é
- water

Article

Technology for Upgrading the Tailwater of Municipal Sewage
Treatment Plants: The Efficacy and Mechanism of Microbial
Coupling for Nitrogen and Carbon Removal

Yinan Zhang !, Shihuan Lu !, Yuxin Fang !, Kexin Yang !, Jiafeng Ding 1, Xueping Ye 2* and Hangjun Zhang 1"*

check for

updates
Citation: Zhang, Y.; Lu, S.; Fang, Y.;
Yang, K.; Ding, J.; Ye, X.; Zhang, H.
Technology for Upgrading the
Tailwater of Municipal Sewage
Treatment Plants: The Efficacy and
Mechanism of Microbial Coupling for
Nitrogen and Carbon Removal. Water
2021, 13, 2850. https://doi.org/
10.3390/w13202850

Academic Editor: Alejandro

Gonzalez-Martinez

Received: 14 August 2021
Accepted: 10 October 2021
Published: 13 October 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Life and Environmental Sciences, Hangzhou Normal University, Hangzhou 311121, China;
zhangyinan98@163.com (Y.Z.); hznulsh1996@163.com (S.L.); fyx0319@163.com (Y.E);
yangkexin20212021@163.com (K.Y.); djf101@126.com (J.D.)

Agriculture Ministry Key Laboratory of Healthy Freshwater Aquaculture, Key Laboratory of Fish Health and
Nutrition of Zhejiang Province, Zhejiang Institute of Freshwater Fisheries, Huzhou 313001, China

*  Correspondence: yexueping2021@163.com (X.Y.); 13819172516@163.com (H.Z.);

Tel.: +86-0571-28861265 (H.Z.); Fax: +86-0571-28865333 (H.Z.)

Abstract: The efficient removal of carbon (COD) and nitrogen (NH3-N) is vital to improving tailwater
from municipal wastewater treatment plants. In this study, denitrification and decarburization
bacteria with stable removal efficiencies were introduced into a membrane bioreactor (MBR) for
45 days of field experiments in a QJ Wastewater Treatment Plant (Hangzhou, China) to enhance carbon
and nitrogen removal. After adding the decarbonization microorganisms into the denitrification
reactor, COD removal increased from 31.2% to 80.2%, while compared to the same MBR with only
denitrification microorganisms, the removal efficiency of NH3-N was greatly increased from 76.8% to
98.6%. The results of microbial analysis showed that the cooccurrence of Proteobacteria and Bacillus
with high abundance and diverse bacteria, such as Chloroflexi, with autotrophic decarburization
functions might account for the synchronous high removal efficiency for NH3-N and COD. This
technology could provide a reference for industrial-scale wastewater treatment with the goal of
simultaneous nitrogen and carbon removal.

Keywords: denitrification; decarburization; bioaugmentation; sync removal

Highlights

1.  Coupling nitrogen and carbon removal microorganisms in an MBR is a promising
technology for improving the tailwater of municipal sewage treatment plants.

2. The reactor showed stable simultaneous denitrification and carbon removal functions.
The removal of NH3-N was 98.63%, and the removal of COD was 80.2%.
The two microorganisms coexisted in the reactor to form a relatively rich microbial
community.
The cooccurrence of Proteobacteria and Bacillus with Chloroflexi might have accounted
for the synchronous high removal efficiency of NH3-N and COD.

1. Introduction

Since 2013, China has successively promulgated a number of laws and regulations
to solve a series of environmental problems, including water pollution, and set clear
standards for the emissions of nutrients, such as carbon and nitrogen, in terms of water
quality management. Zhejiang Province has a well-developed river network, and as
water consumption has gradually increased with rapid economic development, water
pollution in this area has become increasingly serious. Therefore, Zhejiang Province was
the first province in China to propose “five water treatments” and has been improving the
management model to enhance the quality of the aquatic environment to a certain extent
in recent years. At present, there is only one municipal sewage treatment plant in each
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city of Zhejiang Province, and all tailwater is discharged into natural water bodies directly
after reaching the standards. For example, the sewage treatment plant in Hangzhou (the QJ
sewage plant) has a water treatment capacity of 300,000 t d ~!. Although the concentrations
of pollutants in wastewater reach the required standards, the total discharge of NH3-N and
COD reaches 1.48 x 10° g d~! and 1.47 x 10* g d !, respectively, which is a huge amount
that could cause serious eutrophication. To ensure the ecological safety of receiving water
bodies, there is currently an important demand for technology and equipment that enable
denitrification and decarbonization.

