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Abstract: We developed a lab-scale aerobic–methane oxidation bioreactor (MOB)–anoxic system,
combining a MOB and the aerobic–anoxic denitrification process, and evaluated its potential for
advanced nitrogen treatment in wastewater treatment plants (WWTPs). The MOB used biogas
generated from a WWTP and secondary-treated wastewater to support mixed methanotroph cultures,
which mediated the simultaneous direct denitrification by methanotrophs and methanol production
necessary for denitrifying bacteria in the anoxic chamber for denitrification. Compared to the
aerobic–anoxic process, the aerobic–MOB–anoxic system with an influent concentration of 4.8 L·day−1

showed a marked increase in the reduction efficiency for total nitrogen (41.9% vs. 85.9%) and PO4
−3-P

(41.1% vs. 69.5%). However, the integrated actions of high nitrogen and phosphorus consumption
are required for methanotroph growth, as well as the production and supply of methanol as a carbon
source for denitrification and methane monooxygenase-mediated oxidation of NH3 into N2O by
methanotrophs. After three months of continuous operation using actual wastewater, the total
nitrogen removal rate was 76.3%, equivalent to the rate observed in a tertiary-advanced WWTP,
while the total phosphorus removal rate reached 83.7%.

Keywords: aerobic–MOB–anoxic process; biogas; denitrification; mixed methanotroph
culture; WWTP

1. Introduction

Methanotrophic bacteria are capable of removing nitrogen and phosphorus while consuming
methane as the substrate in an oxidation reaction to produce methanol. To exploit this characteristic,
Mechsner and Hamer [1] used methane as the carbon source for denitrification under aerobic conditions
and observed an increase in the nitrate (NO3

−) removal efficiency. Similarly, Werner and Kayser [2]
obtained a high denitrification rate by introducing landfill-derived biogas into various types of
wastewater treatment reactors, including a complete mixing reactor, trickling filter, and fluidized bed
reactor, and subsequently studied the denitrification properties under aerobic conditions. In addition,
the potential for methane-dependent denitrification has been verified based on the findings of
laboratory-based reactor experiments [3–5]. When ammonia (NH3) is present, methanotrophs oxidize
NH3 into NH3OH, and then into N2O as mediated by methane monooxygenase, a methane-oxidizing
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enzyme that uses NH3 as a cometabolite; this reaction resembles the NH3 oxidation pathway mediated
by ammonia-oxidizing bacteria [6,7].

With the aim of improving the standard activated sludge process in wastewater treatment plants
(WWTPs), Wuhrmann was the first to develop the nitrogen removal process [8]; Ludzack and Ettinger [9]
subsequently developed the advanced nitrogen removal process. The difference between these two
processes lies in the carbon source for denitrification and the location of the denitrification tank.
In Wuhrmann’s process (oxic–anoxic), the denitrification tank is positioned after the aeration tank; as a
result, wastewater undergoes removal of organic substances in the aeration tank, and then maintains
a long residence time in the denitrification tank for denitrification, which uses organic substances
produced upon cell lysis as the carbon source. In the Ludzack–Ettinger process (anoxic–aerobic),
the denitrification tank is positioned before the aeration tank and uses the organic substances in the
influent wastewater as the carbon source for denitrification; then, the wastewater that has undergone
nitrification in the aeration tank is transferred to the denitrification tank as return sludge. For nitrogen
removal, the Wuhrmann process requires a retention time of at least 8 h in the denitrification tank;
this led to commercialization failure due to the generation of NH3-N and increase in the turbidity of
the effluent. In the case of the Ludzack–Ettinger process, the nitrogen removal efficiency is very low,
using only the return sludge sent from the secondary settling tank to the denitrification tank.

