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ABSTRACT: Chemically enhanced primary treatment (CEPT) followed by partial nitritation and anammox (PN/A) and anaerobic
digestion (AD) is a promising roadmap to achieve energy-neutral wastewater treatment. However, the acidification of wastewater
caused by ferric hydrolysis in CEPT and how to achieve stable suppression of nitrite-oxidizing bacteria (NOB) in PN/A challenge
this paradigm in practice. This study proposes a novel wastewater treatment scheme to overcome these challenges. Results showed
that, by dosing FeCl3 at 50 mg Fe/L, the CEPT process removed 61.8% of COD and 90.1% of phosphate and reduced the alkalinity
as well. Feeding by low alkalinity wastewater, stable nitrite accumulation was achieved in an aerobic reactor operated at pH 4.35
aided by a novel acid-tolerant ammonium-oxidizing bacteria (AOB), namely, Candidatus Nitrosoglobus. After polishing in a
following anoxic reactor (anammox), a satisfactory effluent, containing COD at 41.9 ± 11.2 mg/L, total nitrogen at 5.1 ± 1.8 mg N/
L, and phosphate at 0.3 ± 0.2 mg P/L, was achieved. Moreover, the stable performances of this integration were well maintained at
an operating temperature of 12 °C, and 10 investigated micropollutants were removed from the wastewater. An energy balance
assessment indicated that the integrated system could achieve energy self-sufficiency in domestic wastewater treatment.
KEYWORDS: domestic wastewater treatment, CEPT, mainstream anammox, acidophilic ammonia oxidation, low temperature,
energy neutrality

1. INTRODUCTION
Wastewater treatment plants (WWTPs) remove pollutants and
protect water bodies while consuming considerable energy, i.e.,
the electricity consumed can account for about 3% of the total
annual electricity demand.1 In recent years, WWTPs are
pursuing technologies to maximize bioenergy recovery and to
minimize energy consumption, enabling energy neutrality. It
has been recognized worldwide that the widely applied
chemically enhanced primary treatment (CEPT) together
with anaerobic digestion (AD) is one of the easiest-to-use
approaches for bioenergy recovery. In principle, CEPT can
efficiently preconcentrate organic carbon from wastewater to
primary sludge and subsequently fed to an anaerobic digester
to produce bioenergy. This bioenergy can offset the energy
demand of WWTPs and lower the energy requirement of
aeration at the same time. Following the carbon removal, an
innovative process, namely, partial nitritation and anammox
(PN/A), has been proposed to autotrophically remove

nitrogen for the carbon-deficient wastewater, ensuring effluent
quality to meet the requirement, as does the conventional
nitrification and denitrification process.2 Despite these
advantages, the maximization of bioenergy recovery by
CEPT and the energy-efficient PN/A in domestic sewage
treatment are both limited by critical issues in practice, as
elaborated below.

The CEPT usually uses iron salts (e.g., FeCl3) as an optimal
flocculant. In comparison to other flocculants, it can efficiently
reduce organic carbon and phosphorus in wastewater and
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simultaneously bring multiple benefits to the following sludge
management process (e.g., improving sludge settleability and
dewaterability and reducing notorious gas emission).3,4

However, the dosed FeCl3 can cause a secondary effect of
decreasing alkalinity via the hydrolysis of metal ions (i.e.,
Fe3+),5,6 probably resulting in the molar ratio of alkalinity
(calculated as CaCO3) to ammonium in mainstream waste-
water to below 1.7 The decrease of wastewater alkalinity is
generally neglectable for traditional denitrification but critical
to the PN/A process. This is because denitrification can
significantly regenerate alkalinity, as not does anammox.
Moreover, microbial ammonia oxidation in the downstream
nitrogen removal process further consumes alkalinity at 1 mol
equiv CaCO3 per mol ammonia oxidized. Therefore, the
alkalinity becomes insufficient to maintain the neutral pH of
wastewater during the PN/A process, which can drop to below
6 when the alkalinity is depleted and no base is re-
supplemented. Such low pH poses adverse effects on the
traditional ammonia-oxidizing bacteria (AOB) and anammox
bacteria that prefer neutral conditions.

Apart from the issue caused by low wastewater alkalinity,
another key challenge for the application of mainstream PN/A
is the stable suppression of nitrite-oxidizing bacteria (NOB).8

Many technologies have been developed to achieve this aim,
including the use of low dissolved oxygen (DO),9−11

intermittent aeration,12,13 shortening sludge retention time
(SRT),12,14,15 and sidestream sludge treatment using different
strategies.16−20 Among all, free nitrous acid (FNA) is known as
one of the most effective reagents for NOB inactivation, which
is also one of the major reasons for the stable PN achieved in
treating high-strength ammonium wastewater (∼1 g N/L).21

However, due to the significantly lower total nitrogen in
domestic sewage (40−60 mg N/L) and the generally neutral
pH level (>6) required by traditional AOB, it was deemed
impossible to achieve an in situ FNA level sufficient for NOB
suppression under mainstream conditions.

