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stion (PAD) is a solids sidestream
nutrient removal process that utilizes native
carbon: performance and key operational
parameters from two full-scale PAD reactors

Patrick McNamara, ab Fabrizio Sabba, a Eric Redmond,a Patrick Dunlap,a

Thomas Worley-Morse, c Christopher Marks d and Leon Downing*a

Nutrient management is a critical issue for Water Resource Recovery Facilities, and sidestream treatment

technologies to reduce nutrient loads often focus on liquid sidestreams and require external carbon

sources. Post aerobic digestion (PAD), whereby an aerobic digester follows an anaerobic digester, treats

a solids stream (i.e., anaerobic digester effluent) to reduce nitrogen loads. Volatile solids reduction

occurs in this process with residual organic compounds serving as a native carbon source for

denitrification. While this process has been evaluated at the lab-scale, information on operational

parameters that affect full-scale performance is limited. We evaluated two separate full-scale PAD

reactors to determine process performance and key operational parameters. During healthy operation,

ammonia removal was greater than 90%, total inorganic nitrogen removal was greater than 80%, and

volatile solids reduction was approximately 10%. Low SRT values of 7–10 days, pH ranges of 6.0–7.5,

temperatures from 29–38 �C (85–100 �F), and negative ORP values resulted in good performance.
Environmental signicance

Excess nutrients can have dire consequences on surface water quality. As a result, regulations have tightened on the effluent nutrient loads permitted from water
resource recovery facilities. Nutrient removal has oen focused on the liquid stream and can be a costly process. The addition of an aerobic digestion process
following anaerobic digestion (PAD) can remove nutrients from the wastewater solid streams. The PAD process does not require additional carbon sources and
can reduce the total nutrient burden through biological conversion of ammonia to nitrogen gas.
1 Introduction

Nitrogen and phosphorus are key nutrients for all forms of life.
Paradoxically, elevated nutrient concentrations can lead to
unwanted growth of algae and microbes, leading to eutrophi-
cation.1 The removal of these nutrients is of increasing concern
for Water Resource Recovery Facilities (WRRFs), and removal
via novel methods can be costly.2 Nutrient removal at WRRFs
has primarily focused on mainstream liquid phase removal.3–5

Nitrication has been applied for decades in aeration basins to
convert ammonia to nitrate.6 Denitrication, whereby nitrate is
reduced to nitrogen gas, has been applied as a mainstream
nutrient removal treatment process at WRRFs that need to
remove total nitrogen, and denitrication also occurs at
up, USA. E-mail: Patrick.mcnamara@

struction & Environmental Engineering,

228
WWTPs that implement enhanced biological phosphorus
removal (EBPR).7,8 EBPR – a biological process involving
anaerobic and aerobic zones – is a mainstream nutrient removal
process that has been implemented at WRRFs that discharge to
phosphorus sensitive waters.9

Mainstream nutrient removal for both nitrogen and phos-
phorus is typically driven by, and limited by, carbon avail-
ability.10 Achieving low effluent nutrient limits for both nitrogen
and phosphorus requires sufficient native carbon to serve as
a carbon source and/or electron donor.11 When this carbon is
not available, external carbon sources (or other types of electron
donors) are required. For example, acetic acid, glycerin, and
methanol are commonly used as an external carbon source and
electron donor. Recent research has investigated alternative
electron donors for denitrication to help mitigate the costs of
external carbon addition,12–14 and carbon expenses associated
with mainstream nutrient removal has led to alternative
approaches for nutrient removal, such as sidestream treatment.

Sidestream liquid treatment processes for nitrogen and
phosphorus removal can signicantly improve mainstream
© 2022 The Author(s). Published by the Royal Society of Chemistry
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performance and reduce carbon requirements in the main-
stream treatment process by reducing the burden of the side-
stream nutrient load on the main process.15–17

Deammonication systems, for example, employ the use of
anammox bacteria to reduce oxygen and carbon requirements
while removing nitrogen.18,19 Sidestream enhanced biological
phosphorus removal (S2EBPR) has been investigated as a liquid
sidestream treatment process to remove phosphorus while
minimizing the need for external carbon.17,20 Most nutrient
removal processes have focused on liquid streams employing
biological treatment processes not requiring carbon (e.g.
deammonication) or chemical precipitation processes such as
struvite production.21 Biosolids also contain a substantial
amount of nutrients and native carbon sources. The anaerobic
digestion process causes ammonia levels to increase in the
soluble phase,22 and this ammonia is oen returned to the head
of the plant aer dewatering. Solids handling processes that
reduce ammonia would mitigate the burden from recycled,
nutrient-heavy streams on mainstream nutrient removal
processes. In general, nutrient removal options for biosolids
handling processes are limited. One area less leveraged is
biosolids treatment as a sidestream treatment technology for
nitrogen removal.