To date, most studies on the use of methanotrophs for methanol production have used NO3
−

mineral salts (NMS) medium [10], allowing the study of single species of type II methanotrophs [11,12].
Thus, previous studies of methanol production were conducted under limited, controlled laboratory
conditions using only single methanotrophic species and pure methane. To ensure the economic
feasibility of using methanotrophs for methanol production, the following issues must be resolved:
(i) the need for a source of culture that can replace high-cost sources, such as those cultured in
NMS medium; (ii) the practical difficulty of maintaining single-species cultures; and (iii) the cost
of methane purification. A previous study [13] verified the potential for producing biomethanol
using mixed methanotroph cultures in lieu of single methanotrophic species, as well as for using
biogas instead of pure methane. Based on those results, in the present study, we developed and
evaluated a process that directly produces methanol as the carbon source for denitrification in WWTPs.
We used biogas generated from a WWTP and secondary-treated wastewater as the direct sources
of the mixed methanotroph culture and designed a methane oxidation bioreactor (MOB) that could
mediate direct denitrification by methanotrophs simultaneously with the production of methanol
required for denitrifying bacteria and the anoxic process for denitrification. To combine the MOB with
the denitrification process, a novel treatment system (aerobic–MOB–anoxic process) was developed,
and its potential as an advanced wastewater treatment technology was verified in a lab-scale reactor.

2. Materials and Methods

2.1. Methanotrophs and Activated Sludge

The methane-oxidizing bacteria used in this study comprised a mixture of methanotrophic
species cultured in a previous study [13], in which Methylomonas methanica, Methylococcus capsulatus,
Methylococcus bovis, and Methylobacter marinus were the dominant species. The activated sludge used in
the water treatment process was collected from the aeration tank of the Terminal Wastewater Treatment
Plant in Ilsan, Goyang-si, Korea.

2.2. Methanotroph Culture Solution

The mixed methanotroph culture in the developed system was maintained using secondary-treated
wastewater collected from the Terminal Wastewater Treatment Plant (Ilsan, Korea). The Terminal
Wastewater Treatment Plant in Ilsan has a treatment capacity of 270,000 m3

·day−1 and runs a tertiary
advanced treatment facility for nitrogen and phosphorus removal. Table 1 shows the characteristics
of the source water for the wastewater used in the unit batch test and the secondary-treated water
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used as the effluent of the secondary settling tank. All samples were stored in a refrigerator at 4 ◦C for
subsequent use.

Table 1. Characteristics of raw and secondary-treated wastewater.

Parameter
Concentration (mg·L−1)

Raw Sewage Treated Wastewater

COD 94.9 12.4
NH3-N 44.8 16.7

NO3
−-N 4.6 15.3

PO4
3−-P 5.8 1.6

2.3. Biogas Source

Biogas discharged from the anaerobic sludge digestor in the Terminal Wastewater Treatment Plant
(Ilsan, Korea) was used in the experiment. The biogas was composed of CH4 (67.7%), CO2 (30.3%),
N2 (1.4%), and O2 (0.6%). It was collected and stored using a 4.9 L high-pressure gas tank (GlobalGastec,
Ltd., Buchun, Korea).

2.4. Analysis and Measurements

For the biogas (CH4, CO2, N2, and O2) analysis, the methane content in the serum bottle headspace
was measured using a gas chromatographer (HP Agilent 6890A; Santa Clara, CA, USA) equipped with
a packed column (GS-GASPRO; 30 m × 0.32 mm) and flame ionization detector (FID). The conditions
were as follows: an inlet temperature of 100 ◦C, oven temperature of 50 ◦C (for 3 min), and detector
temperature of 200 ◦C; He as the carrier gas; and the flow rate of to 1.2 mL min−1 with a split ratio
of 20:1.

For the methanol analysis, a gas chromatographer (HP Agilent 6890A; head space G1888) equipped
with a packed column (INNOWAX 30 m × 0.25 mm × 0.25 µm) and a FID was used. The conditions
were an oven temperature of 50 ◦C (5 min), which was raised to 250 ◦C (for 3 min), and a detector
temperature of 250 ◦C, using N2 as the carrier gas and setting the flow rate to 1.2 mL min−1 with a split
ratio of 10:1.

