 

 
130e 

100e 

 
x̄=4.5 

SD=0.6 
(n=3) 

 
GRAN 

 
Synthetic 

200d 
 

57b 
 

x̄=12.1f 

SD=2.3 
(n=3) 

 
Semi-Batch 

 
Synthetic 

1000d 

 
86e x̄=10.5f 

SD=0.6 
(n=3) 

ax̄ is the mean 
bSD is the standard deviation 
cn is the number of replicates 
dCarbonaceous COD associated with   composition, see Tables 2-3 and 2-4. 
eDetermined from stoichiometry of composition, see Table 2-3 and Reactor Operation: 
ANAMMOX. 
fE1 recoveries were very low, 2-17%, in samples with a high organic content. 
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Nitrification and Modified Ludzack-Ettinger: Set-Up 

The nitrification experiments, performed in duplicate at both RT (21 ± 2 qC) and 

15 ¡C, utilized the schematic shown in Figure 2-1. The MLE experiment was performed 

in the reactor shown in the schematic in Figure 2-2.The membranes shown in Figures 1 

and 2 were used to separate biomass from the liquid and enabled retention of biomass in 

the system, allowing the uncoupling of SRT and HRT values. The membranes were 

Minikros¨  750 kDa mPES cross flow filtration membranes from Spectrum Labs. During 

use, membranes were backwashed daily or when the pressure at the pressure gauges in 

Figures 2-1 and 2-2 exceeded 5 psi.  

 

Nitrification and Modified Ludzack-Ettinger: Operation 

Wastewater collected weekly at the Metropolitan WWTP from the primary 

settling effluent was held at 4 qC until it was spiked with 10 μg/L E1 and installed as the 

influent solution (see Figures 2-1 and 2-2). The influent solution had the composition 

shown in Table 2-2. In the nitrification and MLE experiments the influent flow rate was 

2.67 mL/min and 1.67 mL/min, respectively. Air was introduced to the aerobic reactors 

(see Figures 2-1 and 2-2) via a diffuser. The aerobic reactors in nitrification maintained a 

dissolved oxygen concentration (DO) of greater than 5 mg/L throughout each experiment.  

The aerobic reactor in the MLE experiment was adjusted to maintain a DO of >2 mg/L. 

The anaerobic reactor in the MLE experiment received oxygenated mixed liquor at two 

times the influent flow rate (2Q), maintaining a DO of less than 0.2 until Day 13 and less 

than 0.4 until Day 30. On Day 30 and Day 33 DO spiked to 0.5 to 0.7 mg/L and returned 

to 0.4 mg/L or less until the end of the experiment. To control the SRT, 80 mL and 100 
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mL of mixed liquor was removed daily from each nitrification and the aerobic MLE 

reactor, respectively. 

 
Figure 2-1. Schematic of the nitrification reactor set-up. 
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Figure 2-2. Schematic of the MLE reactor set-up. 
 

ANAMMOX Process: Set-Up 

The ANAMMOX experiment was operated in an SBR according to the schematic 

in Figure 2-3, according to the operational parameters in Table 2-1. The experimental 

plan was adapted from Dapena-Mora et al.1 and L—pez et al.2 During the experiment the 

reactor was continuously flushed with 95% N2/5% CO2 gas via a diffuser to maintain 

anaerobic conditions. A control box was used to automate the SBR sequence, which was: 
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ANAMMOX Process: Operation 

The synthetic influent solution, adapted from Van de Graaf et al.,3 was prepared 

by combining the following, per 1 L of deionized water: 1 mL trace solution 1, 1 mL 

trace solution 2, 1 mL Mg solution, 1 mL Ca solution, 27.2 mg KH2PO4 and 500 mg 

KHCO3. See Table 2-3 for composition of the trace solutions, Mg Solution and Ca 

solution.  Aqueous nitrogen species were added to 1 L of influent solution with 330 mg 

(NH4)2SO4 and 345 mg NaNO2, or 254 mg (NH4)2SO4 and 265 mg NaNO2 (see Table 2-

2). Fresh synthetic influent solutions were prepared every 48 hours.  

 
Figure 2-3. Schematic of the ANAMMOX reactor set-up. 
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Table 2-3. Composition of the solutions used to prepare the ANAMMOX synthetic 
influent solution. 

Solution Chemical Mass (g) Added Per 1 L of 
Deionized Water 

Trace Solution 1 EDTA 
FeSO4 • 7H2O 

5 
9.1 

Trace Solution 2 EDTA 
ZnSO4 • 7H2O 
CoCl2 • 6H2O 
MnCl2• 4H2O 
CuSO4• 5H2O 

NaMoO4• 2H2O 
Na2SeO4 

NiCl2• 6H2O 
H3BO3 

7.5 
0.215 
0.12 
0.495 
0.125 
0.11 
0.054 
0.095 
0.007 

Mg Solution MgSO4• 6H2O 30.6 
Ca Solution CaCl2 13.6 

 
 
GRAN and Semi-Batch: Set-Up 

The GRAN and Semi-Batch experiments were operated in an SBR set-up 

according to the schematic in Figure 2-4, and according to the operational parameters in 

Table 2-1. The influent compositions for these reactors were given in Tables 2-3 and 2-4. 

The sequence was controlled by a control box and the sequence was as follows: fill to 2 L 

with 1 L influent solution, react anaerobically for 2 hours, aerate for 3.5 hours, settle for 5 

minutes, draw down from 2 L to 1 L, repeat. During the aeration phase, air was 

introduced through a disc diffuser at the bottom of the reactor column (shown in Figure 

2-4) with an upflow velocity of about 2 cm/s. Aeration was controlled with a solenoid 

valve coupled to the control box. 

 

GRAN and Semi-Batch: Operation 

The synthetic influent solution (see Table 2-4) was adapted from the Syntho 

medium of Boeije et al.4 and was freshly prepared each day. The Semi-Batch experiment 
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was nearly identical to the GRAN experiment, differing only in the influent COD 

concentration: the Semi-Batch had an influent COD of 200 mg/L instead of the 1 g/L 

COD influent that was fed to the GRAN reactor. 

 
Table 2-4. Influent composition used in the GRAN and Semi-Batch experiments; added 
per 1 liter deionized water.  

 GRAN Influent 
(1 g/L COD) 

Semi-Batch Influent 
(200 mg/L COD) 

Chemical Mass (mg) Mass (mg) 
Urea 

NH4Cl 
Sodium Uric Acid 
MgHPO4• 3H2O 

K3HPO4 
Bacteriological Peptone 

Sodium Acetate Trihydrate 
Dry Meat Extract 

Potato Starch 
Skim Milk Powder 

Glycerol 

75.0 
11.0 
12.0 
25.0 
20.0 
64.0 
849 
64.0 
320 
254 
171 

75.0 
11.0 
12.0 
25.0 
20.0 
12.8 
170 
12.8 
42.7 
50.8 
34 
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Figure 2-4. Schematic of the GRAN reactor set-up. 
 

Chemical Analyses 

 

Volatile Suspended Solids (VSS) 

To measure VSS, a volume of mixed liquor was filtered through a clean 

Whatman̈  Glass microfiber filter Grade GF/A, previously combusted at 550 qC 

overnight. The filter was dried at 105 qC overnight, weighed, combusted at 550 qC 

overnight, and weighed a second time. VSS was calculated from the absolute difference 

in the dried and combusted weights divided by the volume of the filtered sample. 
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Dissolved Organic Carbon (DOC) 

DOC was measured in filtered 0.2 Pm effluent samples using a Shimadzu TOC-L 

total organic carbon analyzer on the non-purgeable organic carbon setting. A 50 mg/L as 

Carbon (C) stock solution of hydrogen phthalate was diluted by the instrument to 

generate seven point calibration curves from 2.5 to 25 mg/L C or 10 to 50 mg/L C as 

appropriate. Typical limits of quantification were less than 2 mg/L C. 

 

Chemical Oxygen Demand (COD) 

COD was measured in eight wastewater samples via the colorimetric HACH 

Method 8000. One 200 mg/L (as C) hydrogen phthalate check standard was measured for 

quality assurance; it was measured at 99% of nominal, agreeing well with the HACH 

preprogrammed calibration curve. 