Following anaerobic digestion with an aerobic digestion
process is referred to as post-aerobic digestion (PAD). This
under-studied, under-used process offers an effective way to
break sidestream nutrient recycling and to increase volatile
solids destruction. The soluble biodegradable carbon leaving
a conventional anaerobic digester is low, but in PAD aerobic
endogenous decay occurs, resulting in additional volatile solids
destruction.23,24 An additional benet is that some solids are
theorized to only be digestible under aerobic conditions so
combining anaerobic and aerobic digestion allows for a wider
degradation of solids.25 Indeed, the addition of PAD following
anaerobic digestion increased volatile solids reduction from
50% to 62% at the lab scale.26 This nding was corroborated by
others who found that PAD provided an additional 11% volatile
solids reduction.27 Improved degradation can also be achieved
via pre-treatment of the biomass. Recent work from Wang et al.
(2016) highlighted that free nitrous acid pretreatment of
anaerobically digested sludge prior to PAD could also improve
biodegradation of solids.28 Additionally, ultrasonic pretreat-
ment of anaerobically digested sludge prior to PAD has also
been shown to improve solids removal.29

The solids content of PAD is high compared to a mainstream
process and therefore the higher oxygen uptake rates result in
low or non-detectable oxygen concentrations within the reactor,
depending on location within the PAD reactor (i.e., dissolved
oxygen varies across both macro- and micro-environments).
These conditions result in nitrogen removal without the need
to provide an external carbon source and was postulated to be to
the result of simultaneous nitrication and denitrication.30

Biological processes, such as anaerobic digestion, have
a known range of healthy operating conditions and loading
capacities, it is necessary to identify important operational
parameters for PAD to understand capability, design, and
trouble-shooting approaches. Moreover, full-scale analysis is
© 2022 The Author(s). Published by the Royal Society of Chemistry
required to know real-world process capabilities for nutrient
loading and removal. The PAD process has been previously
documented at the lab-scale,27,31,32 but limited information is
available on operational parameters for the PAD process at full-
scale.23 Thus, future design parameters and current under-
standing of operational parameters that drive this process are
not well documented or understood.

The main goal of this research was to analyze two different
full-scale PAD operations to determine key operational param-
eters and process function capabilities. The PAD process has
been a critical component of overall nitrogen removal at the
Northern Treatment Plant (NTP) for the Metro Water Recovery
in Denver and at Boulder's WRRF. Multiple years of data were
analyzed that included periods of healthy operation and process
upset. The process upset data allowed for insight into key
operational parameters that impact the process. The specic
objectives of this work were to (1) determine the range of
nitrogen removal rates observed in healthy operating full-scale
PAD reactors, (2) determine volatile solids reduction (VSR), (3)
determine the impact of ammonia loading rate on ammonia
removal rate, and (4) elucidate the impacts of changing key
operational parameters (SRT, pH, temperature, dissolved
oxygen, alkalinity) on performance. To the best of our knowl-
edge, this is the rst publication reporting on how these oper-
ational parameters impact full-scale PAD operation and can
serve as a cornerstone to develop foundational understanding
of PAD for improving nitrogen and solids removal.