For the formaldehyde analysis, high-performance liquid chromatography (HPLC;
Agilent 1100 series) with a column (Eclipse XDB-C18; 5 µm, 4.6 × 150 mm) was used. The mobile
phases were mobile A (D.W 100%) and mobile B (ACN 100%), with a mobile flow of 1.5 mL/min, eluent
A:B of 50:50, runtime of 38 min, and detection wavelength of 360 nm.

To measure the extracellular polymeric substances (EPS; bound EPS located close to the
cells of microorganisms) in the microbial sludge, the samples were centrifuged (Centrifuge-416;
Dongseo Science, Ltd., Dangjin, Korea) at 2700× g. Then, the protein was analyzed using the
Lowry method, i.e., measured via absorbance at 750 nm with a bovine serum albumin standard for
quantification [14]. In addition, polysaccharide was analyzed using the phenol–sulfuric acid method
and measured as the absorbance at 490 nm, using a glucose standard for quantification [15,16].

For the microbiological analysis, DNA extraction, polymerase chain reaction (PCR) amplification,
and pyrosequencing were performed by ChunLab, Inc. (Seoul, Korea). The 16S rRNA genes for each
sample were amplified using barcoded universal primers.

Analyses of water quality and components of treated wastewater (TWW) were based on the
American Standard Methods for the Examination of Water and Wastewater and Environmental
Protection Agency (EPA) Methods (EPA Method 1613).

2.5. Treatment Process Composition

For the batch test to examine the characteristics of methanol production and changes in nutritive
salts in the secondary-treated wastewater mediated by methanotrophs, a 160 mL serum bottle was
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filled with secondary-treated water inoculated with 50 mL of methanotroph culture, after which 25 mL
(22.7%) of the 110 mL headspace was substituted with biogas to adjust the O2, CH4, and CO2 contents
to 17.8 mL, 16.9 mL, and 7.4 mL, respectively.

The newly developed combined MOB and aerobic–anoxic reactor (aerobic–MOB–anoxic reactor)
for nitrogen and phosphorus removal was designed as shown in Figure 1. The biogas and oxygen
consumed in the MOB were injected automatically from a gas tank based on input by a pressure
sensor. During the biological process of nitrogen removal in aerobic–anoxic reactors, organic substance
removal and nitrification occur in the aerobic reactor, whereas NO3

− denitrification occurs in the
anaerobic reactor. In our system, the carbon source for denitrification in the anaerobic reactor was
supplied by the effluent containing methanol produced by the MOB. Table 2 presents the operation
conditions for the combined aerobic–MOB–anoxic process.
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Figure 1. Schematic diagram of the newly developed system combining the aerobic–anoxic process
with a methane oxidation bioreactor (MOB).

Table 2. Operation conditions of the aerobic–methane oxidation bioreactor (MOB)–anoxic process.

Reactor MLSS (mg·L−1) Inflow (L·day−1) HRT (h)

Aerobic 2200–2300 24 4.3
Anoxic 2300–2400 – 1.7
MOB 1000–1200 – 3

MLSS: mixed liquor suspended solids; HRT: hydraulic retention time.

Following primary settling of effluent from the aerobic reactor, the supernatant was transferred to
the MOB, and the settled sludge was returned to the aerobic reactor. The MOB effluent underwent
another round of settling, after which the supernatant was transferred to the anaerobic reactor.
The produced methanol was settled in the anaerobic reactor without a carbon source to enhance
the nitrogen removal efficiency, while the settled sludge was returned to maintain the mixed liquor
suspended solids (MLSS) content of the MOB at 1000–1200 mg·L−1 and residual sludge was sent to the
aerobic reactor.