These two issues associated with CEPT and PN/A can be
tactfully solved by a novel microbial process: acidophilic
ammonia oxidation. This process can be catalyzed by the
extremely acid-tolerant AOB, namely, Candidatus (Ca.)
Nitrosoglobus, with the first member discovered from an
acidic soil sample recently.22 Unlike the common AOB (e.g.,
Nitrosomonas) in wastewater treatment, Nitrosoglobus-like AOB
can keep satisfactory activity at slightly acidic conditions (pH
4−5) and are still active at pH even low as 2.22−25 This
capability to tolerate acidic condition indicates that a PN
process can be operated under slightly acidic conditions. By
performing the acidic ammonia oxidation, AOB can produce
protons and nitrite to lower the wastewater pH and form a
high FNA concentration at parts per million (ppm) level in
situ.26 This technology fundamentally differs from all previous
NOB inactivation strategies, which uses in situ self-sustained
stress (i.e., FNA) instead of ex situ treatment of sludge and is
proven energy-efficient and robust.27,28 To be noted, it is
theoretically only possible to achieve such a low pH for
domestic sewage with low alkalinity (i.e., CaCO3 alkalinity/
ammonium molar ratio < 1), which perfectly fits the scenario
using CEPT for carbon removal. Two birds with one stone, the
acidic PN process has great potential not only to cope with the
low alkalinity CEPT effluent but also to maintain stable PN for
autotrophic nitrogen removal by anammox.

Collectively, this study aims to demonstrate a novel
integration of a CEPT followed by a two-stage PN/A process

in domestic wastewater treatment by incorporating acidophilic
ammonia oxidation. To this end, the effects of FeCl3 dosage on
the removal of organic carbon, phosphate, and alkalinity were
first evaluated with batch tests, based on which an optimal
FeCl3 dosage was selected for the long-term experiment.
Afterward, a long-term experiment assessment was conducted
in a laboratory system consisting of three units, including a
CEPT, an acidic PN, and an anammox reactor, which were
continuously fed with real wastewater for one year (Figure S1).
After the long-term evaluation, the impacts of temperature
variation mimicking the seasonal change (12−23 °C) and the
system’s removal capacity on investigated organic micro-
pollutants were further examined, which were reported, for the
first time, for acidic AOB and would provide a comprehensive
assessment of the technology. Throughout the 360-day
operation, microbial communities were monitored by 16S
rRNA amplicon sequencing. This novel integration of CEPT,
acidic PN, and anammox provided a valuable solution to
achieve energy neutrality in wastewater treatment.

2. MATERIALS AND METHODS
2.1. Determination of an Optimal Iron Dosage for

CEPT. Batch tests were first carried out to determine the
optimal iron dosage for CEPT, based on the following
standards: (i) decreasing the CaCO3 alkalinity/ammonium
molar ratio to below 1 and (ii) achieving substantial removal
(>70%) of total COD (TCOD) and total phosphorus (TP).
Six identical 1-L beakers were used with different FeCl3
dosages (at 0, 10, 25, 50, 75, and 100 mg Fe/L). Initially,
500 mL of raw domestic wastewater was added to each beaker.
Then, a concentrated FeCl3 solution (38% w/w) in the form of
FeCl3·6H2O at an analytical grade was dosed in each system,
giving different levels of Fe3+. The beaker without iron dosing
served as a control. The CEPT was performed in batch mode.
Each beaker was mixed with a magnetic stirrer at 300 rpm for 2
min and at 100 rpm for 10 min. After settling for 30 min,
TCOD, soluble COD (SCOD), TP, phosphate (PO4

3−-P),
organic nitrogen, NH4

+-N, and alkalinity (in terms of CaCO3)
were measured in the supernatant.
2.2. Long-Term Experimental Design and System

Set-Up. The entire wastewater treatment process consisted of
three units, i.e., a CEPT, an acidic PN, and an anammox unit.
The CEPT of domestic wastewater was conducted in batch
mode as described in Section 2.1. The domestic wastewater
was fortnightly collected from a local pumping station located
at St. Lucia, Queensland, Australia. After collection, the
wastewater was immediately stored in a 1000 L storage tank
in a temperature-controlled room (4 °C), minimizing bio-
logical transformation during storage. Prior to use, the
wastewater was warmed up to room temperature (22 ± 1
°C) via a heater (IC-TH7100, RATEK). The key character-
istics of collected raw wastewater are presented in Table S1.
The supernatant of the CEPT process was fed to the
downstream system to remove nitrogen via a two-stage PN/
A process.