2 Materials and methods

Analysis of full-scale data from the NTP in Denver and the
WRRF in Boulder was conducted. The average inuent ow at
NTP is approximately 5.6 MGD. The NTPmainstream secondary
treatment is a variation of the 5-stage Bardenpho process with
step feed for both total nitrogen and total phosphorus removal.
Nutrient removal is supported with internally produced carbon
from the unied fermentation and thickening process, external
carbon, and alum to meet effluent nutrient limits of 1 mgP L�1

and 10 mgN L�1 for total phosphorus and combined nitrite/
nitrate, respectively. Primary and secondary sludges are
mixed, aer thickening, and fed to a mesophilic anaerobic
digester at an approximate ratio of 50% primary/50% secondary
sludge, and the average SRT of the anaerobic digester is 65 days.
The effluent from the anaerobic digester is the inuent to the
PAD reactor. Denver instituted PAD in 2016 as a biosolids
treatment solution to reduce sidestream nutrient loads
including both nitrogen and phosphorus. The Denver PAD
reactor has a maximum depth of 22 feet and a diameter of 72
feet. The PAD reactor is supplemented with calcium hydroxide
(lime) for additional alkalinity and phosphorus precipitation.
The data used for the healthy operation periods at NTP was
from 722 days of operation. Lime was added for 340 days.

The Boulder WRRF has an average inuent ow of 12.3
MGD. The mainstream secondary treatment is a nitrifying/
denitrifying activated sludge process in a 4-stage Bardenpho
conguration. Primary and secondary sludges, aer thickening,
are mixed and fed into two mesophilic anaerobic digesters at an
Environ. Sci.: Adv., 2022, 1, 216–228 | 217
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Table 1 Analytical method, kit, or probe used to collect data at each plant

Denver Boulder

Total solids (Modied version) of standard methods 2540 G – 1991 Standard methods 2540 G
Volatile solids (Modied version) of standard methods 2540 G – 1991 Standard methods 2540 G
Ammonia Standard methods 4500-NH3-H 2011, 22nd edition Hach procedure 10 277

Tl-001
Nitrite Hach method 10 207 Hach procedure 8507
Nitrate Hach method 10 206 Standard methods 4500-NO3-D
Total phosphorus ASTM D 515–88 (1990), test method B Standard methods 4500-P E

Hach procedure 8190
Soluble phosphorus Standard methods 4500-P H-2011, 22nd edition Standard methods 4500-P E

Hach procedure 8048
Alkalinity Standard methods 2320 B–2011, 23rd edition Standard methods 2320B
pH (Modied version) of standard methods 4500-H + B-2011,

22nd edition and E&H probe
E&H probe

O.R.P. E&H probe N/A
TIC Hach document ID TE7913 N/A
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average ratio of 55% primary/45% secondary sludge; the
anaerobic digesters are operated in series with a combined
average SRT of 46 days. Effluent from the anaerobic digester can
be sent to the PAD reactor or bypassed around it, with typical
operation being to feed approximately 80% of the anaerobically
digested sludge to the PAD reactor. Boulder implemented PAD
in 2017 as part of a retrot into existing tank volume. Alkalinity
addition to PAD is not required at Boulder. PAD aeration is
controlled based on pH which balances alkalinity changes due
to nitrication and denitrication. The data used for the
healthy operation periods at Boulder WWTP were from 484 days
of operation.

Data collected by operators and automatic sensors were used
for analysis of both plants. All data were analyzed together to
understand variability of the PAD process across treatment
plants. Data were gathered from healthy operation periods to
determine the range of SRT and loading rates that were
observed during periods of sustained ammonia and volatile
solids removal. Wastewater characteristics were determined at
each plant as noted in Table 1.
3 Results & discussion
3.1 Reactor performance

3.1.1 Nitrogen removal. Overall, the PAD process at both
Boulder and Denver reduced the nitrogen burden that would
otherwise be recycled while also utilizing only native carbon.
Boulder and Denver had similar average inuent ammonia
concentrations of approximately 1600 mgN L�1 (Table 2). Den-
ver had a longer SRT than Boulder, and slightly more ammonia
removal than Boulder, but both plants achieved $80%
ammonia removal. Denver had very low nitrite and nitrate
levels, both less than 5 mgN L�1, implying substantial denitri-
cation following nitrication. Denver's 91% total inorganic
nitrogen (TIN) removal is substantial in terms of minimizing
nitrogen that otherwise would be returned to the head of the
plant. Boulder had higher levels of nitrite that imply denitri-
cation was not always complete. Still, TIN removal was 80%,
218 | Environ. Sci.: Adv., 2022, 1, 216–228
representing a major reduction in nitrogen that would other-
wise be returned to the head of the plant.