The settling time for the activated sludge settling tank and the sludge settling tank in the MOB
were 50 min and 10 min, respectively, as determined based on an analysis of the sludge settling
characteristics (see Section 3.3). In the aerobic reactor receiving 24 L·day−1 wastewater collected from
the influent of the target WWTP, an air stone was used to supply air to enable an adequate supply of
dissolved oxygen (DO) in the sludge mixture, while an aerator operating at approximately 150 rpm was
installed in the anaerobic reactor to maintain the anaerobic condition. The settled sludge in the final
settling tank was returned to the aerobic reactor at 0.5 Q (Q: influent concentration), while the hydraulic
retention time (HRT) was set as 6 h and the solids retention time was set as 25 days. The effluent of
the aerobic reactor was delivered to the MOB, and after a 3 h reaction (HRT 3 h), the supernatant
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was returned to the anaerobic reactor at 0.1 Q or 0.2 Q. The MOB including an aerator, a gas supplier,
and a pressure gauge was operated at 150 rpm, while biogas was supplied to maintain 25% (v/v) of the
headspace. The mixed liquor suspended solids (MLSS) contents of the reactors were 2300–2400 mg·L−1

for the anaerobic reactor, 2200–2300 mg·L−1 for the aerobic reactor, and 1000–1200 mg·L−1 for the MOB.
All experiments were conducted in the laboratory at 20–25 ◦C.

3. Results and Discussion

3.1. Methanol Production in the MOB and Characteristics of Nitrogen and Phosphorus Removal

Table 3 presents the methanol and formaldehyde production results using activated sludge or
mixed methanotrophs in biogas and secondary-treated wastewater. With an MLSS concentration
of 520 mg·L−1, 12.13 mg·L−1 (chemical oxygen demand (COD) conversion value 18.20 mg·L−1)
and 35.23 mg·L−1 (COD conversion value 52.85 mg·L−1) of methanol were produced after 1 h and
3 h of culturing, respectively. Meanwhile, 0.34 mg·L−1 (COD conversion value 0.36 mg·L−1) and
1.74 mg·L−1 (COD conversion value 1.86 mg·L−1) of formaldehyde were produced after 1 h and 3 h of
culturing, respectively. In comparison, substantially less methanol and formaldehyde were produced
when activated sludge was used in other identical conditions (i.e., MLSS concentration 520 mg·L−1,
culture time).

Table 3. Concentrations of methanol and formaldehyde in the effluent of the methane
oxidation bioreactor.

Sludge Inoculant Time (h) Methanol
(mg·L−1)

Formaldehyde
(mg·L−1) MLSS (mg·L−1)

Activated sludge 3 <0.52 ± 0.02 0.03 ± 0.01 520

Methanotrophs 1 12.13 ± 0.31 0.34 ± 0.02 520
3 35.23 ± 1.21 1.74 ± 0.08 520

Data represent the means ± standard deviations of three replicates (n = 3).

After 3 h of culturing, the secondary-treated wastewater of the MOB showed a substantial increase
in COD, from the initial concentration of 12.42 mg·L−1 to 59.84 mg·L−1 due to methanol production
(Table 4). In contrast, the NH3-N and NO3

−-N concentrations in the secondary-treated wastewater
were drastically reduced by 87.1% and 92.0%, respectively, through the nitrogen-assimilating action
of methanotrophs. Furthermore, the PO4

−3-P concentration was reduced by 63.1% compared to the
initial concentration (Table 4).

Table 4. Changes in chemical oxygen demand (COD) and nitrogen and phosphorus concentrations
via the actions of methanotrophs in the methane oxidation bioreactor using biogas and
secondary-treated wastewater.

Parameter Initial Concentration (mg·L−1) Concentration after 3 h (mg·L−1)

COD 12.42 ± 0.22 59.84 ± 0.62
NH3-N 16.75 ± 0.18 2.16 ± 0.06

NO3
−-N 15.33 ± 0.21 1.23 ± 0.03

PO4
−3-P 1.68 ± 0.02 0.62 ± 0.01

COD: chemical oxygen demand. Data represent the means ± standard deviations of three replicates (n = 3).