 

pH and Dissolved Oxygen (DO) 

pH and DO were monitored continuously every few minutes via a data logger 

coupled to a Vernier pH sensor and a Vernier optical DO probe in both the nitrification 

and MLE experiments. DO was monitored via data logger and a Vernier optical DO 

probe seven times per hour in the GRAN and Semi-Batch experiments. DO was 

measured once per hour with a WTW FDO¨  925-3 DO probe in the ANAMMOX 

experiment. pH was monitored manually on random sampling days at least three times 

during GRAN, Semi-Batch and ANAMMOX experiments.  
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Ammonium and Total Nitrogen 

Ammonium and total nitrogen were measured colorimetrically via HACH Method 

10031 and HACH Method 10072, respectively. Blanks were measured during each 

analysis and periodic check standards were measured for quality assurance; these 

averaged 103% r6% of nominal for the total nitrogen analysis and 97% r2% for the 

ammonium analysis, again agreeing well with the HACH preprogrammed calibration 

curve. Here rX% represents the standard deviation of the measurements. 

 

Nitrate and Nitrite 

Nitrite and nitrate were measured in filtered 0.2 μm samples on a 761 Compact or 

930 Compact Metrohm ion chromatograph outfitted with an AS-18 column and 20 PL 

sample loop. The eluent was 3.2 mM sodium carbonate and 1 mM sodium bicarbonate. 

Gravimetric standards containing sodium nitrite and sodium nitrate salts in ultrapure 

water were prepared to generate calibration curves with at least 6 points. Typical limits of 

quantification were less than 0.2 mg/L as N for both nitrate and nitrite. 

 

E1 Analysis 

Sample Collection and Storage 

Samples were collected for E1 analysis with consideration to the unique nature of 

each experiment’s influent and effluent. In the nitrification and MLE experiments the 

effluent was filtered through a membrane prior to collection and the pH was not adjusted. 

Similarly, the influent synthetic wastewater, the real metropolitan wastewater, and the 

control experiment samples were not acidified after collection. Samples from the GRAN 
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and Semi-Batch experiments were both acidified to a pH of less than 3 with concentrated 

sulfuric acid prior to further sample preparation. Samples from the ANAMMOX 

experiment were acidified to less than a pH of 3 with concentrated sulfuric acid, 

cryopreserved at -18¡ C, then allowed to return to room temperature prior to adjusting the 

pH to near 6 before further sample preparation. Acidification and cryopreservation has 

been shown to be an effective preservation and storage method for estrogen samples.5 

The additional pH adjustment to near neutral in the ANAMMOX samples prior to 

analysis was necessary for good recovery of E1 in the sample during extraction and 

analysis. 

 

Solid Phase Extraction and Clean-up 

Solid phase extraction and clean-up procedures were adapted from Tan et al.6 

Known sample volumes ranging from 10 mL to 100 mL were amended with 5 μL of an 

isotopically labeled surrogate in methanol (13,14,15,16,17,18-13C6-estrone). Two column 

volumes of acetone followed by two column volumes of water were used to condition a 

Resprep Bonded Reversed Phase SPE cartridge (6 mL, Restek). Samples were added to 

the cartridges at a flow rate of ~3 mL/min and were eluted with two column volumes of 

acetone. Following elution, samples were dried under a steady stream of nitrogen and 

suspended in 3 mL of hexane before loading on silica gel columns. Silica gel columns 

were prepared in Pasteur pipets stopped with glass wool, packed with 2.5 cm of silica gel 

and washed with 6 mL hexane. The columns were eluted with 5 mL of a 65% 

acetone/35% hexane solvent mixture (v/v) and dried under a steady stream of nitrogen. 
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Samples were resuspended in a 60:40 mixture of methanol and water (v/v) with 5 μL of 

an internal standard in methanol (2,4,16,16-D4-estrone) and stored at 4 qC until analysis. 

 

Triple Quadrupole LC-MS Analysis 

An Agilent 1100 series Liquid Chromatograph (LC) with a 4000 QTRAP triple 

quadrupole mass spectrometer was used to measure E1. The chromatography was 

performed on a Synergi 4u Polar-RP 80A 150 ! 2.00 mm 4 μm particle size column 

(Phenomenex). A binary gradient of solutions A and B with a flow rate of 0.2 mL/min 

was used. Solution A consisted of a 90% water 10% acetonitrile solution with 2 mM 

ammonium acetate; solution B consisted of 100% acetonitrile. Table 2-5 shows the 

gradient of solutions A and B used over the run period of 17 min. 

 

Table 2-5. The gradients of solutions A and B. 

% B 30% Linear Increase to 95% 95% 30% 

Time 0-2 min 2-10 min 10-11 min 11-17 min 

 

 

The mass spectrometer was operated in negative ion, selected reaction monitoring 

mode. The following table displays the pairs of m/z ratios chosen for quantification and 

confirmation. Q indicates the pair used for quantification, C indicates the pair used for 

confirmation. 
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Table 2-6. m/z ratios used for E1 quantification and confirmation. 
Analyte E1 Internal Standard Surrogate 

m/z pairs 
Qa: 269-145 

Cb: 269-143 

Q: 273-147 

C: 273-187 

Q: 275-145 

C: 275-186 

am/z ratio used for quantification. 
bm/z ratio used for confirmation. 

 

Blanks of 40:60 methanol as well as periodic method blanks were analyzed. 

Standard curves consisted of seven to nine points. Typical limits of quantification were 

2.3 Pg E1/L solvent extract, which for a 100 mL sample with 40% recovery corresponds 

to a limit of quantification of 11.5 ng E1/L aqueous sample (see Data Analysis). Both E1 

and the 13C-labeled surrogate were corrected using the internal standard. The 13C-labeled 

surrogate contained a significant amount of unlabeled E1, up to 8 μg E1/L solvent 

extract, corresponding to 16 ng E1/L aqueous sample. This addition of E1 was treated 

similarly to a standard addition and subtracted out based on a calibration curve developed 

for E1 at each surrogate recovery concentration, (see below Surrogate Adjustement). This 

curve had a limit of quantification of 0.16 to 0.3 Pg E1/L sample extract corresponding to 

a concentration of 0.3 to 0.6 ng E1/L aqueous sample. 

 

Data Analysis 

 

Calibration Curves 

Calibration curves for E1, 13C-labeled E1, nitrite, nitrate and DOC were generated 

from a simple linear regression of the samples in either Excel or R. These curves were 

used to determine the concentrations of nitrite, nitrate and DOC in the samples and to 
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determine “in vial” concentrations of E1 in the solvent extract. after concentration and 

clean-up. The E1 sample concentrations were calculated as follows: 

Aqueous sample concentration= 
�>�M�l���Z�g�_�j���G�m�l�a�c�l�r�p�_�r�g�m�l�?

�:�V�c�a�m�t�c�p�w�;���:�G�m�l�a�c�l�r�p�_�r�g�m�l���J�_�a�r�m�p�;
 where the concentration 

factor was the sample volume/solvent extract volume, and recovery was the percent 

surrogate recovered expressed as a fraction, for example 40% would be 0.4.  

 

Limit of Quantification 

Limits of quantification for E1, 13C-labeled E1, nitrite, nitrate and DOC were 

produced by generating a 95% confidence interval around the calibration curve using 

Excel or R. The confidence interval for the lowest standard was chosen as the limit of 

quantification in the nitrite, nitrate, DOC and in vial E1 concentrations. The limit of 

quantification for E1 was determined in aqueous samples as follows: 

Aqueous sample concentration= 
�>�M�l���Z�g�_�j���G�m�l�a�c�l�r�p�_�r�g�m�l�?

�:�V�c�a�m�t�c�p�w�;���:�G�m�l�a�c�l�r�p�_�r�g�m�l���J�_�a�r�m�p�;
  where the concentration 

factor was the sample volume/solvent extract volume and recovery was the percent 

surrogate  (C13-labeled E1) recovered, expressed as a fraction, for example 40% would be 

0.4.  

 

Surrogate Adjustment 

Samples with an in vial concentration of less than 50 μg/L E1 (corresponding to a 

100 mL sample concentration of 100 ng/L) were subjected to further analysis. The 13C-

labeled E1 standard was not 100% pure, and introduced up to about 6 μg/L additional E1, 

corresponding to a 100 mL sample concentration of about 12 ng/L E1. This was 

accounted for by generating a linear regression for the surrogate concentration (expressed 
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as % of the initial addition) and the E1 concentration, as quantified by a separate E1-only 

standard curve. For each sample, the recovery of the 13C-labeled E1 surrogate was used to 

determine the E1 concentration introduced by the surrogate. This value was subtracted 

from the measured E1 concentration to give the final sample concentration with the 

surrogate adjustment. This process is similar to a correction for an E1 standard addition, 

where in the surrogate also adds a small quantity of E1 to each sample. The limit of 

quantification for this value was calculated as described above. 

 

Significance Tests 

Reported p-values comparing the mean influent estrone concentrations and mean 

effluent estrone concentrations within each experiment were generated with R software 

utilizing a two sample, two-sided, un-pooled Student's t test. 