While the average ammonia and TIN removals were similar
between the two plants, the ammonia loading rate and the
ammonia rate of removal were much greater at Boulder.
Boulder operated at a lower SRT and consequently had an
ammonia loading rate to the PAD reactor that was double the
loading rate at Denver. The ammonia removal rate per volume
of reactor and per kg VS was nearly double in the Boulder
reactor compared to the Denver reactor. One reason why
Boulder had lower TIN removal might have been because they
did not add alkalinity (which can limit PAD as discussed in
Section 3.2.6). These data represent the rst published data set
on two full-scale PAD operations and indicate that PAD can
operate well over a wide range of feed rates and SRT values.

3.1.2 Volatile solids reduction (VSR). An additional benet
to PAD is that volatile solids are destroyed during treatment.
The VSR was slightly higher at Denver than Boulder, but both
were near 10% despite having different average inuent VS%.
Denver had an average inuent VS% over 2.1% while Boulder
had an average inuent VS% over 1.7%. Denver's slightly higher
VSR likely stemmed from having longer SRT values which
provided the microbes more time for endogenous decay.
Interestingly, the additional 10% VSR seen in the full-scale
systems here is the same additional VSR that was observed in
lab-scale.27,30 The additional VSR helps reduce drying and
dewatering costs because there are less volatile solids to handle,
and PAD has also been shown to reduce odors and improve
dewaterability.33 Future research on PAD at the full-scale that
systematically evaluates the impact on pathogen reduction and
dewaterability would be useful.
3.2 Operational and design parameters

3.2.1 Solids retention time (SRT). At both Denver and
Boulder, higher removal rates occurred at SRT values below 15
days (Fig. 1). All removal rates above 0.125 kg-N m�3-day
(indicated by blue line) occurred at SRT values less than 15 days,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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with several of the high removal rates occurring at SRT values
less than 10 days. Conversely, when SRT values were above 15
days, at either plant, the ammonia removal rate never surpassed
0.125 kg-N m�3-day. In lab-scale experiments, more than 80%
ammonia removal and 10% VSR was achieved at an SRT value of
5 days,26 indicating that lower SRT operation in PAD can still
support the required microbial communities.

These full-scale PAD reactors were not operated with SRT
value of 5 days or less, indicating that they could potentially
have even more capacity. However, maintaining consistent SRT
over time, and ensuring any changes in SRT occur gradually
over extended time periods, is of critical importance. The PAD
reactor is a biologically driven reactor that relies on a stable and
healthy functioning microbial community. Rapid shis in SRT
values can dramatically shi the microbial community struc-
ture and subsequent function. Indeed, the PAD reactor in
Denver had a sustained reduction in ammonia removal
following a rapid decrease in SRT (Fig. 2) and temperature
(discussed in Section 3.2.3). Furthermore, a mechanical failure
of the aeration system header and clogging of the jet aeration
nozzles contributed to the sustained PAD upset. Prior to the
reduction in nitrogen removal performance, the microbial
community had become acclimated to operating with SRT
values higher than 15 days. This long SRT value would have
selected for slow growing microbes that process substrate
slowly. As the SRT dropped, two things happened. First, the
slow growing microbes did not have sufficient time for
ammonia oxidation. Second, the slow growing microbes were
likely washed out due to their slower growth rates. While the
NTP PAD reactor did not have SRT values below what has been
shown to work in a lab setting (i.e., 5 days), the rapid change in
SRT to the biological system limited the ability of the process to
remove nitrogen.

Based on the data in Fig. 1, higher ammonia removal rates
were observed at the low SRT range (7–10 days). These data do
not provide the lower limit of SRT, and lab-scale reactors have
shown successful operation at and below SRT values of 5 days. It
is clear from Fig. 1 that a range of SRT values can be used and
still maintain function in a PAD reactor for ammonia removal.
From Fig. 2 though, it is also apparent that rapid changes to SRT
should be avoided – which is like general guidelines for other
biological systems such as anaerobic digesters or activated
sludge tanks. Attempts to operate at SRT values of 5 days, as has
been shown in lab-scale studies, should be done by slowly
increasing ows. In general, longer SRT values result in lower
ammonia removal rates.