Anthony [17] explained such a reduction in nitrogen based on the fact that methanotrophs
have a relatively high nitrogen demand during the growth phase, whereby 0.25 mol of nitrogen is
consumed to assimilate 1 mol of carbon using methane. This is distinguished from the denitrification
mechanism. Herein, methanol is used as the carbon source by methylotrophs and common denitrifying
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bacteria, as the two mechanisms are assumed to occur concurrently for nitrogen removal via
methanotroph-mediated nitrogen assimilation.

Analyzing the nitrogen and phosphorus contents in sludge revealed a higher average total nitrogen
(TN) content in the methanotroph sludge (8.53%) than in the activated sludge (5.34%). Similarly,
the average total phosphorus (TP) content was much higher in methanotroph sludge (7.8%) than in
activated sludge (1.6%). Trotsenko et al. [18] explained that the high phosphorus removal rate in a
MOB and higher phosphorus content in methanotroph sludge than activated sludge, as shown in this
study, was the result of a high level of intracellular inorganic pyrophosphate (5 mM) in methanotrophs,
despite the low level of Adenosine triphosphate (ATP) (0.5 mM).

3.2. Microbial Consortium in the MOB

The microbial consortium of the bacterial sludge in the MOB was comprised of 81.9%
methanotrophs, predominated by the genera Methylomonas, Methylococcus, Methylomonas_f_uc,
Methylobacter, and Methylosarcina. Among them, Methylomonas was most abundant (48%). Meanwhile,
nonmethanotrophic bacterial strains in the genera Pseudomonas (5.8%) and Methylophilus (6.6%) were
relatively abundant (Figure 2). Pseudomonas is commonly found in the activated sludge of WWTPs and
is mainly isolated from activated sludge for cultures [19–21].
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(%) of the most abundant identified taxa at the genus level.

In the MOB sludge, Methylophilus was detected in relatively high proportions as a denitrification
bacterium when methanol was used as the substrate, and disappeared from the microbial consortium
once methanol was depleted. To this end, Osaka et al. [22] discovered an association with Methylophilus
and Methylobacillus of the family Methylophilaceae and the methanol-assimilating denitrification
activity of the genus Aminomonas using a stable-isotope probing method. Because Methylophilus
falvus also oxidizes methanol into formaldehyde using pyrroloquinoline quinone-linked methanol
dehydrogenase (PQQ-MDH) [23], the denitrification reaction also occurs, and the Methylophilus genome
only encodes assimilatory denitrification reactions [24]. Methylophilus flavus, which was clearly shown
to coexist in the present study, is an obligate methanol-using gram-negative bacterium and a strict
aerobic bacterium [23]. The bacterium converts methanol into formaldehyde using PQQ-MDH and
employs NO3

− and NH3 compounds as the carbon source, while assimilating methanol via the ribulose
monophosphate pathway. Another dominant strain, Methylophilus rhizosphaerae, is also a strictly aerobic
gram-negative bacterium that displays an identical mechanism [25].

3.3. Sedimentation Properties of the Methanotrophic Microbial Consortium

Water treatment processes require a sedimentation step to separate treated water and
microorganisms. Thus, the sedimentation properties of the MOB sludge were comparatively analyzed
with activated sludge in a 1000 mL graduated cylinder. Complete sedimentation of MOB sludge
occurred within 5 min (Figure 3), which would require a settling tank retention time of 10 min. By
contrast, the activated sludge settling tank retention time would need to be 50 min due to the slow rate
of sedimentation of activated sludge.
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Figure 3. Comparison of the rate of sedimentation between the methane oxidation bioreactor (MOB)
sludge and activated sludge. MOB sludge concentration: 1200 mg·L−1; activated sludge concentration:
2300 mg·L−1.

The characteristic of rapid sedimentation brought by MOB sludge was determined by a much
higher EPS content than activated sludge (Table 5), resulting in larger particle size in MOB sludge
(742 µm) than in activated sludge (107 µm).

Table 5. Comparison of extracellular polymeric substance (EPS) characteristics (mg·g VSS−1) and a
particle size between methane oxidation bioreactor (MOB) sludge and activated sludge.