 

 % Nitrogen Removal and Effluent Nitrate-N as % of Influent Total N 

Nitrogen removal and effluent nitrate-N as % of the influent total nitrogen was 

calculated for each sample based on measurements of total N and the effluent nitrogen 

species: 

% Nitrogen Removal=
�>�X�m�r�_�j���R�?�E-
c�E�k�k�m�l�g�s�k-�R
g

�A-
c�R�g�r�p�_�r�c-�R
g
�A-�>�R�g�r�p�g�r�c-�R�?�A

�>�X�m�r�_�j���R�?�E
 

Effluent Nitrate-N as % of Influent Total N=

c�R�g�r�p�_�r�c-�R
g

�A

�>�X�m�r�_�j���R�?�E
, where the subscripts I and E 

denote influent and effluent, respectively. 

 

% E1 Removal and Standard Deviation 
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% E1 Removal= 
�\ �E-�\ �A

�\ �E
,  

% E1 Removal SD=
k�s-�¨ �����s�����‡�•�‘�˜�ƒ�Ž
o
H
§�:
�W�H�E
�\ �E

�;�6 
E�:
�W�H�A
�\ �A

�;�6 

Where X=mean E1 measurements, SD=standard deviation of E1 measurements and the 

subscripts I and E indicate influent and effluent, respectively. 

 

Nitrate as % of Nitrogen Removal 

This calculation was performed to determine whether the ANAMMOX 

experiment results corresponded to the expected theoretical stoichiometry of nitrogen 

removal during the ANAMMOX process. Expected theoretical stoichiometry of 

ANAMMOX is: 7 

�s���� �8
�> 
E�s�ä�u�t���� �6

�æ
E�r�ä�r�x�x������ �7
�æ
E�r�ä�s�u�� �>

�\ �s�ä�r�t�� �6 
E�r�ä�t�x���� �7
�æ
E�r�ä�r�x�x���� �6�� �6�� �4�ä�5�9
E�t�ä�r�u�� �6��  

Nitrogen removal occurs when nitrogen gas is generated. Therefore, from this theoretical 

stoichiometry, nitrate as a % of nitrogen removal is: 

 


l
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The corresponding value in the samples was calculated as follows: 

���‹�–�”�ƒ�–�‡���ƒ�•���¨ ���‘� �̂����‹�–�”�‘�‰�‡�•�����‡�•�‘�˜�ƒ�Ž
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Chapter 3: Results and Discussion 
 

Abiotic E1 Loss 
 
 With a log KOW of 3.13,1 E1 had the potential to sorb to the plastic feed 

containers, tubing, reactors and membranes used throughout these experiments. The 

abiotic E1 loss within the reactor system used in the experiments was therefore assessed. 

Results are shown in Figure 3-1. Sorption resulted in some loss of E1, on average 5 μg/L, 

or 46% loss of the fed 10 μg/L E1. Loss appeared to occur within two days and also 

appeared to stabilize rapidly in the effluent. 

 
Figure 3-1. E1 concentrations in the influent and effluent of the control experiment. Gray 

bars show E1 influent concentration in the feed. Points (z) represent effluent 
E1 concentrations.  

 
 
Conventional Nitrification and MLE Reactors 
 

Conventional nitrification and nitrogen removal experiments performed as 

expected with respect to nitrogen. In the nitrification experiments, complete ammonium 

removal was achieved by Day 17 of the RT experiment and by Days 48 and 41 in the 15 

¡C experiments, respectively (Figure 3-2). RT nitrification was stable with an average of 
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62% of the influent converted to nitrate after Day 17 of the experiment. As expected, 

delayed onset of nitrification was observed in the 15 ¡C experiment (Figure 3-2) as 

compared to the room temperature experiment. It is well known that nitrification 

typically slows as water temperatures drop.2,3 

 

 
Figure 3-2. Comparison of ammonium, nitrite and nitrate concentrations over time in 
the nitrification and MLE reactor systems. Panel A shows RT nitrification, Panel B 
shows 15 qC nitrification, and Panel C shows nitrification and denitrification in the MLE 
reactor.  Here dotted lines and solid lines show results from replicate experiments. Closed 
squares (�) are ammonium, open circles (�) are nitrate, and open triangles (U) are 
nitrite concentrations. 
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Table 3-1. Reactor performance of RT and 15 ¡C nitrification experiments after nitrate 

became the dominant nitrogen species in the effluent: after Day 17 in RT 
experiments and after Days 45 and 38 in the 15 ¡C experiment replicates, 
respectively. 

Reactor Effluent 
DOC (mg/L) 

Reactor 
Liquor VSS 

(mg/L) 

Effluent Nitrate-N 
as % of Influent 

Total N 

E1 Removal 
% 

RT 
(na=8) 

x̄b=10.5 
SDc=1.2 

x̄=710 
SD=150 

x̄=62%d 
SD=7%d 

x̄=96% 
SD=3% 

15 ¡C 
(n=6) 

x̄=12.6 
SD=1.2 

x̄=300e 
SD=490e 

x̄=55% 
SD=24% 

x̄=99.4% 
SD=0.3% 

a n is the number of replicates 
b x̄ is the mean 
c SD is the standard deviation 
d Data from one room temperature experiment only, n=3. 
e Significantly affected by an outlier. Without outlier x̄=40 and SD=36. 

 

After Day 24 the MLE reactor produced nitrate-rich effluent, maintaining 60-80% 

nitrogen removal (Figure 3-2 and Table 3-2) Removal of total nitrogen was consistent 

with typical performance of MLE technology. Nitrate can only be removed if returned to 

the initial anaerobic nitrification tank. This occurs via the internal recycle returning 

nitrate-rich aerobic mixed liquor to the anaerobic reactor; the nitrogen removal efficiency 

is therefore controlled by the internal recycle rate as described by the equation:4 

% Nitrogen Removal=
�U�h

�U�>�U�h
  

Here Qr is the internal recycle flow rate from the aerobic tank back to the anaerobic tank 

and Q is the influent flow rate. The MLE system in this research had an internal recycle 

rate of two times the influent flow rate, therefore, nitrogen removal was estimated at 

67%, agreeing well with the measured average nitrogen removal of 68% (Table 3-2). 
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Table 3-2. Reactor performance of MLE, GRAN, Semi-Batch and ANAMMOX process 
experiments during stable operation: after Day 13 in MLE, after Day 20 in GRAN and 
Semi-Batch, and between Day 23 and 40 in ANAMMOX. 
 

 Effluent DOC 
(mg/L) 

Reactor Liquor 
VSS (mg/L) 

Total N Removal 
(%) 

E1 Removal 
(%) 

Conventional 
Nitrogen Removal 

(MLE) 
 

x̄a=11.9 
SDb=1.3 
(nc=6) 

x̄=300 
SD=129 

(n=6) 

x̄=68% 
SD=7% 
(n=6) 

x̄=96% 
SD=3% 
(n=6) 

ANAMMOX  
 

x̄=14.5 
SD=3 
(n=6) 

x̄=200 
SD=190 

(n=6) 

x̄=77% 
SD=7% 
(n=6) 

x̄=99.8% 
SD=0.9% 

(n=5) 

Granulated Aerobic 
Sludge (GRAN) 

 

x̄=31.3 
SD=8.8 
(n=15) 

n.d.d x̄=73% 
SD=5% 
(n=15) 

x̄=14% 
SD=36% 

(n=8) 
Semi-Batch 

 
x̄=3.24 

SD=0.76 
(n=12) 

n.d. x̄=27% 
SD=7% 
(n=12) 

x̄=97% 
SD=3% 
(n=6) 

a x̄ is the mean 
b SD is the standard deviation 
c n is the number of replicates 
d n.d. indicates that no data is available for this parameter. 
 