The acidic PN and anammox were both achieved in a
moving bed biofilm reactor (MBBR). The working volume of
the aerobic MBBR for acidic PN was 1.8 L, seeding with
acidophilic AOB-enriched K5 carriers at a filling ratio of 30%.
The enrichment process of acidophilic AOB in K5 carriers was
detailed in our previous work.28 The anoxic MBBR of 1.0 L
working volume was inoculated with anammox-containing K5
carriers at a filling ratio of 30%. The carriers were taken from a
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pilot-scale MBBR that treated AD liquor via the PN/A
pathway in a local WWTP at Brisbane, Australia. About 5.0 L
CEPT effluent was continuously pumped into the system each
day, which was controlled by two peristaltic pumps (Figure
S1). This resulted in hydraulic retention time (HRT) of 9.6
and 4.8 h for the aerobic and anoxic MBBRs, respectively. In
specific, 4.5 L CEPT effluent was fed to the aerobic MBBR and
flowed to the anoxic MBBR, while 0.5 L CEPT effluent was
directly fed to the anoxic MBBR. The bypassing of part of
CEPT effluent aimed at increasing the pH of anoxic MBBR to
a neutral level, avoiding the negative effect of low pH on
anammox activity.

The pH in each MBBR was monitored by a pH probe
(miniCHEM, Labtek) and a transmitter (multiparameter
transmitter M800, Mettler Toledo). In the aerobic MBBR,
the pH was controlled by a programmable logic controller
(PLC) via on/off control of the air pump, namely, pH-based
aeration. Specifically, the air pump was turned off when the pH
decreased to the setpoint (4.35) and vice versa. In the anoxic
MBBR, the NaOH stock solution (0.1 M) was periodically
added via a peristaltic pump that was operated intermittently at
an on/off ratio of 1:90 min to maintain its pH value at around
7.0. In total, about 24 mL of NaOH stock solution (0.1 M) was
dosed daily to the anoxic MBBR. The data was recorded for

cost analysis. The two MBBRs were mixed with the magnetic
stirrer at a rate of 200 rpm. The system was continuously
operated for 360 days, which was divided into four phases,
according to the operating temperature: 23 °C in phase I (day
1−275), 20 °C in phase II (day 276−295), 15 °C in phase III
(day 296−315), and 12 °C in phase IV (day 316−360). The
temperature was controlled by an immersion cooler (RC1,
Ratek, Australia) and a precision immersion heater circulator
(TH8000, Ratek, Australia).
2.3. Monitoring Plan for the Laboratory-Scale Treat-

ment System. Samples were regularly taken (2−3 times per
week) from the influent and the effluent of each MBBR and
filtered through 0.22 μm poly(ethersulfone) disposable sterile
Millipore filters (Merck) for the analysis of NH4

+-N, NO2
−-N,

NO3
−-N, and PO4

3−-P (Text S1 of the Supporting
Information). The COD concentrations of influent and
effluent of each MBBR were measured weekly. The maximal
AOB, NOB, and anammox activities were assessed through
batch tests (Text S2 of the Supporting Information). Liquid
samples were collected at the end of phase I and then filtered
through 0.22 μm poly(ethersulfone) disposable sterile
Millipore filters (Merck) for the measurement of organic
micropollutants (Text S1 of the Supporting Information).
Amplicon sequencing (16S rRNA sequencing) was conducted

Figure 1. Performance of the CEPT process. (a) Total COD concentrations in the influent and effluent and the total COD removal efficiency. (b)
Phosphate concentrations in the influent and effluent and the phosphate removal efficiency. (c) Molar ratio of CaCO3 alkalinity to ammonium in
the raw wastewater and the chemically enhanced primary treatment (CEPT) effluent.
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at the end of phases I and IV to assess microbial communities
of the two MBBRs (Text S3 of the Supporting Information).
The mass and energy balance assessments of the proposed
system were also conducted (Text S4 of the Supporting
Information).

3. RESULTS AND DISCUSSION
3.1. Performance of CEPT. Five FeCl3 dosages (10, 25,

50, 75, and 100 mg Fe/L) were tested to evaluate changes of
alkalinity, NH4

+-N, pH, TCOD, SCOD, TP, and PO4
3−-P in

raw domestic wastewater and CEPT effluent (Figure S2). The
reduced alkalinity (measured as CaCO3) is linearly related to
the levels of FeCl3 dosed (R2 = 0.991), as expected. The slope
was estimated to be 1.15 mM CaCO3 alkalinity per mM FeCl3.
This is consistent with the theoretical calculation that
Fe(OH)2

+ is the major iron(III) species (>95% in total Fe)
in aqueous solutions at pH 4.8−7.0, 25 °C.29 The NH4

+-N
concentration was not influenced by iron dosages, while the
pH of wastewater slightly decreased from 7.4 to 6.6 with the
addition of FeCl3 increasing from 0 to 100 mg Fe/L.
Consequently, the CaCO3 alkalinity/ammonium molar ratio
decreased to <1 at dosages above 25 mg Fe/L, and this ratio
was reduced to 0.62 by dosing FeCl3 at 100 mg Fe/L.
Therefore, the FeCl3 dosage above 25 mg Fe/L would be
needed to generate the low alkalinity wastewater. Meanwhile,
the FeCl3 dosing significantly decreased TCOD, TP, and
PO4

3−-P concentrations in domestic wastewater. Substantial

(>70%) removal of TCOD and TP was achieved at 50 mg Fe/
L and above, comparable to the results previously reported for
CEPT.30,31 Taken together, the dosage of 50 mg Fe/L was
chosen in the long-term experiment to maximize the recovery
of organic carbon and phosphorus and to decrease the CaCO3
alkalinity/ammonium molar ratio to below 1.