Characteristic Activated Sludge MOB Sludge

EPS protein (mg·g VSS−1) 76.8 ± 4.9 106.2 ± 9.4
EPS polysaccharide (mg·g VSS−1) 31.4 ± 3.2 46.5 ± 2.6

Particle size (µm) 107 ± 12 742 ± 22

Data represent the means ± standard deviations of three replicates (n = 3); VSS: volatile suspended solid.

3.4. Denitrification Efficiency

3.4.1. Aerobic–Anoxic Process

Table 6 presents the characteristics of the aerobic–anoxic process in removing organic substances,
nitrogen, and phosphorus using actual WWTP influent compared with the effluent from a general
activated sludge process. In the case of the aerobic–anoxic process, the influent COD was 106.3 mg·L−1,
which was reduced to 11.5 mg·L−1 in the aerobic reactor and 11.4 mg·L−1 in the anaerobic reactor,
resulting in a total removal efficiency of 89.5% (i.e., 11.1 mg·L−1 reduction). In the case of the activated
sludge process, the COD removal efficiency was 75.2%. In the aerobic–anoxic process, the influent
NH3-N concentration was 17.2 mg·L−1, of which 96.0% was removed (effluent concentration 0.68 mg·L−1)
due to the complete nitrification in the aerobic reactor that had been maintained at a DO concentration
of 1.5–1.8 mg·L−1. In contrast, the activated sludge process resulted in only partial nitrification
and discharge of 14.98 mg·L−1 NH3-N. The influent NO3

−-N concentration was 1.6 mg·L−1 in the
aerobic–anoxic process, which increased to 10.6 mg·L−1 in the aerobic reactor due to nitrification,
and then decreased to a final concentration of 9.9 mg·L−1 in the anaerobic reactor, showing negligible
removal of NO3

−-N between these two steps. Although 10.7 mg·L−1 was transferred from the aerobic
reactor to the anaerobic reactor, it is presumed that the lack of a carbon source (the theoretical
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COD requirement was approximately 37 mg·L−1; 2.47 g methanol g−1 NO3
−-N−1 [26]) prevented the

denitrification of NO3
−-N. Both processes showed nonsignificant removal rates.

Table 6. Comparison of nutrient removal between the aerobic–anoxic process and the activated
sludge process.

Parameter
Influent
(mg·L−1)

Aerobic–Anoxic Process Activated Sludge Process

Effluent
Concentration

(mg·L−1)

Removal
Rate (%)

Effluent
Concentration

(mg·L−1)

Removal
Rate (%)

COD 106.3 11.1 ± 1.6 89.56 26.3 ± 2.6 75.25
NH3-N 17.2 0.68 ± 0.04 96.05 14.98 ± 1.5 10.30

NO3
−-N 1.7 9.9 ± 1.3 41.92 (as TN) 2.7 ± 0.4 2.95 (as TN)

PO4
−3-P 7.34 6.42 ± 0.76 12.53 6.24 ± 0.64 14.98

COD: chemical oxygen demand; TN: total nitrogen. Data represent the means ± standard deviations of 22
experiments (n = 22).

3.4.2. Aerobic–MOB–Anoxic Process

In the combined aerobic–MOB–anoxic process, the settled effluent from the aerobic reactor was
transferred to the MOB to provide a denitrification source in the anaerobic reactor, at a rate of 0.1 Q
(2.4 L·day−1) or 0.2 Q (4.8 L·day−1), which are 10% and 20%, respectively, of the influent flow rate (24
L·day−1). Table 7 presents the experiment results of the inflow to the anaerobic reactor following the
methane oxidation reaction mediated by the injection of biogas.

Table 7. Comparison of nutrient removal in the aerobic–methane oxidation bioreactor (MOB)–anoxic
process under supply rates of settled effluent into the MOB.