The SRT values discussed here represent the total SRT in the
PAD reactor. Boulder has implemented continuous aeration
with changes to the aeration rate based on pH interlocks.
Denver has experimented with several aeration cycle controls,
ranging from 50% aerobic/50% anoxic cycling on a four-hour
scale to continuous aeration, and Denver ultimately estab-
lished a continuous aeration strategy for PAD operation.
However, from an SRT standpoint, the values documented here
for nitrication should be considered minimum aerobic SRT
values.
Environ. Sci.: Adv., 2022, 1, 216–228 | 219

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2va00045h


Fig. 2 Impact of rapidly changing SRT on effluent ammonia concentrations at Denver NTP.

Fig. 1 The impact of SRT on ammonia removal rates. The blue line is 0.125 kgN m�3-day and is used to distinguish between “low” and “high”
ammonia removal rates.
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3.2.2 Ammonia loading rate. Ammonia removal rate was
linearly correlated to ammonia loading rate (Fig. 3). Boulder
had higher ammonia removal rates and higher ammonia
loading rates than Denver. The linear relationship between
ammonia loading rate and ammonia removal rate did not taper
off across the ranges used. Therefore, it is possible that
ammonia loading rate could be increased even more to achieve
higher ammonia removal rates. This result is similar to the SRT
results above, i.e., that SRT could be decreased even more which
would result in a higher ammonia loading rate. For the Boulder
data set, 94% of ammonia removal rate variance was explained
by ammonia loading rate. Loading rate is therefore a major
driver of performance. Denver had a lower, but still strong, R2

value of 69%. Slow changes to loading rates could reveal how
220 | Environ. Sci.: Adv., 2022, 1, 216–228
much beyond the 0.3 kgN m�3-day threshold the loading rate
could be increased. Based on these data alone, the optimal
nitrogen loading rate is 0.3 kgNm�3-day. These values are lower
than reported loading rates for deammonication of 0.3–2.0
kgN/m�3-day.34,35

3.2.3 Temperature. Temperature is an important growth
parameter for microbes. Ammonia and nitrite oxidation rates
increase with temperature. Nitriers and denitriers have been
shown to have operational temperatures of 5–35 �C.36 The
optimal range of temperature for nitrication has been reported
to be between 30 and 35 �C. Preliminary work from Lebedeva
et al. (2005) showed that in some cases growth can occur at
higher temperatures, e.g., 55 �C. Temperature not only plays
a role in the activity of nitrication enzymes but also in the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Higher ammonia loading rates resulted in higher ammonia removal rates.
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balance of potential nitrication inhibitors that include free
ammonia.37 More recently, a paper from Courtens et al. (2016),
showed that achieving nitrication while operating a bioreactor
at 50 �C is possible. The community contained up to 17%
ammonia oxidizing archaea (AOA) closely related to ‘Candida-
tus Nitrososphaera gargensis’, and 25% nitrite oxidizing
bacteria (NOB) related to Nitrospira calida. This nding is
rather novel as, to date, AOA have not been shown to be the
dominant nitrifying microorganisms in a wastewater process.38

Limited work has shown, so far, the possibility of implementing
nitrication and evaluated the community composition at high
temperatures. Lab-scale studies for PAD have successfully
operated from 20 �C32 to 35 �C27 indicating that a wide
temperature range is feasible. Both Denver and Boulder had
Fig. 4 Impact of temperature on ammonia removal rate.

© 2022 The Author(s). Published by the Royal Society of Chemistry
a wide range of operational temperatures that spanned their
upper end of ammonia removal rates (Fig. 4).

Like SRT, maintaining a constant temperature is also an
important consideration. A microbial community that has been
selected and acclimated to a given temperature range would
likely suffer if temperature dropped or increased. Thermophilic
bacterial and archaeal communities are rather impacted by
non-gradual changes in temperature, and these thermophilic
communities differ from the communities operating under
mesophilic conditions. Therefore, a change in temperature can
affect both microbial community composition and overall
reactor performance.39 Fig. 5 depicts the change in process
performances that occurred as temperatures dropped at Denver
NTP. Short term temperature drops coincided with short-term
process performance variations, but the system rebounded.
Environ. Sci.: Adv., 2022, 1, 216–228 | 221
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Fig. 5 The temperature drops near the end of 2020 preceded the major process upset as evidenced by the rise in effluent ammonia
concentrations at the Denver NTP.
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The longer-term temperature drops near the end of 2020 coin-
cided with a major process decline. The temperature change
from 35–36 �C (mid-90 �F) to 29–30 �C (mid-80 �F) was
a perturbation that likely contributed to the biological upset.