In the long-term operation of CEPT (Figure 1), the COD
concentration in CEPT effluent was consistently lower than
that of raw wastewater, clearly showing the effect of FeCl3
dosing on COD removal. The average COD concentrations in
the raw wastewater and CEPT effluent were 461.7 ± 46.1 and
174.9 ± 17.7 mg COD/L, respectively, representing an average
removal efficiency of 61.8 ± 5.7% TCOD. The PO4

3−-P
concentration in wastewater was reduced from 6.6 ± 1.4 to 0.6
± 0.3 mg P/L, showing a reduction of 90.1 ± 5.4%. The
protons produced in the Fe3+ hydrolytic process consumed
alkalinity in the wastewater, and the NH4

+-N concentrations in
wastewater remained almost unchanged (46.6 ± 5.4 vs 45.7 ±
5.6 mg N/L). As such, the CaCO3 alkalinity/ammonium molar
ratio decreased from 1.1 ± 0.1 in raw wastewater to 0.7 ± 0.1
in the CEPT effluent. Together, these results showed that
dosing 50 mg of Fe to each liter of wastewater for CEPT
effectively reduced the TCOD, PO4

3−-P, and alkalinity levels in
raw wastewater.
3.2. Performance of the Two-Stage PN/A Process. The

stability of nitrogen removal performance of the proposed two-
stage PN/A system was first investigated in phase I (days 1−

Figure 2. Performance of aerobic MBBR (i.e., acidic PN). (a) Influent NH4
+-N and effluent NH4

+-N, NO2
−-N, and NO3

−-N concentrations and
the temperature of the aerobic MBBR. (b) Nitrite accumulation ratio (NAR) and NH4

+-N removal efficiency (ARE) of the aerobic MBBR. (c) The
pH and free nitrous acid (FNA) concentration in the aerobic MBBR.
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275) at a temperature of 23 °C. After that, the operating
temperature was stepwise decreased to 20 °C in phase II (days
276−295), to 15 °C in phase III (days 296−315), and to 12
°C in phase IV (days 316−360) to mimic the seasonal
variations in temperature. In phase I, the average NO2

−-N,
NO3

−-N, and NH4
+-N concentrations in the effluent of the

aerobic MBBR were 28.8 ± 4.2, 0.6 ± 0.8, and 16.9 ± 4.2 mg
N/L (Figure 2a), respectively. These gave an average NH4

+-N
removal efficiency (ARE) of 64.7 ± 6.4% and a nitrite
accumulation ratio (NAR) of 97.7 ± 2.9% (Figure 2b). Such
high NAR means NOB in the aerobic MBBR was successfully
suppressed. The aerobic MBBR was operated at acidic
conditions (average pH of 4.3 ± 0.1), leading to the successful
formation of high FNA concentration (3.0 ± 0.7 mg HNO2-
N/L) under the condition of low NO2

−-N concentration
(about 30 mg N/L), which results in the stable inhibition of
NOB (Figure 2c). The FNA concentration (i.e., 3.0 ± 0.7 mg
HNO2-N/L) sustained in this aerobic MBBR was much higher

than the reported threshold value (i.e., above 1 mg of HNO2-
N/L) for NOB suppression.28 In the aerobic MBBR, TCOD of
36.0 ± 18.9 mg/L was removed (Figure S3), showing that
heterotrophic bacteria survived in this acidic reactor and
removed organic carbon to a certain extent. The feeding of
anoxic MBBR was a mixture, consisting of aerobic MBBR
effluent (90%, 4.5 L/days) and CEPT effluent (10%, 0.5 L/
days). This mixture contains NO2

−-N and NH4
+-N at a ratio of

1.35 ± 0.35 (Figure 3), which is very close to the theoretical
stoichiometric ratio (i.e., 1.32) for anammox bacteria. The
average TN concentration in the effluent of the anoxic MBBR
was 5.0 ± 2.0 mg N/L. Compared to 48.4 ± 5.3 mg N/L in the
influent of the PN/A process (i.e., the CEPT effluent), this
represents a decrease of 89.7 ± 3.6% in TN concentration
(Figure 3a), which is also very close to the theoretical value of
anammox reaction (i.e., 88.8%). The effluent NO3

−-N
concentration (1.5 ± 1.1 mg N/L) was lower than the
theoretical value (about 5 mg N/L), implying the potential

Figure 3. Performance of anoxic MBBR (i.e., anammox). (a) Influent and effluent total nitrogen (TN) concentrations and the TN removal
efficiency of the anoxic MBBR. Profiles of NH4

+-N (b), NO2
−-N (c), and NO3

−-N (d) concentrations in the effluent of the anoxic MBBR.
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contribution of heterotrophic denitrification in the anoxic
MBBR. The potential of denitrification was likely due to the
organic carbon in the bypassed 10% of the CEPT effluent and
corroborated by the observed reduction of COD in the anoxic
MBBR from 77.3 ± 14.2 to 35.0 ± 9.1 mg/L (Figure S3). The
average NH4