Recently, scholars have conducted in-depth and extensive research in the field of bio-
logical denitrification and made breakthroughs over traditional theories and technologies.
Bioaugmentation [1,2], as an effective biological treatment technology, can significantly
improve the degradation of specific pollutants by adding specific microorganisms to the
biological treatment system. Crini et al. [3] added aerobic denitrifying bacteria acclimated
under low-temperature conditions to a pilot plant for bio-enhancement and found that
after enhancement, the NH3-N effluent stabilized at 1 mg L~!; another study [4] also found
that the total nitrogen (TN) effluent stabilized at 10 mg L~!, and compared with that under
the sewage treatment plant, the removal of NH3-N and TN increased by 3.71% and 23.18%,
respectively. With the invention of biological membrane reactors or membrane bioreac-
tors (MBRs) [5], wastewater treatment technology climbed to another level. Technologies
based on MBRs can be used for many applications [6], such as industrial and municipal
wastewater treatment, as well as water treatment [7]. Hu et al. [8] simultaneously combined
nitrifying and denitrifying bacteria and aerobic denitrifying bacteria in MBRs to form a
microecological inoculant, which was added directly to micro-polluted water for in-situ
bio-enhancement, and the removal rate of nitrate and TN improved significantly. The MBRs
not only has high quality of treated wastewater [9] but also has smaller reactor volume
due to the higher sludge concentration used and smaller amount of extra sludge produced.
MBRs are currently the best available technology (BAT) for wastewater treatment [10,11].
Combine it with functional denitrification and carbon removal microorganisms, and there
will be unexpected new discoveries in the treatment of actual sewage.

Therefore, there is a certain theoretical basis for the application of specific microor-
ganisms in water treatment technology [12]. However, current related studies have mainly
focused on the removal of nitrogen or carbon [13,14]. The small number of studies on
the simultaneous removal of nitrogen and carbon have utilized small-scale laboratory
tests [15,16]; there are few reports at the scale of pilot and factory tests, and it is more prac-
tical to realize the simultaneous removal of carbon and nitrogen with certain equipment in
a complex and changeable actual environment [17].

To understand the changes in the denitrification and carbon removal performance
of the reactor before and after the coupling of functional microorganisms under actual
wastewater treatment conditions as well as the evolution of the dominant bacteria in the
system, this study conducted a continuous flow experiment in the reactor of the QJ Sewage
Treatment Plant. Nitrogen, carbon, and chemical oxygen demand (COD) removal as well as
the abundance and diversity of microbial communities and other aspects and the changes
in the coupled denitrification and decarbonization biofilm reactor were studied. The results
aid in a better understanding of the mechanism of simultaneous nitrogen and carbon
removal in MBR systems. The development of a suitable and high-efficiency, upgraded
sewage treatment technology can minimize water pollution, which is of great significance
to protect aquatic resources and promote the coordinated development of resources and
the environment.

2. Materials and Methods
2.1. MBR Setup and Operation
The actual wastewater treatment process was conducted in an MBR. The effluent of the

sewage plant was connected to the inlet of the MBR. The reaction volume of the MBR was
100 L (60 x 140 x 70 cm). Five hollow-fiber membrane modules composed of polyethylene
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were installed in the MBR. The mean pore size of the hollow-fiber membranes was less
than 0.1 um. An aeration system (aeration rate of 0.2 m3 h~!) was placed at the bottom
of the reactor to maintain the dissolved oxygen (DO) concentration at 2-4 mg L~!. With
a focus on start-up time, the hydraulic residence time (HRT) of the MBR was maintained
at 1 h, and the suction mode was 8-min “start” and 2-min “stop”. When the membrane
pressure of the MBR reached 1.0 kPa, the membrane was physically cleaned with pure
water to remove the bio-cake layer and recover its permeability.