 

In the RT nitrification experiment, E1 was removed to <0.44 μg/L E1 throughout 

experiment; this corresponded with an average removal of 96% (Figure 3-3). Effluent E1 

significantly differed from the average influent E1 (p=1.56!10 -6) throughout experiment 

(Table 3-1). Initially, E1 remained in the effluent of the 15¡C nitrification experiment, 

later stabilizing at a sustained effluent E1 concentration of <0.2 μg/L after Day 10, 

corresponding to an average E1 removal of 99%. Effluent E1 differed significantly from 

influent E1 (p=1.05!10 -6) after Day 10 of the experiment. Similar to the RT nitrification 

experiment, the MLE experimental system removed E1 to <0.41 μg/L E1 throughout 

experiment, with an average removal of 96%. Effluent E1 in this system significantly 

differed from influent E1 (P=1.42!10 -6) throughout the experiment. These conventional 
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nitrifi cation and nitrification/denitrification technologies were expected to degrade E1 

because they provided excellent conditions for E1 degradation. Low, consistent 

concentrations of dissolved organic carbon, constant aeration during nitrification, and a 

long solids residence time are known to select for the slow-growing microbes that 

degrade E15; this was observed in these experiments as well. This removal performance 

is also consistent with the literature.6,7 Suarez et al.6 utilized side-by-side nitrifying and 

denitrifying lab scale treatment systems to assess estrogen and personal care product 

removal under these conditions. Excellent (99%) removal of E1+E2 was observed in the 

aerobic nitrifying treatment system and good (72%) removal of the same was observed in 

the denitrifying treatment system. Analysis of a German full-scale plant also noted 98% 

removal of E1+E2 after treatment with conventional nitrification/denitrification 

combined with phosphorus removal.7 
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Figure 3-3. Effluent E1 in the nitrification and MLE experiments. Panel A shows RT 
nitrification, Panel B shows 15 qC nitrification, and Panel C shows MLE.  Here, solid 
lines with closed circles (z) and dotted lines with open circles (�) show results from 
replicate experiments. 
 
ANAMMOX Process 

Strong evidence for the occurrence of the anaerobic ammonium oxidation was 

observed during the ANAMMOX Process experiment. Based on stoichiometry, during 

anaerobic ammonium oxidation 13% of the total nitrogen removed should be converted 

to nitrate-N (see Chapter 2: Data Analysis). Throughout the ANAMMOX experiment, 

nitrate production as a percent of total nitrogen removed was near 13%, even during 

reactor upsets (Figure 3-4). During the experiment, effluent DOC was comparable to 

effluent DOC in both the MLE and nitrification experiments (Tables 3-1 and 3-2). 

Between Days 23 and 40, nitrogen removal ranged from 68-86% of the total influent 
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nitrogen. This agreed with a similar lab-scale study where an ANAMMOX SBR was fed 

with synthetic influent8 and the average nitrogen removal was 78%. A reactor upset, 

evidenced by floating biomass, nitrite-N accumulation to between 25 and 50 mg/L, and 

decreased total N removal efficiency, occurred between Days 13 and 20 and on the final 

day of the experiment, Day 42 (Figure 3-5). Influent E1 concentrations were monitored 

for a two-day period in the feed, and remained stable (Figure 3-6). Nevertheless, 

throughout the ANAMMOX process experiment, the effluent E1 concentration was less 

than 0.024 μg/L (Figure 3-5) and mean E1 removal was 99.8% (Table 3-2). Effluent E1 

was significantly different from influent E1 (P=0.006122) throughout the experiment. 

 
 

 
 
Figure 3-4. Nitrate-N as a percentage of the total nitrogen removed during the 
ANAMMOX p rocess experiment. The dotted line represents the theoretical 
stoichiometric quantity of nitrate-N that should be present as a percentage of the total 
nitrogen removal.9 
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Figure 3-5. E1 and nitrogen removal results from the ANAMMOX experiment. The 
shaded areas denote sampling days when the reactor was experiencing an upset. Here, 
solid lines with closed circles (z) show effluent E1 concentrations, bars show percent 
nitrogen removed, and squares with an X (_) show samples with E1 concentrations 
below the limit of quantification. 
 
 

 

 
Figure 3-6. E1 concentrations in the influent of the ANAMMOX experiment over time. 
 

The excellent E1 removal observed throughout the ANAMMOX experiment was 

unexpected. As has been previously discussed, E1 degradation is typically associated 
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with aerobic systems with low organic carbon concentrations and a long SRT. Indeed, 

experiments assessing the potential of E1 to degrade under anaerobic conditions in batch 

experiments with anaerobic digester sludge, activated sludge, and upflow anaerobic 

digester sludge10 showed little potential for E1 to degrade. It is possible that in this 

experiment, the long SRT may have allowed anaerobic E1 degraders to grow in the initial 

sludge sample and begin degrading E1 soon after experiment initiation. Alternatively, the 

ANAMMOX microorganisms themselves may have played a part in E1 degradation. 

Finally, it has been shown by Gaulke et al.11 that E1 has the potential to react with nitrite 

to abiotically form nitro-E1 in the presence of elevated nitrite. In this experiment nitrite 

concentrations in the feed were as high as 65 mg/L as N; nevertheless, as shown above, 

the E1 concentrations in the feed remained stable throughout a two day period (Figure 3-

6), suggesting that nitration of E1 was not the reason for the very low (0.024 μg/L) 

effluent E1 concentrations. 

 

Aerobic Granular Sludge (GRAN) 

GRAN experimental system removed 61-87% of the influent nitrogen throughout 

experiment (Table 3-2). The performance of this system agreed well with 65-82% 

nitrogen removal reported in an aerobic granular sludge experiment that was 

continuously aerated12 and the 60% nitrogen removal achieved at a full scale aerobic 

granular sludge plant13. Figure 3-7 shows a photo, taken from above, of the granules in a 

graduated cylinder. Effluent DOC averaged 31.3 mg/L, three times higher than the 

wastewater experiments. The organic carbon loading was, however, much higher, with an 

influent COD of 1 g/L.  
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Figure 3-7. Photograph of the granules from the GRAN experiment, as viewed from 
above in a graduated cylinder. 
 

 

Limited E1 removal, averaging 14% (Table 3-2), was observed throughout the 

GRAN experiment and the effluent E1 concentration did not significantly differ (Figure 

3-8) from influent E1 concentration over the course of the experiment (p=0.4). It is 

possible that the high influent COD concentrations selected against slower growing 

microorganisms capable of degrading E1, similar to the findings of Tan et al.5,14 Another 

explanation for these results is that operation in this SBR configuration may have had a 

negative impact on E1 removal. 

To explore this second possibility and clarify the importance of high COD 

concentrations in preventing E1 removal, an additional SBR experiment, the Semi-Batch 

experiment, was performed, identical to the GRAN experiment except that the influent 

COD was lowered from 1 g/L to 200 mg/L COD. Nitrogen removal was negatively 

affected by this change in operation, with the system removing an average of 27% total N 

!" �
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throughout experiment (Table 3-2) and no granule formation. It is possible that with the 

decrease in COD granules were unable to form15 and the slow-growing nitrifiers were 

therefore washed out of the system with the short settling time (5 minutes). Alternatively, 

the synthetic feed used may have caused problems with nitrification (see Appendix: 

Nitrification Experiments with Synthetic Wastewater). Organic carbon was removed well 

in this Semi-Batch system, however, with an average effluent DOC of only 3 mg/L. In 

addition, E1 degradation was excellent, with effluent E1 concentrations of ≤0.82 μg/L E1 

after Day 20. Effluent E1 significantly differed from influent E1 (p=0.0004) after Day 20 

of the experiment (Figure 3-8), with an average E1 removal of 97% (Table 3-2). This was 

similar to the E1 degradation observed during the nitrification, MLE and ANAMMOX 

experiments. It is therefore likely that the lower COD concentrations allowed E1 

degraders to compete and grow, albeit slowly. The excellent E1 removal in the Semi-

Batch experiment agreed with results from the literature16 in which excellent (60-90%) 

E1 removal was observed in similarly operated nitrite-accumulating SBRs with SRTs 

between 1.7 and 17.1 days and 533 mg/L COD in the influent. 
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Figure 3-8.  Effluent E1 and nitrogen removal in the GRAN and Semi-Batch SBR 
experiments. Panel A shows the GRAN experiment and panel B shows the Semi-Batch 
SBR experiment. Here, solid lines with closed circles (z) show effluent E1 concentration 
and bars show percent nitrogen removed. 

 

The reactor experiments in this work focused on E1 removal, which is 

environmentally relevant only if it is assumed that the degradation products of E1 are no 

longer contributing to the estrogenicity of the effluent. In conventional aerobic systems 

this is a reasonable assumption based on the current body of work on the subject. 