+-N and NO2
−-N concentrations in the effluent in

the anoxic MBBR were 2.8 ± 1.4 and 0.9 ± 0.6 mg N/L,
respectively. The pH of anoxic MBBR (i.e., the effluent of the
system) was around 7.2 (Figure S4), which was significantly
higher than that (i.e., 4.15−4.35) of aerobic MBBR. Three key
factors elevating the pH of anoxic MBBR: (1) the bypassed
10% feeding from the CEPT effluent, (2) the alkalinity
regenerated by denitrification in the anoxic process, and (3)
the added NaOH solution. The recorded NaOH consumption
of this process was only 25 g NaOH per ton of wastewater.
This is actually a very low chemical consumption because of
alkalinity from the other two pathways. In the real application,
lime rather than NaOH can be used to elevate pH, which will
further reduce the cost. The requirement of the base can also
be reduced by increasing the ratio of CEPT effluent in the feed
of an anammox tank.

With the temperature decreased to 20 °C in phase II, the
NAR (97.8 ± 2.4%) remained stable, indicating robust NOB
suppression, while the ARE slightly decreased to 62.0 ± 6.3%,
implying the possible effect of temperature on AOB activity
(detailed in Section 3.7). The relatively lower ARE has resulted
in the lower NO2

−-N to NH4
+-N ratio (i.e., 1.22 ± 0.19) in the

wastewater to the anoxic MBBR. However, the TN removal
efficiency of anoxic MBBR appeared to be insusceptible,
averaging at 87.3 ± 2.8% in phase II (Figure 2b). The ARE
slowly decreased to 60.4 ± 4.7 and 56.0 ± 5.0% when the
operating temperature decreased to 15 °C in phase III and 12
°C in phase IV, respectively. On the contrary, the NAR
increased to 99.1 ± 0.7% in phase III and 99.4 ± 0.5% in phase
IV. The possible reason is that the FNA concentration in the
aerobic MBBR in phases III (3.1 ± 0.4 mg N/L) and IV (3.4 ±
0.3 mg N/L) became higher than that in phase I (3.0 ± 0.7 mg
N/L) (Figure 2c). The FNA concentration is positively
associated with NO2

−-N concentration and negatively related
to pH and temperature. Indeed, the pH in phases I, III, and IV
was the same (4.3 ± 0.1), and phase I (28.8 ± 4.2 mg N/L)
even had a higher NO2

−-N concentration than that in phases
III (25.9 ± 2.1 mg N/L) and IV (25.5 ± 1.9 mg N/L). This
confirms that the higher FNA concentrations in phase III and
IV were led by the lower operating temperature. In the anoxic
MBBR, about 88.1 ± 2.4 and 88.9 ± 2.5% of TN in the
wastewater were removed in phases III and IV (Figure 3a),
which is comparable to that in phase I (89.7 ± 3.6%),
indicating robust anammox activity at low temperature
conditions.
3.3. Removal of Micropollutants. Ten micropollutants,

which were dominated in the real wastewater used in the
present study, were evaluated in different units of this system at
the end of phase I (see Figure S5). These micropollutants are
common pharmaceuticals and personal care products (PPCPs)
found in domestic wastewater.32,33 For example, salicylic acid is
widely used in skin care products; caffeine is often added to the
drink; and ibuprofen is a widely used anti-inflammatory pain
reliever. All of the investigated micropollutants were removed
from wastewater in the proposed wastewater treatment system
at different extents from 26.2 to 99.7%. The removal efficiency
of four micropollutants exceeded 75%, including atenolol,
acesulfame, caffeine, and salicylic acid. In comparison to the

conventional nitrification/denitrification process and other
PN/A processes, the proposed system achieved similar
removal efficiencies for atenolol and acesulfame and signifi-
cantly higher removal for carbamazepine (57.2% vs almost no
removal).34,35 The average removal efficiencies of ten
investigated micropollutants were 6.2 ± 7.1% in CEPT, 41.0
± 25.2% in the aerobic MBBR, and 20.1 ± 26.1% in the anoxic
MBBR. The FeCl3-induced flocculent process removed a small
part of investigated micropollutants. In comparison, the
majority of micropollutants was removed in the aerobic
MBBR, possibly related to the co-metabolic pathway of AOB,
as well as a high FNA concentration in acidic PN.36 For
example, Cheng et al.37 reported that FNA at 1 mg N/L can
chemically remove sulfamethoxazole.
3.4. Microbial Community Analysis. To shed light on

the compositions and dynamics of the microbial community at
different temperatures, microbial samples were taken from the
aerobic and anoxic MBBRs in the steady state of phases I (23
°C) and IV (12 °C) for 16S rRNA gene amplicon sequencing.
The Good’s coverage estimator on the OTUs showed that 99%
of the species were captured in all samples. The top ten phyla
and the top five genera in both MBBRs at different
temperatures are shown in Figure S6, showing an overall
stable microbial community from 23 to 12 °C. Proteobacteria,
Actinobacteriota, and Planctomycetota consistently remained the
top three bacterial populations in the aerobic MBBR, with
average abundances of 63.3, 16.1, and 13.5%, respectively.
Chlorof lexi, Proteobacteria, and Planctomycetota had the highest
relative abundance, accounting for 32.1, 24.3, and 17.1% of all
of the detected bacteria in the anoxic MBBR, respectively.