In general, a decline in temperature would require a longer
SRT because growth of the microbial community slows down as
temperature drops. If both the temperature and the SRT
decrease, a process decline would almost surely arise because
the microbial community needs more time under lower
Fig. 6 Impact of pH on ammonia removal rates.

222 | Environ. Sci.: Adv., 2022, 1, 216–228
temperatures. Washout of key microbes can occur with drops in
temperature concomitant with SRT drops. As seen in Fig. 5,
a decline in temperature preceded a loss in function. In this
scenario the microbes had less time when they needed more
time. In summary, temperature and SRT are both important
parameters that need to remain constant tominimize the risk of
a process upset. Operational temperatures for PAD should be
29–38 �C (85–100 �F) and consistent.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Nitrogen removal occurs under negative ORP conditions at Denver NTP.
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3.2.4 pH. An optimal pH for ammonia oxidizing bacteria
(AOB) is approximately 7.8 while for NOB the optimal range
varies between 6.2 and 8.2.40 Nitrication has been shown to be
stable at pH between 6.3 and 7.8, while denitrication optimum
pH ranges from 7–9 depending on the local conditions.41 Lower
pH in either nitrication or denitrication can slow down the
kinetics of bacterial communities along with favoring the
accumulation of unwanted pathways' intermediates, e.g., nitrite
(NO2

�), nitric oxide (NO) and nitrous oxide (N2O).42 Mecha-
nisms under which PAD reactors remove nitrogen could include
simultaneous nitrication and denitrication and nitritation/
denitritation. These processes are prone to NO and N2O emis-
sions.43,44 Particularly, in our study NO2

� was found in the
reactors which has been shown as a precursor for accumulation
of these gaseous intermediates via both nitrier denitrication
and heterotrophic denitrication/denitritation.42

Boulder typically operated at pH values near neutral while
Denver operated at pH values below neutral (Fig. 6). Higher pH
values (e.g., above 8) can result in more free ammonia, which
inhibits nitriers. Furthermore, elevated levels of free ammonia
can result in a negative feedback loop for nitrogen removal,
because as nitrication becomes inhibited, total ammonia
accumulates and consequently there would be more toxic free
ammonia. This downward spiral could continue unless pH is
dropped articially.

Based on the data shown in Fig. 6 and on lab studies, healthy
operation occurs at pH values from 6.0–7.5. PAD reactors
operated at pH values near neutral or below neutral are also
reported in literature.26,30,45 High pH values at Denver (pH of
approximately 8.0) caused by excess lime addition for phos-
phorus removal were associated with decreased performance,
indicating a potential inhibition from ammonia toxicity, when
the free ammonia was greater than 10 mgN L�1.

The different relationships between ammonia removal rate
and pH at the two different plants might also be explained by
© 2022 The Author(s). Published by the Royal Society of Chemistry
potential differences in microbial community composition and
their relative response to pH shis.46 If the microbial commu-
nities are distinct then it would be reasonable to conclude that
they might respond differently to pH and alkalinity. Ammonia
oxidizing bacteria have been shown to be impacted by pH and
alkalinity with consequences on ammonia removal rates.47 For
example, higher ammonium oxidation has been shown to occur
in acidic aerobic digestion conditions when the acid-tolerant
ammonia-oxidizing bacterium, ‘Candidatus Nitrosoglobus’
was present.48 Characterization of microbial community struc-
ture in PAD reactors is a key next step for future research.