Observed estrogen degradation in typical aerated activated sludge has been associated 

with corresponding decrease estrogenicity. In one study17 95-100% removal of total 

estrogens occurred during aerated conventional COD, nitrogen and phosphorus removal 

from domestic wastewater at a full-scale WWTP in France; this was associated with 87-
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99% removal of estrogenicity as measured by an in vitro recombinant gene assay. In 

another study, the aerated stage of treatment in a survey of five WWTPs was associated 

with the greatest decrease in estrogenicity.18 These results indicate that the removal of E1 

in conventional nitrification and MLE processes is likely to be associated with a 

corresponding removal of estrogenicity. This cannot be assumed for the removal of E1 in 

the anaerobic ANAMMOX experiment, however. E1 degradation under anaerobic 

conditions is more complicated. One study found that E1 had the potential to be 

recalcitrant in anaerobic batch experiments with activated sludge and E2 present.10 A 

second batch experiment showed slow, but still significant removal of E1 in anaerobic 

experiments with activated sludge where E1 was first converted to E2 prior to 

degradation.19 Anaerobic degradation of E1 therefore has the potential to follow a 

different pathway than that of aerobic degradation of E1 with the formation of unknown 

products. The unique anaerobic, low COD conditions and unusual biology of the 

ANAMMOX process require further investigation to elucidate the mechanism of E1 

removal and to determine if it is associated with the removal of estrogenicity under these 

conditions as well. 

In this study, the nitrogen removal technologies that were also capable of E1 

removal shared one trait: the presence of dissolved organic carbon. Effluent DOC was 

about 10 to 15 mg/L in the nitrification, MLE, and ANAMMOX reactor systems, 

indicating that organic carbon was present in each system but at relatively constant, low 

concentrations. The presence of low concentrations of organic carbon, combined with a 

long SRT, should stimulate the growth of the slow growing multiple substrate-utilizing 

microbes that degrade E1.5 The influent to the GRAN experiment had high COD, 
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consisting of entirely soluble synthetic wastewater constituents (Table 2-2). At the 

beginning of each six-hour sequence, the concentration of COD in the GRAN SBR was 

at least 500 mg/L. High COD and saturated DO concentrations fostered aggressive 

aerobic heterotroph growth. Slower growing20 E1 degraders were therefore likely 

outcompeted by heterotrophs in this reactor configuration5,14 resulting in the little to no 

E1 removal observed in the GRAN experiment. Overall, nitrogen removal technologies 

with low, consistent concentrations of organic carbon present are more likely to remove 

E1 than technologies in which high concentrations of organic carbon are amended, such 

as in the GRAN experiment.  

Overall, if there is a need for nitrogen removal and there are concerns about 

effluent estrogen, such as in streams that are effluent dominated, aerobic granular sludge 

or similar systems containing high influent organic carbon concentrations are not wise 

treatment choices. Nitrogen and E1 removal were comparable during conventional 

nitrogen removal processes utilizing energy-intensive nitrification processes and 

ANAMMOX. ANAMMOX has an advantage over conventional nitrogen removal in that 

it consumes much less oxygen than conventional nitrification, and therefore, much less 

energy. Stoichiometrically, partial nitritation coupled with ANAMMOX could use as 

little as 38% of the oxygen required for conventional nitrification/denitrification offering 

a distinct advantage if ANAMMOX can be reliably implemented mainsteam. This work 

demonstrated that ANAMMOX technology removes an important contaminant of 

emerging concern, E1, in addition to providing cost savings by decreasing aeration, 

recycle pumping, and carbon addition while effectively removing total nitrogen. As long 

as the degradation products of E1 under ANAMMOX conditions are not harmful or 
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estrogenic, ANAMMOX treatment has the potential to be a practical and effective 

treatment method for wastewaters that are both nitrogen-rich and estrogenic. 
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Chapter 4: Conclusions and Recommendations 
 
Conclusions 

x Lab-scale conventional nitrification treatment, modified Ludzack-

Ettinger treatment, ANAMMOX process and aerobic granular sludge 

nitrogen treatment systems were successfully operated and assessed 

for their respective E1 removal capability, showing that the choice of 

nitrogen removal technology could have a significant impact on 

WWTP effluent estrogenicity. 

x Conventional nitrification and the Modified Ludzack-Ettinger 

conventional nitrogen removal treatment systems are effective 

treatment methods for E1 removal, even at low temperatures. 

x Aerobic granular sludge and other treatment systems with very high 

COD feed concentrations are not likely to be effective for estrogenicity 

removal. 

x ANAMMOX type systems have the potential to provide excellent E1 

removal while effectively removing nitrogen in an energy efficient 

way. Products of E1 degradation under ANAMMOX conditions are 

unknown, however. 

 

Recommendations 

 To expand on this body of work and confirm the connection between observed E1 

degradation and improved environmental outcomes, further research is required. There is 

a need to determine which organisms and by what mechanism E1 degrades under 
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ANAMMOX conditions. Work on identifying and assessing the estrogenicity of the 

degradation products of E1 under varied conditions, such as conditions favorable for the 

ANAMMOX process would be an important next step as well. The identification 

degradation products would allow monitoring of not only E1 removal, but also its 

degradation products, which would help confirm the method of removal as degradation 

instead of simply sorption to biosolids. Finally, while the formation of nitro-E1 from 

abiotic nitration in the presence of nitrite is not an important factor during conventional 

nitrification, it may play a more important role during other processes. The effect of 

nitrite concentration combined with increased temperature during ANAMMOX should be 

investigated to determine if this abiotic reaction is important under these conditions.  
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Statement of Role 

In addition to our advisor Paige Novak, this work was the result of collaboration 

between David Tan, a postdoctoral associate, and I. Each nitrification and nitrogen 

removal system tested for E1 degradation capability required design, troubleshooting, 

daily analyses and data interpretation. The room temperature nitrification experiments 

and conventional nitrogen removal experiment (MLE) were operated for 31 to 38 days 

each. In these experiments I shared the design, troubleshooting, daily analyses and data 

interpretation responsibilities with David. We also tested two cold temperature 

nitrification systems that were operated in a cold room for 48 and 55 days, respectively. I 

took the lead on designing, troubleshooting, performing daily analyses and interpreting 

the data for these experiments. Granulated aerobic sludge, a novel nitrogen removal 

system, was tested in two experiments with two different influent COD concentrations 

for 69 and 56 days, respectively. David designed and set-up the granular aerobic sludge 

experiments and during the experiments I shared the responsibility of performing daily 

analyses and interpreting our data. For the SHARON experiments, which are presented in 

the Appendix, David Tan and I designed the initial experiment together and we operated 

the first two experiments, a total of 90 days of reactor operation, in close collaboration. I 

made improvements to our design and operated the SHARON experiment for a total of 

131 more days, independently performing all troubleshooting, analyses and data 

interpretation. The final novel nitrogen removal experiment, utilizing ANAMMOX 

technology, was operated for 42 days. This experiment was entirely designed, operated, 

analyzed and interpreted by me. I continued this independent undertaking with an 
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ANAMMOX batch experiment to further evaluate E1 degradation under ANAMMOX 

conditions, presented in the Appendix. 
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Appendix 

 

Nitrification Experiments with Synthetic Wastewater 

A nitrification experiment identical to the RT nitrification experiments described 

in the Experimental section of this thesis, with the exception that the influent used was a 

synthetic wastewater with an identical influent composition to the 200 mg/L COD 

synthetic influent used in the Semi-Batch experiment. The influent was spiked with 10 

μg/L E1 in the same way. The results from this experiment are shown in Table A-1. 

Nitrification did not occur during this experiment, less than 0.5 mg/L nitrate-N was 

produced throughout the experiment. This may have been caused by the synthetic 

wastewater missing key additional nutrients such as sufficient iron, calcium and trace 

metals to support nitrifiers. Upon further investigation of the synthetic wastewater 

composition adapted from Boeije et al.,1 it was noted that a trace element solution and 

additional iron and calcium salts were included in the recommended synthetic wastewater 

preparation. E1 removal did occur in this experiment, however it was not removed to as 

low of concentrations as in the nitrification experiments with wastewater. Additionally 

the aeration was removed from the experiment on Day 38 in effort to have an anaerobic 

control period during which E1 degradation was stopped. The reactor went anaerobic 

within an hour and maintained anaerobic conditions through Day 45. The E1 

measurement on anaerobic Day 42 indicates that E1 degradation was no longer occurring 

under anaerobic conditions. 
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Table A-1. Results from the nitrification experiment with synthetic wastewater and 10 
μg/L E1. Gray shading indicates the period during which the reactor was anaerobic. 
MLVSS is mixed liquor suspended solids in the reactor. 