The top five genera in the aerobic and anoxic MBBRs are
also stable from 23 to 12 °C (Figure S6e). In the aerobic
MBBR, only one nitrifying genus was detected, namely, Ca.
Nitrosoglobus, with a relative abundance of 3.5% at 23 °C and
2.5% at 12 °C, while no NOB was detected. Ca. Nitrosoglobus,
identified as the genus of AOB, belongs to the Proteobacteria
phylum.22 This agrees with the nitrifying community reported
for other acidic PN reactors23,27 and also explains the over 97%
NAR achieved in the aerobic MBBR during the long-term
operation (Figure 2b). The slight decrease in relative
abundance of Ca. Nitrosoglobus may be associated with the
negative impact of low temperature. Ca. Brocadia is a typical
genus carrying out the anammox reaction, belonging to the
Planctomycetes phylum.38 It is the only anammox bacteria
detected in the anoxic MBBR and its relative abundance was
stable at 23 °C (6.46%) and 12 °C (6.11%). Denitratisoma,
which is a typical denitrifying genus, was consistently detected
in the anoxic MBBR, with an average relative abundance of
3.66%.39 The results of microbial composition analysis also
support the activity tests showing that the AOB activity in the
aerobic MBBR was more sensitive to the decrease of
temperature than the anammox activity in the anoxic MBBR
(see more results in Section 3.6).
3.5. Development of a New Operation Strategy for

Acidic PN. The acidic PN is a novel concept, which was
recently discovered by Li et al.26 in treating diluted real urine
that contained NH4

+-N at about 200 mg N/L, followed by
Wang et al.27 and Meng et al.,28 which both successfully
maintained acidic PN in treating low-strength wastewater (i.e.,
<100 mg NH4

+-N/L). These previous studies had focused on
studying the feasibility and stability of acidic PN, while the
research on applying the acidic PN process toward practical
applications is still needed. This study, for the first time,
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proposed an integrated treatment process, using the acidic PN
process to tactfully solve the issues of upfront CEPT (i.e.,
acidified wastewater by iron hydrolysis) and downstream
autotrophic nitrogen removal via anammox (i.e., NOB
suppression). This integrated system was comprehensively
evaluated by treating real domestic sewage for 360 days at
varying temperatures, during which satisfactory effluent quality
was well maintained, with an average effluent TCOD
concentration of 41.9 ± 11.2 mg/L, TN concentration of 5.1
± 1.8 mg N/L, and phosphate concentration of 0.3 ± 0.2 mg/
L (Table S2). The stable and superior performance provides
evidence showing the applicability of the proposed integrated
system, consisting of a CEPT, an acidic PN, and an anammox,
to treat domestic wastewater in practice.

The acidic PN reactor should be operated at a reasonable
pH range. At acidic conditions, nitrite can be chemically
oxidized to nitrate, and the reaction rate increases with
decreased pH.40 During chemical oxidation of nitrite, nitric
oxide, a hazardous gas, can be produced,27,40 which may trigger
occupational health and safety concerns.41 Thus, the acidic PN
reactor cannot be operated at a very low pH condition (i.e., pH
< 4) to avoid significant nitric oxide emission. Conversely, if
the operating pH is higher than 5.5, the FNA concentration
will be too low to suppress NOB. It is suggested that an
adequate FNA concentration for NOB suppression should be
above 1 mg N/L.28 Therefore, the previous study proposed
using pH-based feeding to control the pH around the
setpoint;28 however, this strategy is difficult to be achieved
in the operation of real WWTPs. In the present study, a pH-
based aeration strategy was applied for the first time. The
aeration was turned off when the pH decreased to the setpoint,
leading to the decrease in DO as well as the NH4

+-N oxidation
rate by AOB (Figure 4). Once the NH4

+-N oxidation rate was
lower than the NH4

+-N loading rate, the pH will gradually
increase to the setpoint triggering the aeration and the start of
the next cycle. The DO reduction rate decreased when the DO
concentration was below 1 mg O2/L (Figure 4), which agreed

with previously reported oxygen affinity of Ca. Nitrosoglobus
of 0.92 ± 0.37 mg O2/L.23 Overall, compared to the pH-based
feeding method, this technology is more feasible and reliable in
practice, as DO control has been widely used in many
WWTPs.
3.6. Robustness of Mainstream Anammox toward

Temperature Variation. The low temperature of domestic
wastewater is a major challenge for mainstream PN/A.42−44

Here, a high nitrogen removal efficiency (88.9 ± 2.5%) was
stably achieved in treating domestic wastewater at temper-
atures as low as 12 °C. The nitrogen loading rate of the
developed two-stage PN/A was ∼0.1 kg N/m3/days. This rate
is comparable to that of conventional nitrification/denitrifica-
tion process45 and is higher than most mainstream PN/A
processes reported in the literature (Table S4).