2.2. Seed Microbial Community

The main denitrification and decarburization microbial community was obtained from
the denitrification reactor and decarburization reactor in our laboratory. Denitrification
microorganisms were added to the MBR, and the day (day 1) was recorded at the start of the
experiment. From day 21 onwards, the same volume of decarburization microorganisms
was added to the MBR. The amount of inoculated sludge was 500 mL.

2.3. Water Quality Analytical Parameters

The experiment continued for 45 days. Water samples from the influent and the
effluent were collected every day for physical and chemical analyses, and the ammonia
nitrogen (NH3-N), nitrous nitrogen (NO,-N), nitrate nitrogen (NO3-N), total nitrogen
(TN), total organic carbon (TOC), inorganic carbon (IC), total carbon (TC) and chemical
oxygen demand (COD) concentrations were determined following the Standard Methods
for the Examination of Water and Wastewater [18]; pH was measured by a digital acidity
meter (pHS-9 V); and dissolved oxygen (DO) was detected with a dissolved oxygen meter
(YSI550A). The above indicators are all abbreviated below.

2.4. Microbial Community Analysis

The bacteriological analysis was performed on samples taken from the MBR and
included qualitative and quantitative evaluation of the microbial community. Five micro-
bial samples were collected during the experimental period. The samples were named
by the sampling time point: on the first day of operation, denitrification microorganisms
were added to the reactor (day 1); the denitrification reactor was running stably (day 7),
decarbonization microorganisms were added (day 21), the coupled microbial reactor was
stabilized (day 30), and the experiment was ended (day 45).

The microbial communities were analyzed using high-throughput sequencing via
the method implemented by Huang et al. [19]. The V3-V4 region of the bacterial 16S
ribosomal RNA gene was amplified by polymerase chain reaction (PCR) using the 515F
(5’-GTGCCAGCMGCCGCGG-3') and 907R (5'-CCGTCAATTCMTTTRAGTTT-3') primers.
High-throughput sequencing analysis was conducted by Persona Bio Company (Shanghai,
China). We used an Illumina MiSeq platform to sequence the amplicons. All the data
were analyzed on the free online platform at https://www.genescloud.cn (accessed on 30
December 2020).

3. Results
3.1. The Performance of the MBR in Nitrogen and Carbon Removal
3.1.1. Changes in Denitrification Performance

During the test period, the NH3-N, NO;-N, NO3-N, and TN of the reactor influent and
effluent water were tested. The changes in the nitrogen removal rate are shown in Figure 1.
As shown in Figure 1a, the change in NH;3-N shows an overall steady upward trend. In the
early stage of reactor operation, the removal rate of NH3-N continued to increase. From
the 7th day, the removal rate of NH3-N was maintained at approximately 76.8%. After the
21st day (addition of decarburization microorganisms), the removal rate of NH3-N by the
reactor declined to a certain extent but then showed an upward trend. Starting at 30 days,
the NH;3-N removal rate stabilized and increased significantly. The effluent NH3-N content
was significantly reduced, with an average removal rate of 95.6% and a maximum removal
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rate of 98.6%. As shown in Figure 1c, the removal rate of NO3-N basically remained at a
stable low level before 21 days, and the average removal rate was approximately 10%. After
21 days, the removal rate of NO3-N showed an upward trend. After 30 days, it remained
at 80.2%. As shown in Figure 1d, the TN removal rate and NO3-N had a similar trend,
gradually increasing from 21 days, and finally, the average removal rate of TN stabilized at
59.9%. As shown in Figure 1b, during this period, the NO,-N concentration in the effluent
from the reactor was maintained at a low value and only accumulated from 21 to 30 days.
After 30 days, the NO,-N in the effluent was basically below the detection limit.
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Figure 1. Denitrification efficiency of the MBR based on the NH3-N (a), NO,-N (b), NO3-N (c), and TN (d) concentrations.

3.1.2. Changes in Decarburization Performance

For the removal of carbon elements, as shown in Figure 2a—c, the average removal
rate of TOC (Figure 2a) was maintained at approximately 9.5% before day 21. Starting
from day 21, it first decreased and then continued to rise to 89.2%. The removal (Figure 2b)
basically remained in a stable state during the reaction period and quickly returned to the
original level after a slight decrease on day 21, and the average removal rate remained
at 62.5%. The trend of TC was basically the same as that of TOC. The average removal
rate was approximately 37.6% before day 21. Starting from day 21, the removal rate of TC
continued to rise, reaching a maximum of 80.2%.
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Figure 2. Decarburization efficiency of the MBR based on the TOC (a), IC (b), TC (c), and COD (d) concentrations.