Sample 
Date Day 

VSS 
 

(mg/L
) 

Ammonium
-N (mg/L) 

DOC 
(mg/L) 

Nitrite-N 
(mg/L) 

Nitrate-N 
(mg/L) 

effluent 
E1 

(μg/L) 
17-
Nov 3   32   0.085 0.357 0.370 
20-
Nov 6 40.4 21 13.0 0.097 0.430 2.826 
24-
Nov 10 77.0 19 13.9 0.100 0.316 0.356 
27-
Nov 13 107 22 13.5 0.069 0.202 1.302 

1-Dec 17 113 26 10.9 0.127 0.458 1.222 
4-Dec 20 103 28 11.5 0.114 0.295 0.241 
8-Dec 24 74.4 27 9.34 0.152 0.364   
11-Dec 27 47.7 34 5.55 0.239 0.437 0.698 
15-Dec 31 165 35 3.28 0.234 0.370 0.613 
18-Dec 34 327 25   0.345 0.256 0.210 
22-Dec 38 371 38 1.82 0.922 0.182 0.327 
26-Dec 42 141 40 2.41 1.303 0.121 24.041 
29-Dec 45   35 2.65 1.963 0.111   

 
  

A second nitrification experiment was performed that was identical in every way 

to the nitrification experiment described in the preceding paragraph, with one exception. 

The influent E1 concentration was lowered 100 ng/L. The results from this experiment 

are shown below in tabular form. A second nitrification experiment was performed that 

was identical in every way to the nitrification experiment described in the preceding 

paragraph, with one exception. The influent E1 concentration was lowered 100 ng/L. The 

results from this experiment are shown below in Table A-2. Nitrification did not occur 

until a mixing event occurred that mixed a domestic wastewater nitrification experiment 

with the synthetic experiment for 22 hours, the result of a plumbing issue after 

backwashing the membranes. An assessment of the influent concentration was not 
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performed and these results are not corrected for any E1 contamination introduced by the 

surrogate, so it is difficult to make claims about E1 removal during this experiment. 

Nitrate was measured in the influent at elevated concentrations following the mixing 

event, but decreased over time. Again, this may have been caused by insufficient 

nutrients in the synthetic influent as described in the preceding paragraph. 

Table A-2. Results from the nitrification experiment with synthetic wastewater and 100 
ng/L E1.  

Sample 
Date 

Da
y 

VSS 
(mg/
L) 

Ammonium
-N (mg/L) 

DOC 
(mg/L) 

Nitrite-
N 

(mg/L) 

Nitrate-
N 

(mg/L) 
effluent E1 

(μg/L) 
1/5/15 3 226 18 12.4 0.534 0.322 0.065 
1/8/15 6 201 25 9.4 0.347 0.207   
1/12/15 10 193 28 7.2 0.418 0.197   
1/15/15 13 208 25 9.2 0.497 0.286 0.086 
1/19/15 17 290 38 2.4 0.548 0.450 0.018 
1/22/15 20 288 34 1.7 0.632 0.443   
1/26/15 24 290 34 1.7 1.78 0.883 0.023 

1/28/16 
Reactor mixes with the domestic wastewater nitrification experiment for 

22 hours. 
1/29/15 27 438 12 2.3 5.06 19.0 0.057 
2/2/15 31 525 17 1.5 3.39 15.8   
2/5/15 34 545 13 2.1 3.58 11.0   
2/9/15 38 691 28 2.3 7.01 10.1   
2/12/15 41   31 4.0 6.36 7.08 0.048 

 
 

SHARON Experiments 

In an effort to assess the overall E1 removal efficacy of systems that would utilize 

ANAMMOX technology, an effort was made to test one ANAMMOX influent 

preparation technology that can be used achieve partial conversion of ammonium to 

nitrite: SHARON. SHARON technology utilizes a short SRT, elevated temperatures and 

limited aeration to select for ammonium oxidizers and select against nitrite oxidizers, as 

described in the literature review.  A photo and schematic of the SHARON reactor set up 
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are included in Figures 1 and 2. The SHARON experiment was initiated with an aliquot 

of the same reactor seed used in the nitrification, MLE, GRAN and Semi-Batch 

experiments. It was performed in a 1 L reactor system with a theoretical SRT equal to the 

HRT. The HRT was short, one day or less, in an effort to wash out the slower growing 

nitrite oxidizers and allow the nitrite produced by the faster growing ammonium 

oxidizers to accumulate. Four attempts, totaling 221 days of reactor operation, were made 

to successfully operate SHARON technology with domestic wastewater influent. The 

goal was to operate in a way that achieved an effluent nitrogen speciation of fifty percent 

ammonium and 50 percent nitrite, with little to no nitrate production. The process of 

inhibiting the activity of nitrite oxidizers and producing a nitrite-rich effluent is called 

nitritation. 

 
Figure A-1. Photo of SHARON experiment. 
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Figure A-2. Schematic of the SHARON reactor set-up. 

 
Table A-3. Key parameters changed between SHARON experiments A-D. 

SHARON 
Experiment 

Influent Flow Rate (Q) 
(mL/min) 

HRT  
(days) 

Temperature  
(qC) 

Effluent Pumping 

A 0.7 1 35 Continuous 
B 0.7 1 40 Continuous 
C 1.33 0.5 40 Continuous, 13 

min off, 2 min on 
after Day 89 

D 0.7 1 37 42 min off, 3 min 
on 

 The initial attempt at operating SHARON (SHARON A) to achieve partial 

nitritation was performed according to the above Table A-3.  Initially the reactor was 

aerated to a DO of greater than 5 mg/L to promote the growth of the microbial 

community. Following the observation of complete ammonium removal, aeration was 

scaled back, eventually reaching 0.5 mg/L near the end of the experiment. See Table A-4 

for the tabulated results from this experiment. It is important to note that during the start 

up of the nitrification reactors, the initial step was for nitrite to accumulate before nitrite 

oxidizers began to convert it to nitrate. In SHARON A, this initial nitrite accumulation 
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occurred, but it was short lived with a nitrate-dominated effluent produced by the end of 

the experiment. Stable nitritation was not achieved. Excellent E1 removal was observed. 

However, excellent E1 removal was observed. 

Table A-4. Results from SHARON A. 

Sample 
Date 

Day VSS 
(mg/L) 

Ammoniu
m-N 

(mg/L) 

DOC 
(mg/
L) 

Nitrite
-N 

(mg/L) 

Nitrate
-N 

(mg/L) 

Effluent 
E1 

(μg/L) 

Influent 
Total N 
(mg/L) 

5/4/15 3 23 24 30 0.199 0.659 0.183 63 
5/7/15 6 7.67 20 24.6 2.513 0.150 0.057 58 
5/11/15 10 5.00 0 21.4 42.7 0.708   58 
5/14/15 13 27.5 0 17.8 28.4 0.834   53 
5/18/15 17 44.3 0 22.1     0.107 53 
5/21/15 20 41.3 0 20.7 24.9 0.658 0.044 50 
5/25/15 24   0 19.1 37.2 3.2 0.095   
5/28/15 27 54.5 0 34.4 19.6 6.37 0.058 46 
6/1/15 31 74.7 0 16.3 0.3 28.39     

   
The second attempt at operating SHARON (SHARON B) was operated in the 

same way as SHARON A, except that the temperature was increased in an effort to select 

against the nitrite oxidizers. Daily brushing of the sides of the reactor was performed to 

dislodge biofilm. Additionally DO was controlled near 2 mg/L until complete ammonium 

removal was observed, signaling that the ammonium oxidizer population had taken hold.. 

Following complete ammonium removal, aeration was adjusted daily to lower dissolved 

oxygen levels down to 0.2 mg/L in an effort to achieve partial nitritation. See Table A-5 

for the results from SHARON. The operation of this reactor achieved partial conversion 

to nitrite, however significant concentrations of nitrate were also observed.  It was 

hypothesized that the actual SRT differed from the theoretical SRT because the solids 

were not leaving the reactor at the same rate as the liquid as a result of the reactor 

configuration. This realized SRT was likely long enough to allow nitrite oxidizers to 
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grow and effectively consume nitrite. Again, in the samples analyzed for E1 very low 

concentrations of E1 were observed. 
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Table A-5. Results from SHARON B. 