The maximal AOB and NOB activities of aerobic MBBR and
the maximal anammox activity of anoxic MBBR were regularly
monitored during the long-term operation (Figure 5a).
Following the temperature decrease, the maximal AOB activity
declined from 7.0 ± 0.8 mg NH4

+-N/(L·h) at 23 °C to 6.5 ±
0.3 mg NH4

+-N/(L·h) (20 °C), 4.2 ± 0.6 mg NH4
+-N/(L·h)

(15 °C), and 2.6 ± 0.2 mg NH4
+-N/(L·h) (12 °C). This

represents a reduction of the maximal AOB activity by 6.6,
39.2, and 63.1% when the temperature was reduced to 20, 15,
and 12 °C, respectively, in comparison to that at 23 °C.
Similarly, the maximal anammox activity decreased by 3.8% at
20 °C, 21.9% at 15 °C, and 38.5% at 12 °C, compared to that
at 23 °C. The maximal NOB activity was detected at a very low
level (<0.08 mg NO3

−-N/(L·h)) at all operating temperatures.
Overall, the maximal AOB and anammox activities were
significantly impacted by the temperature.

The natural logarithm of NH4
+-N conversion rates of AOB

and anammox was further plotted in the conventional
Arrhenius plots (Figure 5b). The activation energy (Ea) values
were then calculated, which can imply the impact of
temperature on AOB and anammox activities. In general, a
lower Ea value indicates more stable microbial activity, while a
higher Ea value represents more sensitive microbial activity
toward temperature change.46 The results showed that the Ea
value of anammox bacteria was only half of that of AOB,
indicating that anammox activity was more stable than AOB
activity when the temperature decreased from 23 to 12 °C in
the present study. The results of previous studies showed that
the impact of temperature on microbial activity varies widely in
different temperature ranges.46,47 Similarly, the Ea values of
AOB and anammox at a temperature range of 23−20 °C were
24.7 ± 19.3 and 13.8 ± 8.1 KJ/mol, respectively (Figure 5c),
which were increased by 3.6 and 2.9 times when the
temperature was decreased from 15 to 12 °C. These results
indicated that AOB and anammox activities were more
sensitive to the decrease of temperature at lower temperature
ranges.

It was often reported that the decrease in operating
temperature significantly deteriorated the nitrogen removal
performance of mainstream PN/A.48,49 For example, Gilbert et
al.49 observed the decreased nitrogen removal rate by about
50% in a biofilm-based one-stage PN/A system when the
operating temperature decreased from 20 to 10 °C. In contrast,
the effluent quality of the present two-stage PN/A process at
12 °C is comparable to that at 23 °C (Table S2). A potential
reason is that the present acidic PN and anammox processes
both had overcapacity in nitrogen conversion. In specific, the
maximal activities of AOB and anammox bacteria at 12 °C

Figure 4. Profiles of pH and dissolved oxygen (DO) in the typical
periods during stable operation of the aerobic MBBR at 23 °C (a) and
12 °C (b).

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.2c06444
Environ. Sci. Technol. 2023, 57, 4522−4532

4528

https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c06444/suppl_file/es2c06444_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c06444/suppl_file/es2c06444_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c06444/suppl_file/es2c06444_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c06444?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c06444?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c06444?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c06444?fig=fig4&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c06444?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


were still higher than the nitrogen loading rate applied in the
long-term experiment, suggesting the overcapacity. Thus, a
higher nitrogen removal efficiency (88.9 ± 2.5%) and
satisfactory TN effluent concentration (5.1 ± 1.2 mg N/L)
could be stably sustained in the present PN/A, even at a
temperature of 12 °C. Apart from the overcapacity, another
feature to ensure the superior nitrogen removal performance is
that the suppression of NOB was well maintained at low
temperatures. As suggested by many previous studies, the
control of NOB became more critical at low temperatures.42

Here, with the in situ produced FNA, NOB were consistently
and completely suppressed even in biofilms that were
considered able to provide protection for NOB. Notably,
FNA concentration is negatively correlated to temperature,

suggesting that a lower temperature may even pose additional
benefits for NOB suppression. This hypothesis was corrobo-
rated by the increase in NAR from 20 to 12 °C (Figure 2b).
The robust nitrogen removal performance toward temperature
change demonstrates that the two-stage biofilm-based acidic
PN and anammox process is robust for domestic wastewater
treatment with dynamic temperatures in practice.
3.7. Engineering Implications. The PN/A process

reduces the energy demand by 40% for nitrogen removal,
compared to the conventional nitrification/denitrification
process.50,51 This study not only achieved a stable PN/A
process, showing that this system was not only robust to the
temperature variation but also creatively incorporated the
CEPT process with the PN/A process, achieving desirable

Figure 5. Impacts of temperature on the AOB, NOB, and anammox activity. (a) Profiles of maximal AOB, NOB (aerobic MBBR), and anammox
(anoxic MBBR) activities during the studying period. (b) Arrhenius plots for the species-specific nitrogen conversion rates. (c) Apparent activation
energy (Ea) values of AOB and anammox bacteria under different temperature intervals.