The COD changes are shown in Figure 2d. Under actual conditions, the COD of
wastewater influent fluctuates between 80-300 mg L~!. When the reactor just started
operating, the COD removal rate was only 31.2%. The removal rate gradually increased
and rose to a stable value around the 9th day. After the addition of decarburization mi-
croorganisms on day 21, the COD removal rate decreased slightly, but it quickly recovered
steadily, and subsequently, the COD changes in the influent water did not cause severe
fluctuations in the effluent concentration. The COD concentration of the effluent in this
experiment was stabilized at approximately 23.8 mg L}, and the average removal rate of
COD was maintained at approximately 82%.

In this experiment, after the co-processing of denitrification and decarbonization bac-
teria, the indicators of the effluent of the reactor were kept at a low level, which already ful-
fills the pollutant emission standards implemented in China (effluent NH3-N < 5mg L™},
COD < 80mgL™1).
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3.2. Analysis of the Microbial Community
3.2.1. Diversity of the Microbial Community

In this experiment, the coverage rates of the five groups of microbial sequencing
samples were all greater than 0.99, ensuring the accuracy of the sequencing results. Shannon
and Simpson indices were utilized to represent sample diversity, and Ace and Chao indices
were used to represent sample richness. The values of the a-diversity indices (Chao,
Shannon, Simpson, and ACE) are shown in Table 1. The Shannon index first increased from
2.04 (day 1) to 6.13 (day 7); on day 21, it fell to 5.52 and then increased from 5.78 (day 30) to
6.09 (day 45). The Simpson index changed from 0.18 (day 1) to 0.01 (day 7) to 0.02 (day 30).
The ACE and Chaol values had a similar trend as the Shannon index and increased from
42.57 and 40.25 to 2644.82 and 2631.45, respectively.

Table 1. Species’ richness and diversity indicators of the microbial communities of samples.

Shannon Simpson Ace Chaol
Day laverage 2.04 0.18 42.57 40.25
Day Zaverage 6.13 0.01 2638.87 2640.29
Day 21average 5.52 0.02 2342.74 2316.22
Day 30average 5.78 0.02 2682.57 2667.27
Day 45average 6.09 0.01 2644.82 2631.45

3.2.2. Composition of the Microbial Community

The microbial phyla detected at a relative abundance > 1% were considered the
main phyla, and the community species composition information and relative abundance
information of microorganisms at the phylum level in different experimental stages are
shown in Figure 3. During the entire experiment, the composition and abundance of
microorganisms underwent major changes. The dominant bacterial phyla changed from
Proteobacteria and Firmicutes to Proteobacteria, Patescibacteria, Firmicutes, Bacteroidetes, and
others. However, while the abundance of other bacterial phyla gradually increased, the
abundance of Firmicutes decreased significantly.

17 W FProteobacteria
B Patescibacteria
. Firmicutes
M Bacteroidstes
B ictinobacteria
08 others

Percent of community abundance an Phylum lewel

o + | . . .

Day 1 Day7 = Day2l = Day30 = Dayds

1
Samples

Figure 3. Circos plot of microbial community (abundance greater than 1%) dynamics of the biofilm
samples during different phases at the phylum level.

Figure 4 shows the changes in the composition and structure of the dominant bac-
teria in different samples more clearly. The main dominant bacteria were Proteobacteria,
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Patescibacteria, Firmicutes, Bacteroidetes, Acitinobacteroidetes, Chloroflex, and Acidobacteria. In
the early stage of reactor operation (day 1), the predominant phyla were Proteobacteria
and Firmicutes, and their relative abundances were 51.1% and 48.9%, respectively. On
day 7, the dominant bacterial composition of the microorganisms changed significantly.
The abundance of Proteobacteria in microbial samples decreased to 32%, the abundance
of Firmicutes decreased to 0.88%, and other dominant bacteria began to appear, such as