3.2.5 Dissolved Oxygen/ORP. There are heterotrophic
organisms capable of nitrication and denitrication under
aerobic conditions.50 Aerobic systems with dissolved oxygen
(DO) values less than 1 mg L�1 have been shown to support
denitrication.49 Indeed, Novak et al. (2011) measured negative
oxidation–reduction potential (ORP) values for 9 hours aer
feeding a lab-scale PAD with digested sludge. They observed
ammonia oxidation to nitrite without production of nitrate and
concluded that the total nitrogen removal stemmed from
simultaneous nitrication and denitrication.26 Another
possible mechanism for nitrogen removal in PAD reactors is
nitritation/denitritation, also known as shortcut nitrogen
removal. As shown in recent studies, NO2- is the main byprod-
uct in these reactors.28,51 This process utilizes NO2

� rather than
NO3

� as an intermediate and the latter is further reduced to N2

via denitritation.16 Shortcut nitrogen removal processes are
important due to their aeration/energy savings when compared
to traditional simultaneous nitrication and denitrication.52

Shortcut nitrogen removal processes could be, as previously
explained, a source of potent greenhouse gases like N2O.43

Future modeling and experimental studies should investigate
the contribution of shortcut nitrogen removal versus simulta-
neous nitrication and denitrication, since implications of
either process can have signicant impacts on oxygen and
Environ. Sci.: Adv., 2022, 1, 216–228 | 223
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alkalinity requirements for nitrogen removal.16,53 Other lab-
scale studies effectively used a 40 min on �20 min off cycle of
aeration to support nitrogen removal.45 Collectively, these lab
studies indicate that continuous aeration is not required for
successful PAD operation. Moreover, if continuous aeration
inhibits denitrication then it would be detrimental to the PAD
goal of TIN removal.

Full-scale data from Denver corroborate that low measured
ORP values support TIN removal (Fig. 7). From July 2021 to early
September 2021 ORP measurements were taken at the Denver
treatment plant, and the ORP values were always negative.
During this time, average TIN removal was 73%, and the average
concentrations of nitrite and nitrate were 0.75 mgN L�1 and
0.03 mgN L�1, respectively, supporting the theory that nitrogen
removal in a PAD reactor can occur through simultaneous
nitrication and denitrication at low ORP/DO levels. In
summary, the full-scale data from Denver conrm what has
been reported in literature: negative ORP values correspond to
nitrication and denitrication. Low DO is not only feasible,
but it is ostensibly required for simultaneous nitrication and
denitrication.44 It is noted that Denver observed TIN removal
employing continuous aeration or intermittent aeration. While
continuous aeration is not required from a biological stand-
point for nitrogen removal, intermittent aeration can pose
operational challenges, such as blower cycling and system
pressure surges. More research on the specic impacts of
aeration rates on nitrogen removal during PAD is needed.

3.2.6 Alkalinity. Alkalinity is a biological requirement for
nutrient removal in PAD reactors.54 Ammonia removal requires
7.14 mg L�1 as CaCO3 per 1 mgN L�1 of ammonia nitried.
Conversely, 3.57 mg L�1 of alkalinity are produced per 1 mgN
L�1 of nitrite that is removed during denitrication. Thus,
simultaneous nitrication and denitrication requires a net of
3.57 mg L�1 of alkalinity per 1 mgN L�1 removed. If a PAD
Fig. 8 The impact of dissolved inorganic carbon consumption and alka

224 | Environ. Sci.: Adv., 2022, 1, 216–228
reactor had 1100 mgN L�1 of ammonia in inuent and had an
effluent ammonia target of 100 mgN L�1, then 3570 mg L�1 as
CaCO3 alkalinity would be required to sustain the process.

In addition to alkalinity being required as part of the
chemical reaction, inorganic carbon, i.e., carbonate alkalinity,
is required as biological carbon source. AOB oxidize ammonia
as their electron donor and reduce oxygen as their electron
acceptor, neither of which is their carbon source. Both AOB and
NOB require inorganic carbon, i.e., carbonate alkalinity, as their
carbon source, and inorganic carbon can be a limiting factor for
nitriers.54,55 Low carbonate alkalinity concentrations
(<100 mg L�1 as CaCO3) have been shown to inhibit nitrication
rates, and as carbonate concentration increases so does nitri-
cation.56 Since nitriers specically require carbonate alka-
linity, alkalinity needs to be present in a carbon form and not
just as phosphates or hydroxide.

Denver NTP tracked dissolved inorganic carbon (DIC) usage
from May 2021–August 2021 and found that ammonia removal
trends coincided with DIC usage trends (Fig. 8). These data
indicate that DIC is important for ammonia removal. The ratio
of DIC consumed to ammonia removed averaged 0.57, which is
much lower than the ratio of 3.57 mg L�1 of alkalinity per 1
mgN/L needed for nitrication-denitrication, indicating that
DIC does not need to be the entire source of alkalinity.