Sample 
Date 

Day VSS 
(mg/L) 

Ammoniu
m-N 

(mg/L) 

DOC 
(mg/
L) 

Nitrite
-N 

(mg/L) 

Nitrate
-N 

(mg/L) 

Effluent 
E1 

(μg/L) 

Influent 
Total N 
(mg/L) 

6/22/15 3 21 37 21.75 <0.28 <0.28 
  

6/25/15 6 12 32 18.6 <0.28 <0.28  45 
6/29/15 10 26 29 31.2 2.54 <0.28  45 
7/2/15 13 25 26 18.5 4.86 <0.28 0.0220 48 
7/6/15 17 31 23 14.8 5.54 <0.28 0.0301 48 
7/9/15 20 44 0 13.3 

  
0.0504 34 

7/13/15 24 23 13 13.5 1.16 1.93 0.0240 34 
7/16/15 27 19 20 14.3 0.74 3.74 0.0889 45 
7/17/15 28    1.12 6.57   
7/19/15 30    0.93 4.32   
7/20/15 31 52 29 28.58 0.85 5.21 0.0141 45 
7/21/15 32 

 
28 

 
0.51 4.72 

 
45 

7/22/15 33 
 

30 
 

0.53 6.03 
 

41 
7/23/15 34 60 29 21.46 0.49 6.41 0.0100 41 
7/24/15 35  29  0.27 5.19  41 
7/26/15 37  32     41 
7/27/15 38 22 26 19.04 1.87 7.98 0.0106 41 
7/28/15 39 

 
30 

 
0.88 3.79 

 
41 

7/29/15 40 
 

21 
 

7.17 4.46 
 

36 
7/30/15 41 54 0 17.97 0.00 4.71  36 
7/31/15 42  5  7.80 2.97  36 
8/1/15 43  9  0.54 2.09  36 
8/2/15 44 

 
17 

 
0.78 3.13 

 
36 

8/3/15 45 15 16 15.65 2.77 3.72 
 

36 
8/4/15 46 

 
6 

 
8.13 2.00 

 
38 

8/5/15 47  1  10.5 1.87  38 
8/6/15 48 15 0 16.69 14.9 5.22  38 
8/7/15 49  0  16.4 4.27  38 
8/8/15 50 

 
0 

 
19.8 4.48 

 
38 

8/9/15 51 
   

17.4 4.09 
 

38 
8/10/15 52 48 2 

 
13.5 3.68 

 
38 

8/11/15 53  13  4.80 5.42  38 
8/12/15 54  10  1.58 4.40  36 
8/13/15 55 28 18 20.74 0.13 0.56  36 
8/14/15 56 

 
22 

 
0.22 6.65 

 
36 

8/15/15 57 
 

21 
 

0.25 7.09 
 

36 
8/16/15 58 

 
20 

 
0.31 7.27 

 
36 

8/17/15 59 20 19 19.14 0.95 8.29  36 
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The third attempt at operating SHARON (SHARON C) utilized a shortened HRT 

in an effort to decrease the realized SRT (see Table A-3). The reactor walls were 

scrubbed daily or every other day to dislodge biomass and improve biomass removal in 

the effluent. This experiment was again initiated with a DO of 2 mg/L that was adjusted 

down to 0.3 mg/L after complete ammonium removal was observed signaling that the 

ammonium oxidizer population had taken hold. Discrepancies between the set DO (see 

Table A-6) and the actual DO in the reactor reflect the difficulty that was had with 

manually controlling the DO. Maintaining the specified DO concentrations was nearly 

impossible with the manual DO control reactor set-up.  On Day 96 of the experiment the 

diffuser was removed in an effort to achieve an anaerobic environment that did not 

degrade E1 to show that sorption was not a significant E1 removal mechanism. During 

this experiment the realized SRT in the reactor was measured via multiple volatile 

suspended solids measurements utilizing the following, established equation:2 

������ 
L
�>������ �?

�� �>������ �?�I
 

 where Q was the flow rate through the reactor, VSS was the mixed liquor suspended 

solids concentration in the reactor and [VSS]E  was a measurement new to this work, 

effluent volatile suspended solids.  See Table A-6 for the results from this experiment. 

The SRT was calculated according to the aforementioned calculation. In this experiment, 

concentrations of nitrite-N from 50% to 90% of the influent ammonium were observed, 

but they were typically paired with significant nitrate-N concentrations up to 12 mg/L. In 

reaction to the presence of nitrate indicating that nitrite oxidizers were still present and 

measured SRTs that still exceeded the goal SRT of 1 day, further steps were taken to 

improve the flushing of solids from the reactor. A control box was installed on Day 89 of 
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the experiment and the effluent pump ran for 3 minutes every 15 minutes instead of 

continuously. This allowed the reactor volume to increase above the port set at 1 L and 

when the pump ran it would pump off mixed liquor with more representative solids 

content. Following this change, nitrite concentrations increased. Issues with E1 analysis 

prevented the successful analysis of many of the E1 samples. In one sample, duplicate 

analyses resulted in measurements of 1.75 Pg/L and 0.132 Pg/L E1, respectively. The 

low number of E1 quantifications combined with the variable performance of SHARON 

with respect to nitritation resulted in another inconclusive experiment. During the 

anaerobic period there was an initially recovery of E1 to 6.22 Pg/L in the effluent on Day 

97, however following that day DO concentrations increased despite the lack of aeration 

and effluent E1 returned to very low concentrations. 
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43 
9/8/15 

11 
12.8 

29 
  

2.02 
0.20 

  
6.7 

  
  

9/10/15 
13 

36.4 
27 

  
4.59 

0.22 
  

2.4 
  

43 
9/14/15 

17 
19.6 

0 
12.6 

  
  

  
3.7 

  
  

9/17/15 
20 

12.1 
0 

  
37.4 

1.16 
  

7.6 
  

22 
9/22/15 

25 
18.0 

0 
  

22.3 
1.07 

  
4.2 

  
  

9/25/15 
28 

20.3 
0 

  
22.0 

1.70 
  

4.0 
  

30 
9/29/15 

32 
32.4 

0 
  

25.2 
1.56 

  
2.5 

  
  

10/2/15 
35 

55.4 
2 

  
21.0 

3.17 
  

1.4 
  

  
10/6/15 

39 
18.3 

0 
  

18.7 
4.72 

  
3.7 

  
  

10/9/15 
42 

20.5 
1 

  
21.7 

11.38 
  

4.3 
  

57 
10/13/15 

46 
15.6 

0 
  

15.3 
11.10 

  
4.9 

  
  

10/16/15 
49 

6.1 
0 

  
15.7 

12.00 
  

12.2 
  

  
10/20/15 

53 
27.5 

1 
  

11.3 
11.14 

  
4.3 

  
  

10/23/15 
56 

40.0 
10 

  
12.4 

1.60 
  

  
  

36 
10/27/15 

60 
58.0 

6 
  

  
  

  
1.4 

  
  

10/30/15 
63 

11.8 
1 

12.8 
15.4 

5.60 
  

7.1 
0.5 

39 
11/3/15 

67 
24.1 

  
11.8 

20.0 
4.99 

  
3.5 

2 
  

11/6/15 
70 

60.0 
  

12.8 
16.8 

3.42 
  

1.3 
0.5 

38 
11/10/15 

74 
86.4 

10 
13.8 

11.7 
2.83 

  
0.9 

1.5 
  

11/13/15 
77 

36.4 
0 

12.7 
19.5 

4.38 
  

1.5 
0.5 

34 
11/17/15 

81 
32.5 

0 
13.3 

19.2 
6.44 

  
2.2 
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84 

7.7 
0 

12.9 
14.9 

10.26 
0.029 

6.3 
  

32 
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89 
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0 
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4.05 
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95 

32.6 
5 

13.7 
11.1 

5.37 
0.03 

1.4 
0.3 

32 
12/2/15 

96 
28.6 

5 
15.5 

10.7 
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0.05 
1.4 

0.3 
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The fourth and final attempt (SHARON D) to successfully operate the SHARON 

system to achieve partial nitritation was initiated with the parameters in Table 3. The key 

changes in this experiment compared to SHARON C was the increase in the interval of 

time between effluent pumping periods, 3 minutes every 45 minutes, the increased HRT 

of 1 day and initial start-up DO goal of 0.3 mg/L. In order to achieve 0.3 mg/L 

immediately following start up, a diffuser with ultra high purity nitrogen gas was used to 

keep the DO down. Ammonium removal was not observed under the low start-up DO 

condition, so the DO was increased to greater than 5 mg/L from Day 10 to Day 21 of the 

experiment. On Day 21 the DO was reduced to a goal of 0.2-0.4 mg/L, this was achieved 

by using both the nitrogen diffuser and the air diffuser. Both gas flow rates were adjusted 

based on the observed DO in an effort to keep it at 0.3 mg/L. See Table A-7 for the 

results from this experiment. Problems with the ion chromatograph resulted in a loss of 

the nitrite and nitrate data associated with this experiment, for this reason limited E1 

analyses were performed. On the days the SRT was measured, it was between 1-2.2 days 

and ammonium concentrations appeared to stabilize with residual ammonium present, 

indicating the possibility of partial nitritation. 
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Table A-7. Results from SHARON D. 