Patescibacteria (26%), Bacteroidetes (15%), Acitinobacteroidetes (7.5%), Chloroflex (7.2%), and
Acidobacteria (4.5%).
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Figure 4. The composition of dominant species in the reactor at different periods and their distribution
in the samples (the left half circle shows the species composition in the sample, the color of the outer
ribbon represents the group from which it comes, the color of the inner ribbon represents the species,
and the length represents the relative abundance of the species in the corresponding sample. The
right half circle shows the distribution of the species in different samples at the taxonomic level, the
outer ribbon represents the species, the color of the inner ribbon represents different groups, and the
length represents the distribution of the species in a given sample.).

When the reactor was fed decarburization microorganisms (day 21), the abundance
of the dominant microorganisms changed significantly: the abundance of Proteobacteria
decreased from 32% to 24%, the abundance of Patescibacteria increased from 26% to 47%, the
abundance of Firmicutes was maintained at 0.83%, the abundance of Bacteroidetes decreased
from 15% to 13%, the abundance of Acitinobacteroidetes decreased from 7.5% to 3.9%, the
abundance of Chloroflexi was reduced from 7.2% to 3.9%, and the abundance of Acidobacteria
decreased from 4.5% to 1.6%.

When the denitrification and decarburization microorganisms in the reactor had
adapted for a period of time (day 30), the dominant bacterial composition of the microor-
ganisms remained unchanged, but the abundance changed significantly. The abundance of
Proteobacteria increased from 24% to 39%, the abundance of Patescibacteria decreased from
47% to 21%, the abundance of Firmicutes increased from 0.83% to 0.95%, the abundance of
Bacteroidetes decreased from 13% to 8.7%, the abundance of Acitinobacteroidetes increased
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from 3.9% to 11%, the Chloroflexi abundance increased from 3.9% to 6%, and the abundance
of Acidobacteria decreased from 1.6% to 3.8%.

At the end of the experiment (day 45), there was no significant change in the composi-
tion of the microbial community. The abundance of Proteobacteria increased slightly from
39% to 40%, the abundance of Patescibacteria decreased from 21% to 15%, that of Firmicutes
decreased from 0.95% to 0.88%, while that of Bacteroidetes increased from 8.7% to 12%, the
abundance of Acitinobacteroidetes decreased from 11% to 6.2%, the abundance of Chloroflex
increased from 6% to 7.5%, and the abundance of Acidobacteria decreased from 3.8% to 6.8%.

3.2.3. Microbial Genetic Relationship Analysis at the Genus Level

Based on the sequencing results and annotated OTU data, cluster abundance, and
similarity between samples, a heatmap showing the hierarchical classification of the micro-
bial community at the genus level was constructed, and the abundances were expressed
as gradient changes of different colors. The heatmap of microbial genera showed that
the 30 genera shown in Figure 5 were mainly from five phyla. The results show that the
dominant genera of microorganisms in the microbial samples were different, and most of
the dominant genera belonged to Proteobacteria. By analyzing the heatmap and sample-
clustering tree of the horizontal species composition of the bacterial community in the five
experimental stages, the dominant genus composition of the microbial samples from day
45 and day 7 were similar, and the dominant phylum composition of the microbial samples
from day 1, day 21, and day 45 were different. The composition of the dominant genera of
microorganisms on day 1 was different from that at other times.

3.3. Microbial Environment Relevance
3.3.1. Principal Component Analysis (PCA)

As shown in Figure 6, the biological samples at the five time points in the figure have
no overlapping parts, and the sample points are far away, indicating that the community
structure composition in the reactors was not similar; the cumulative contribution of the
X-axis (21.64%) and the Y-axis (18.02%) reached 39.66%, which shows that environmental
factors can explain the different composition of the microbial community between the two
samples. TOC, TC, and NO3 affected the bacterial community composition on day 1, the
COD content mainly affected the bacterial community composition on day 7; TN affected
the bacterial community composition on day 21; and NO,-N mainly affected the bacterial
community composition at day 30 and day 45.