Typically, anaerobic digester effluents have high amounts of
alkalinity, but in the event where alkalinity levels are low,
alkalinity would need to be added to sustain simultaneous
nitrication and denitrication. The NTP feeds lime to support
nitrication, and an ancillary benet of providing additionally
alkalinity in the form of lime is that PAD can also be used for
phosphorus removal. Added lime increases the pH and converts
the carbon dioxide to dissolved carbonate, and calcium
precipitates with phosphorus so that dissolved phosphorus is
removed from the liquid stream instead of being recirculated to
linity consumption on ammonia removal at Denver NTP.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the head of the plant. In summary, alkalinity is a requirement
for simultaneous nitrication and denitrication in PAD, and it
is important to understand alkalinity speciation because non-
carbonate alkalinity does not help the nitrifying community
meet their carbon source needs.
3.3 Comparison to sidestream deammonication

Sidestream deammonication that employs anaerobic ammo-
nium oxidation (annammox) is another sidestream treatment
technology used to reduce N that would otherwise be recycled
back to the head of the plant. One similarity between these
processes is that supplemental carbon is not required. While
deammonication and PAD both aim to reduce N recycled back
to the head of the plant, they are fundamentally different
processes used for different process ows (solids vs. liquids).
Advantages for PAD include benecial conditioning such as
volatile solids reduction, nal biosolids odor reduction via
removal of ammonia and dissolved sulde, and the potential for
soluble phosphorus removal and improved dewaterability.
Annamox treats liquid ows from thickening or dewatering.
Annamox for example could be used to handle the ltrate
following thermal hydrolysis that is high in N.57 Annamox
process advantages include a reduction in energy demand and
volume requirements.58
3.4 Summary of key ndings, design parameters, and other
considerations for PAD

Several key ndings and design parameter guidelines for PAD
reactors are as follows:

� TIN removal (ostensibly stemming from simultaneous
nitrication and denitrication) above 90% occurred at full-
scale.

� VSR of 9 to 10% was achieved at full-scale.
� Ammonia removal rates of up to 0.300 kgN m�3-day were

achieved and these rates were strongly correlated to nitrogen
loading rate.

� Sludge Retention Time (SRT): higher removal rates were
observed at lower SRTs (7–10 days). Lab-scale studies revealed
successful operation at SRT values of 5 days. Changes to SRT at
the full-scale should be done slowly to avoid sudden shis in
the microbial community.

� Like SRT, consistent temperature is important to the
microbial community and major swings (>10 �F) should be
avoided. Healthy operation was observed from 29–38 �C (85–100
�F).

� Ammonium removal was successfully achieved at a pH
range of 6 to 7.5. Higher pH ranges should be avoided because
increases in NH3 can be toxic to nitriers.

� Negative ORP values were reported during TIN removal.
These data indicate that (a) continuous aeration is not required,
and (b) periods of low DO are helpful for supporting TIN
removal through denitrication.

� Depending on the nitrogen removal goals, supplemental
alkalinity may be required, and inorganic carbon is necessary to
support autotrophic growth.
© 2022 The Author(s). Published by the Royal Society of Chemistry
PAD may offer other benets not discussed in detail here,
including improved dewaterability, reduction of odorous
compounds, and removal of pathogens and micro-
pollutants.31,33,59,60 These aspects will be important to study at
the full-scale as well. Additionally, research is needed on the
microbial communities in full-scale systems to understand the
key microbes and their potential to resist perturbations. Finally,
insights into the mechanisms of nitrogen removal will be
helpful to determine the extent at which, if any, NO and N2O or
other intermediates are produced or accumulate in this system,
as well as getting a better understanding of the aeration
requirements.
4 Conclusions

This is the rst peer-reviewed study to compare performance
and operational parameters at multiple full-scale PAD reactors.
Information on PAD reactors, even at the lab-scale, is scarce in
literature. This technology, though, can be readily applied at
WRRFs that have available tanks for nutrient removal (nitrogen
and phosphorus) and improved VSR removal. The data pre-
sented can be used to help determine how much additional
nitrogen removal could be achieved via PAD systems. This work
also provides a range of healthy operational values similar to
what the eld has for anaerobic digestion.
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