Sample 
Date Day 

VSS 
(mg/L

) 
Ammonium-

N (mg/L) 
DOC 

(mg/L) 
SRT 

(days) 
Influent 

E1 (μg/L) 

Effluent 
E1 

(μg/L) 
3-Mar 3 

 
11 

    4-Mar 4 
 

25 
   

0.149 
8-Mar 8 

 
14 

  
8.78 0.206 

9-Mar 9 
 

15 
    10-Mar 10 

 
13 

    DO maintained at 5 mg/L during this interval.  
21-Mar 21 

 
0 

    22-Mar 22 
 

2 
    24-Mar 24 50.50 0 
 

1.17 
  25-Mar 25 38.46 4 

 
2.20 

  28-Mar 28 
 

4 20.11 
 

6.77 0.0488 
29-Mar 29 

 
9 19.46 

 
3.86 0.0467 

30-Mar 30 
 

8 
     

 Overall, the SHARON experiments demonstrated the difficulty that is inherent in 

attempting to partially oxidize ammonium to nitrite in domestic wastewater. Further 

attempts to successfully operate a SHARON experiment should include an initial high 

DO period to promote the growth of the microbial community, efforts to maintain a short 

SRT and immediate stoppage of biological activity upon collection of sample to prevent 

E1 degradation in the collection beaker, perhaps with a pre-acidified collection beaker or 

direct sampling from the reactor itself instead of waiting for the effluent to slowly pump 

off and acidifying the sample after the required volume was collected as was done in this 

study. Finally, measurements of nitro-E1 as described by Gaulke et al. will be required to 

determine if abiotic E1 nitration was occurring in the presence of nitrite concentrations 

during SHARON treatment. 
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ANAMMOX Batch Degradation Experiment 

 

Materials and Methods 

 A batch experiment was undertaken to assess degradation of E1 under 

ANAMMOX conditions with ANAMMOX sludge. Batch experiments were performed in 

triplicate in three treatments. See Table A-8 for a summary of the treatments. Samples 

were taken from all replicates each day of the experiment for total nitrogen, nitrate and 

nitrite analysis. Each replicate was prepared in a 500 mL glass bottle with a screw top cap 

with a septum. Media for the experiments was prepared as follows: 5 mL each of Trace 

Solution 1, Trace Solution 2, Mg Solution and Ca Solution (see Table 2-3) combined 

with 1.095 g NaNO2, 2.5 g KHCO3 and 0.136 g KH2PO4 in 5 L deionized water. 450 mL 

media and 50 mL ANAMMOX seed identical to the seed used in the ANAMMOX 

Process experiment described in Chapter 2, was added to each bottle on Day -1. Sodium 

azide (1.63 g) was also added to the ANAMMOX +E1+Sodium Azide negative control 

treatment at this time. The filled, uncapped bottles were placed in the airlock of an 

anaerobic chamber and were subjected to 6 cycles of vacuum and nitrogen gas, ending 

with a cycle that introduced the 93% nitrogen gas and 7% hydrogen gas mixture 

necessary for the anaerobic chamber. The bottles were allowed to rest in the anaerobic 

chamber for an hour before they were capped and removed from the chamber. 

Throughout the rest of the experiment the bottles were shaken at 120 rpm on a shaker 

table and incubated at 30 qC when not engaged in sampling. On Day 0 sodium nitrite was 

added and E1 was added to the appropriate treatments at Time 0 (see Table A-8).  
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Table A-8. Summary of ANAMMOX batch experiment treatments, per replicate. 
Treatment E1 amendment (Pg/L) Sodium Azide 

 (g) 
Active ANAMMOX +E1 20 none 

Active ANAMMOX  none none 
ANAMMOX +E1+Sodium 

Azide 
20 1.63 

 
 At T=1 hour the reactors were placed in the anaerobic chamber and 25 mL 

samples were removed from the active treatment and control treatment replicates, 

surrogate was immediately added and the samples were acidified prior to sealing each 25 

mL glass sample bottle while still in the anaerobic chamber. After removal from the 

chamber these samples were neutralized immediately processed for E1 as described in 

Chapter 2. The sampling process was repeated on T= 25 hours on Day 1, T=51 hours on 

Day 2, T=75 hours on Day 3 and T=147 hours on Day 6, however further processing of 

the samples for E1 analysis was only performed on the T=0 hours and T=147 hours 

samples. Additional NaNO2 and (NH4)2SO4 was also added to replicates each day as 

tabulated in Table A-9. The active and active+E1 treatments both were reddish in color, 

as in Figure A-3, until Day 6, when they turned black and the solids floated as in Figure 

A-4. The control experiment remained visibly consistent throughout. Sampling on the 

final day of the experiment included an additional sample. 68 mL from one replicate from 

each treatment was directly extracted via solid phase extraction with Resprep Reverse 

Phase C-18 10 g  60 mL SPE cartridges without prior acidification or addition of 

surrogate. These samples were eluted with 50 mL of acetone and the extracts were stored 

a -20 qC for later use in aquatic exposure tests to assess estrogenicity. 
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Table A-9. ANAMMOX batch experiment feeding and sampling summary. 
Time 
(day) 

Active Treatment 
 

Active ANAMMOX +E1 

Active Treatment 
without E1 

Active ANAMMOX  

Control Treatment 
ANAMMOX 

+E1+Sodium Azide 
-1 Added: 

450 mL media 
50 mL reactor seed 
 

Added: 
 450 mL media 

50 mL reactor seed 

Added: 
 450 mL media 
50 mL reactor seed 

0 Added:  
20 PL 500 mg/L E1 in 
MeOHa  
98.6 mg NaNO2 

Removed: 
One 25 mL sample for E1 
analysis 

Added: 
98.6 mg Na NO2 

Added  
20 PL 500 mg/L E1 in 
MeOH 
 
Removed: 
One 25 mL sample for 
E1 analysis 

1 Added:  
78.9 mg NaNO2 

Removed: 
One 25 mL sample for E1 
analysis 

Added: 
98.6 mg Na NO2 

 
 
Removed: 
One 25 mL sample for 
E1 analysis 

2 Added:  
69 mg NaNO2 

Removed: 
One 25 mL sample for E1 
analysis 

Added: 
98.6 mg Na NO2 

 
 
Removed: 
One 25 mL sample for 
E1 analysis 

3 Added:  
134 mg (NH4)2SO4 

128 mg NaNO2 

Removed: 
One 25 mL sample for E1 
analysis 

Added:  
206 mg (NH4)2SO4 
197 mg NaNO2 

 

Added:  
134 mg (NH4)2SO4 

128 mg NaNO2 

Removed: 
One 25 mL sample for 
E1 analysis 

6 Removed: 
One 25 mL sample for E1 
analysis 
One 68 mL sample for 
aquatic exposure 
experiments 

Removed: 
One 68 mL sample 
for aquatic exposure 
experiments. 

Removed: 
One 25 mL sample for 
E1 analysis 
One 68 mL sample for 
aquatic exposure 
experiments 
 

amethanol 
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Figure A-3. Photo one replicate from each treatment in the ANAMMOX batch 
experiment on Day 0. Shown from left to right, control treatment, active treatment and 
active treatment without E1. 
 

 
Figure A-4. Photo one replicate from each treatment in the ANAMMOX batch 
experiment on Day 6. Shown from left to right: active treatment, control treatment and 
active treatment without E1. 
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Results 

 Initial (T=1 hour) and final (T=147 hours) samples were analyzed for E1, see 

Figure A-5 for the results. Surrogate recoveries from the analysis samples in this 

experiment were very low with a mean recovery of only 18%. This indicated that 

sorption have been occurring to the ANNAMOX seed sludge, see Figures A-3 and A-4 

for the visibly dark bottles with high solids content, and/or the organic carbon in the 

samples was overwhelming the SPE cartridge. Further work will be required to optimize 

the analysis of these complex samples and allow higher recoveries during sample 

analysis. In this experiment, E1 concentrations in the active treatment did appear to 

decrease as compared to the initial concentration added. However, the 95% confidence 

intervals on the respective means in the T=1 hour and T=147 hours E1 overlap, indicating 

that the difference is not significant. During injection of E1 into one replicate in the 

control treatment it was noted that some of the E1 methanol stock had remained on the 

top of the septum, outside of the bottle, however the analysis of this replicate was still 

included in Figure A-5 and it was the sample that introduced the greatest error out of the 

three replicates, contributing to the large error bar on the mean. These results further 

indicate that sorption or another immediate E1 removal mechanism is occurring. About 

70% of the added E1 was unaccounted for in the initial active and control E1 

measurements. 
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Figure A-5. Comparison of active and control treatments in the ANAMMOX batch 
experiment over time. The hollow bars represent the mean E1 concentration at T= 147 
hours and the black bars represent the mean E1 concentration at T=1 hour. Error bars 
represent the 95% confidence interval for the mean. Note that E1 recoveries from the 
samples in this experiment were very low with a mean recovery of only 18%. 
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