3.3.2. Correlation Heatmap Analysis

As shown in Figure 7, the correlation heatmap analysis results showed that Enterobacter
(Pearson correlation coefficient r = —0.5689, p = 0.0269), Sporolactobacillus (Pearson correla-
tion coefficient r = —0.5585, p = 0.0305), Bacillus (Pearson correlation coefficient r = —0.4544,
p = 0.0888), and Leuconostoc (Pearson correlation coefficient r = —0.5534, p = 0.0324) were
negatively correlated with the COD content; Candidatus Moranbacteria (Pearson correlation
coefficient r = 0.7979, p = 0.0004), Acidovorax (Pearson correlation coefficient r = 0.5256,
p = 0.0421), and Leuconostoc total bacterial loads were positively correlated (Pearson cor-
relation coefficient r = 0.4561, p = 0.056); and Nitrospira (Pearson correlation coefficient
r = 0.2941, p = 0.0324) was positively correlated with the COD content, but the correlation
coefficient was not significant (r = 0.4561, p = 0.056). Co-occurrence analysis showed that
the two bacterial clusters appeared similar, but the degree of correlation was different. At
the genus level, 76 of the top 30 bacteria were positively correlated, and 51 of them were
negatively correlated. In the middle and late stages of reactor operation, Patescibacteria and
Proteobacteria appeared to have the most positive correlations (the r? values were 0.598 and
0.519, respectively). The microorganisms in the middle and late stages of reactor operation
were mainly composed of Patescibacteria and Proteobacteria.
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Figure 7. Correlation heatmap analysis. (0.5 <p <0.1: *; 0.01 < p < 0.5: **; p < 0.01: ***).

4. Discussion

Transforming laboratory-scale bioaugmentation technology to practical applications
is the ultimate goal of biological wastewater treatment. Therefore, this experiment was
conducted at the QJ sewage treatment plant in Hangzhou, Zhejiang Province for a 45-day
experimental period to investigate the performance of MBR reactors under actual wastewa-
ter conditions. The denitrification and simultaneous nitrogen and carbon removal efficiency
results showed that when carbon removal microorganisms were added to the original
denitrification microorganism system, the MBR showed a certain decarbonization effect,
and the original stable denitrification rate also increased significantly. The results of the
analysis at the microbial level showed that the type and abundance of the dominant flora
changed accordingly with the change in the reaction system and finally formed a stable



Water 2021, 13, 2850

12 of 15

microbial structure. This study not only provides practical application data for the inter-
action of different functional microorganisms but also provides guidance for the use of
MBRs coupled with denitrification and decarbonization microorganisms as a technology
for improving the tailwater of urban sewage treatment plants.

The change in water quality can most intuitively reflect the effects of functional
microorganisms [20]. In this experiment, functional denitrification microorganisms were
first added to the reactor. The change trends of ammonia nitrogen, nitrous nitrogen,
nitrate nitrogen, and total nitrogen were particularly obvious. In the denitrification stage
(day 1-day 20), as the microorganisms gradually adapted to the environment, the removal
rate of ammonia nitrogen increased; and with the addition of functional microorganisms
(day 21), the environment where the microorganisms were located changed. As a result,
the growth and reproduction of the original microorganisms were inhibited, and cell
autolysis occurred [21], releasing a large amount of ammonia nitrogen, which is oxidized
by ammonia oxidizing bacteria to nitrous nitrogen [22]. This is in line with the increase
in the concentration of ammonia nitrogen in the effluent from 21-30 days in the water
quality results. The increase in nitrate concentration was consistent. It is worth noting
that after the addition of decarburization microorganisms, while the decarburization effect
was improved, the originally stable denitrification rate eventually increased to a higher
value [23], which also indicates that a deeper exploration of the interrelationship between
the microbial denitrification and decarburization mechanisms is needed.

Changes in water quality affect the structure of the microbial community, and the
study by Xuan et al. [24] found that the planktonic bacterial community is mainly controlled
by water pollution. According to the results of microbial sequencing, the microbial richness
and diversity in the reactor were related to the microbial community. The structure and
composition changed to a certain extent. As the microorganisms adapted to the reactor
over time, the richness and diversity were significantly improved. Only at day 21 (with the
addition of decarburization microorganisms) did these parameters decline. Interestingly,
this showed a similar trend to changes in water quality parameters.