Figure 6. Assessments of mass balance (C, N, P, and Fe) and energy consumption by each unit of the proposed wastewater treatment process. The
mass balance analysis was performed based on the measured data of the laboratory-scale treatment system. The ratio of organic carbon and Fe
harvested from the secondary settler was assumed based on a solid concentration of ∼10 mg SS/L in the final effluent. The energy consumption
assessment was conducted based on parameter values in Table S5.
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COD, phosphate, and nitrogen removal performance and
micropollutant abatement in the long-term experiment.
Together, these enable a mass balance analysis of the proposed
wastewater treatment, and the result indicates that 76% of
organic carbon in wastewater recovered can be used for biogas
production by AD (Figure 6). The mass balance analysis also
indicates that above 95% of phosphate in wastewater and 99%
of dosed iron are ended in AD. Iron(III) in feeding sludge can
be reduced to iron(II) in AD (Figure 6 and Table S3),
resulting in precipitation of sulfide during anaerobic sludge
digestion, thereby mitigating odorous and corrosive issues.4,52

The biomass of the system was not intentionally wasted during
the study period. The effluent SS concentration of this MBBR
system was about 61 mg SS/L, which was much lower than
that (i.e., 150−250 mg SS/L) of the typical MBBR process in
treating domestic wastewater.53 A low biomass yield of this
system was associated with the high COD removal efficiency of
the CEPT process, and the high in situ FNA concentration in
the aerobic MBBR had a strong biocidal effect on many
microorganisms.21,54 The dosed iron can also increase sludge
dewaterability and reduce sludge disposal costs.4,5 It is possible
to further recover iron and phosphate in terms of a valuable
product, i.e., vivianite, from anaerobically digested sludge.55−58

The produced biogas, if used for energy generation, can
generate energy and meet the heat and electricity requirements
of the treatment process, as evaluated previously.59 According
to the energy balance, the proposed system could achieve
energy self-sufficiency with a net energy production of 329 GJ/
y in a WWTP with a treatment capacity of 10,000 m3/days
(Figure 6). The achievement of net energy production was due
to the significant reduction of energy consumption in aeration,
which agreed with previous estimations for the mainstream
PN/A process.60,61

This study achieved the mainstream PN/A process in a two-
stage configuration. First, because low pH and high FNA are
inhibitory to anammox bacteria, the acidic PN and anammox
were separated in two tanks to avoid the inhibition of
anammox activity. Second, one-stage PN/A used in treating
low-strength wastewater usually requires a relatively high
residual ammonium concentration control to maintain high
anammox activity and suppress NOB activity.42,62 The residual
ammonium concentration may be above 10 mg N/L and thus
requires additional polishing before discharge. In the present
two-stage configuration, the effluent TN concentration of the
proposed novel two-stage process was about 5 mg N/L, which
is even lower than the required residual ammonium
concentration.42

Moreover, the operation of acidic PN is achieved by
microbial ammonium oxidation, a microbially induced acid
producing process. With the feeding of low alkalinity
wastewater, the acid-tolerant AOB in the reactor can produce
protons and nitrite to self-sustain FNA concentration at the
ppm level and cause significant repression of NOB while the
acid-tolerant AOB are scarcely inhibited; therefore, the PN
performance can be stably sustained.26,27 The low alkalinity
wastewater (i.e., CaCO3 alkalinity/ammonium molar ratio < 1)
is thus a must for acidic PN. In real domestic wastewater, the
CaCO3 alkalinity/ammonium molar ratio is a wide range of
0.3−1.4 (Table S6). For the wastewater with sufficient
alkalinity (CaCO3 alkalinity/ammonium molar ratio > 1),
the present study proposed to use FeCl3 to reduce the
alkalinity. By dosing FeCl3 at a dosage of 50 mg Fe/L, the
CaCO3 alkalinity/ammonium molar ratio of wastewater was

reduced from 1.1 ± 0.1 to 0.7 ± 0.1 (Figure 1c). The iron
dosage is comparable to the level (e.g., 20−60 mg Fe/L)
applied in CEPT installed in many WWTPs.3,31 For the low
alkalinity domestic wastewater, acidic PN can be directly
achieved without iron dosing. As such, coagulants without
affecting alkalinity can be used in CEPT to achieve the
proposed novel wastewater treatment. Therefore, an iron
dosage should be determined not only by removal effectiveness
of organics and phosphate but also by effectiveness of alkalinity
reduction when applied to different wastewater treatment
plants. Overall, the demonstration of this novel, integrated, and
cost-efficient wastewater treatment process, consisting of
CEPT followed by the two-stage PN/A process, opens a
new avenue for future domestic wastewater treatment.
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