Parameter
Influent
(mg·L−1)

0.1 Q 1 (2.4 L·day−1) 0.2 Q 1 (4.8 L·day−1)

Effluent
Concentration

(mg·L−1)

Removal
Rate (%)

Effluent
Concentration

(mg·L−1)

Removal
Rate (%)

COD 129.3 9.4 ± 1.2 92.7 9.7 ± 0.8 92.5
NH3-N 27.93 0.12 ± 0.01 99.9 0.11 ± 0.01 99.9

NO3
−-N 1.3 8.4 ± 0.6 71.21 (as TN) 4.1 ± 0.2 85.87 (as TN)

PO4
−3-P 6.49 3.82 ± 0.06 41.14 2.0 ± 0.03 69.47

COD: chemical oxygen demand; TN: total nitrogen. Data represent the means ± standard deviations of 22
experiments (n = 22). 1 Q: influent concentration = 24 L·day−1.

At 0.1 Q (2.4 L·day−1) of influent wastewater from the MOB, the influent COD concentration was
129.3 mg·L−1, which was reduced to 18.1 mg·L−1 in the aerobic reactor and then to 11.9 mg·L−1 in the
anaerobic reactor; therefore, the COD concentration in the final treated water was 9.4 mg·L−1 (removal
efficiency 92.7%). The influent NH3-N concentration was 27.93 mg·L−1, which was mostly removed in
the aerobic reactor through nitrification. Although the NO3

−-N concentration increased to 23.4 mg·L−1

in the aerobic reactor, it was subsequently reduced to 8.4 mg·L−1. The influent PO4
−3-P concentration

was 6.49 mg·L−1, but the aerobic and anoxic processes resulted in a final concentration of 3.82 mg·L−1.
Although negligible NO3

−-N was removed in the anaerobic reactor without the MOB-treated water as
a carbon source (Table 6), when 0.1 Q MOB effluent was provided to the anaerobic reactor, the TN
removal efficiency increased substantially from 41.9% to 71.2%. PO4

−3-P showed a similar trend;
the reduction efficiency was 12.5% without MOB effluent (Table 6), but was 41.1% when 0.1 Q MOB
effluent was supplied (Table 7).

At 0.2 Q (4.8 L·day−1) of MOB effluent, the influent COD concentration of 129.3 mg·L−1 was
reduced to 17.8 mg·L−1 in the aerobic reactor and to 11.6 mg·L−1 in the anaerobic reactor; therefore,
the final treated water upon discharge had a COD concentration of 9.7 mg·L−1 (Table 7). Nitrification
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in the aerobic reactor removed most of the 27.93 mg·L−1 of NH3-N, and although NO3
−-N initially

increased to 21.9 mg·L−1 in the aerobic reactor, it was reduced to 5.3 mg·L−1 in the anaerobic reactor,
resulting in a final concentration of 4.1 mg·L−1 in the treated water. Compared to the nitrogen removal
trend upon the supply of 0.1 Q, the TN removal efficiency was enhanced by 1.2 times upon increasing
the proportion of MOB effluent supply to 0.2 Q. Similarly, the influent PO4

−3-P concentration was
6.49 mg·L−1, but removal via the aerobic and anoxic processes resulted in a final concentration of
2.0 mg·L−1, showing a 1.7-fold increase in removal efficiency compared to the 0.1 Q condition.