As the reaction progressed, the structure of the microbial community gradually be-
came richer and more diverse. According to the results of microbial sequencing, we found
that most anaerobic or aerobic heterotrophic bacteria in the microbial community could con-
vert or reduce nitrate to nitrite or nitrogen. Proteobacteria, Bacteroidetes, and Chloroflexi were
all especially abundant bacterial phyla. During the experiment, the relative abundance
of Proteobacteria significantly increased from 22.56% to 61.02%, and that of Bacteroidetes
and Chloroflexi changed to different degrees. Some studies [25-27] have shown that Pro-
teobacteria occupies a dominant position in most denitrification systems, among which the
B-Proteobacteria class covers almost all types of AOB, which also explains the reason for the
increased denitrification efficiency in this experiment, from a microbiological perspective.
Chloroflexi is a common bacterial phylum in anammox systems and includes autotrophic
microorganisms that can use carbon sources. Wang Yaoqi and others also found a high
abundance of Chloroflexi in anammox systems. Chen et al. [28] found that Chloroflexi is a fac-
ultative anaerobe that is beneficial to the formation of granular sludge. Kindaichi et al. [29]
investigated whether Chloroflexi can decompose some dead microorganisms and found
that its filamentous structure is conducive to the formation of biofilms. It has been widely
recognized that Chloroflexi plays an important role in denitrification systems. From the
analysis results at the genus level, the bacterial genera with a significant increase in abun-
dance included Denitratisoma [30] and Bacillus [31], which can degrade organic matter and
have denitrification functions. Among them, Bacillus has a stronger affinity for ammonia
nitrogen and nitrous nitrogen in addition to a faster growth rate, making it the dominant
genus [32].

The abundant denitrifying heterotrophic bacteria in the reaction system can use nitrate
and other oxygen-containing mineral nitrogen compounds as the final electron acceptor,
and the presence of nitrifying bacteria reduces the content of ammonia nitrogen. In this
work, when microorganisms were added to the reactor, after a period of adaptation, the
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heterologous bacterial culture colonized the environment [33], quickly adapted, multiplied,
and formed stable activated sludge [34]. The special microorganisms used in this exper-
iment were effective denitrification and decarburization microorganisms collected from
actual wastewater from sewage treatment plants; these organisms may be highly adapted
and grow exclusively on nitrogen and carbon sources [35]. This seems to best explain why
denitrification and decarburization microorganisms could grow under actual wastewater
conditions cooperatively, and when the coupled microbes adapted to the environment, the
removal rates of carbon and nitrogen were improved significantly [36].

This study corresponded to the pilot stage of this technology under actual conditions.
If this technology is used, based on the total population of Hangzhou city, the annual
reduction in ammonia nitrogen and COD in this city can reach 1.4 x 102 mg L~! year!
and 7.64 x 10'2 mg L~! year~!, respectively. If applied throughout the whole province,
total reductions can be achieved separately. Therefore, the use of MBRs coupled with
denitrification and decarbonization microorganisms is a very valuable and promising
technology for water pollution control.

5. Conclusions

The fact that this investigation was completed in an actual sewage treatment plant
highlights the innovative features of this work. In this study, we used the denitrification
and decarburization bacteria selected in our previous experiment as the inoculum for an
MBR; when decarburization microorganisms were added to the MBR reactor containing
only denitrification microorganisms, the reactor not only obtained better carbon removal
capacity, but the original denitrification effect was also increased, and the COD removal
efficiency increased to 80.9%. Moreover, compared to the same MBR with only denitrifica-
tion microorganisms, the removal efficiency of NH3-N was greatly increased from 76.8% to
98.6%. Therefore, microorganisms in related stages were sequenced in order to analyze
potential interactions between microorganisms. Microbial analysis showed that Proteobac-
teria, Patescibacteria, Bacteroidetes, and Acinetobacter were the main bacteria involved in N
removal. High abundances of Proteobacteria and Bacillus may play an essential role in NH3-
N removal, while the coexistence of diverse bacteria, such as Chloroflexi, with autotrophic
decarburization functions might account for the high removal efficiency for NH3-N and
COD. This technology using two functional microbial couplings for bioaugmentation will
provide a reference for industrial-scale treatment with the goal of simultaneous nitrogen
and carbon removal.
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