3.4.3. Comparison with a Tertiary Advanced WWTP Facility

The aerobic–MOB–anoxic process developed in this study was operated for three months, and the
results were compared with the nutrient removal characteristics of an actual tertiary advanced system
in a WWTP using the same wastewater influent. For the tertiary advanced treatment to remove nitrogen
and phosphorous, the plant runs a water treatment system based on the modified Ludzack–Ettinger
process [9,27] and an ultrarapid coagulation (URC) technique for phosphorus removal via condensation
filtration. Figure 4 shows the changes in the composition of wastewater influent and effluent during
the three-month operation of the MOB and WWTP.
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Figure 4. Comparison of the changes in influent water quality based on chemical oxygen demand
(COD), total nitrogen (TN), and total phosphorus (TP) removal between the tertiary advanced treatment
of a wastewater treatment plant (WWTP) and the long-term operation of the aerobic–methane oxidation
bioreactor–anoxic system (AMAn). Orange line stands for WWTP influent (Inf.), blue line AMAn
influent, gray line tertiary WWTP effluent, and yellow line AMAn effluent (Eff.).
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Compared to the water quality of the WWTP tertiary advanced treatment, the newly developed
aerobic–MOB–anoxic process (under the 0.2 Q condition) showed a consistent and similar treatment
efficiency with respect to COD and TN removal. In case of TP, the process in this study led to a
relatively high removal efficiency of 83.7% (Table 8), even without an additional phosphorus removal
system. This is encouraging because the efficiency of the aerobic–MOB–anoxic process was lower than
the 95.5% efficiency of the WWTP, which used a separate URC technique for phosphorus removal.

Table 8. Comparison of the total nitrogen and total phosphorus removal rates between the wastewater
treatment plant (WWTP) tertiary advanced treatment and the aerobic–MOB–anoxic process.

COD Total Nitrogen Total Phosphorus

Influent Effluent Influent Effluent Influent Effluent
WWTP AMAn WWTP AMAn WWTP AMAn WWTP AMAn WWTP AMAn WWTP AMAn

Conc. (mg·L−1) 86.4 95.9 8.6 8.0 51.0 57.9 13.1 13.7 5.23 6.08 0.23 0.21
SD 9.77 16.63 0.77 0.78 4.56 6.10 1.54 1.23 0.38 0.67 0.04 0.20

Removal rate (%) 90.0 91.7 – – 74.2 76.3 – – 95.5 83.7 – –

COD, chemical oxygen demand; WWTP, tertiary advanced wastewater treatment plant; AMAn, aerobic–MOB–anoxic
process; SD, standard deviation. Data represent the means ± SD from WWTP experiments (n = 84) and AMAn
experiments (n = 89).

4. Conclusions

We developed a new combined aerobic–MOB–anoxic wastewater treatment system for improved
nitrogen and phosphorus removal, and compared the MOB sludge with typical activated sludge and
the whole system with a tertiary advanced WWTP using the same wastewater influent. Our system
relies on the production of methanol and formaldehyde from biogas and secondary-treated wastewater
inoculated with cultured, mixed methanotroph species; the MOB secondary-treated wastewater
showed a nearly five-fold increase in COD concentration (to 59.84 mg·L−1) due to methanol production,
whereas NH3-N and NO3

−-N showed substantial reductions of 87.1% and 92.0%, respectively, due to
methanotroph-mediated nitrogen assimilation. PO4

−3-P also showed a 63.1% reduction (to 0.62 mg·L−1).
Methanotrophs accounted for 81.9% of the microbial consortium of the MOB microbial sludge,

including the genera Methylomonas, Methylococcus, Methylomonas_f_uc, Methylobacter, and Methylosarcina;
relatively abundant nonmethanotrophs included the genera Pseudomonas and Methylophilus. The MOB
sludge had a much higher EPS content (protein concentration 76.8 mg·L−1 vs. 106.2 mg·L−1) and particle
size (742 µm vs. 107 µm) than that of activated sludge, leading to much more rapid sedimentation and
shorter retention time in a settling tank.

Compared to the aerobic–anoxic process, the aerobic–MOB–anoxic process (applying 0.2 Q of
MOB settled effluent to the anoxic tank) led to substantial improvement in TN removal (41.9% vs.
85.9%) and PO4

−3-P removal (41.1% vs. 69.5%). After three months of operation with actual wastewater,
the aerobic–MOB–anoxic process showed a TN removal rate of 76.3%, similar to that of the tertiary
advanced WWTP, as well as an 83.7% phosphorus removal rate.

This study confirmed that the new denitrification system combining an aerobic–anoxic process
and methane oxidation bioreactor is applicable as an advanced sewage treatment method.
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