
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
/1

6/
20

26
 7

:3
5:

46
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Decarburization,
aSchool of Chemical and Environmental En

Wuhan 430023, China. E-mail: hujie9231@
bHubei Province Key Laboratory of Coal Conv

of Chemistry and Chemical Engineering, Wu

Wuhan 430081, China

† Electronic supplementary informa
https://doi.org/10.1039/d5ra00218d

Cite this: RSC Adv., 2025, 15, 9398

Received 9th January 2025
Accepted 21st March 2025

DOI: 10.1039/d5ra00218d

rsc.li/rsc-advances

9398 | RSC Adv., 2025, 15, 9398–94
denitrification characteristics and
microbial community analysis of a full-scale two-
stage anoxic–oxic process for treating refractory
coking wastewater†

Jie Hu, *a Bing Xu, *a Jiabao Yan b and Guozhi Fan a

Coking wastewater is a representative intractable industrial wastewater, which contains plenty of organic

pollutants and nutrient nitrogen and needs to be treated effectively. The decarburization, denitrification

characteristics and microbial community composition and structure of coking wastewater treated by

a full-scale two-stage anoxic–oxic (A/O) process were systematically investigated. The results showed

that the full-scale two-stage A/O process exhibited outstanding decarburization and denitrification

capability with a removal efficiency above 90% for chemical oxygen demand (COD), ammonium

nitrogen (NH4
+–N), and total nitrogen (TN) in coking wastewater. Different biological reaction tanks in

the two-stage A/O process played various roles in coking wastewater treatment. COD was mainly

removed in the first stage anoxic tank (A1), TN was mainly removed in A1 and the second stage anoxic

tank (A2), and NH4
+–N was mainly removed in the first stage oxic tank (O1). The function of different

biological reaction tanks was highly associated with the composition and structure of the microbial

community. The differential microorganisms in different biological reaction tanks were determined by

multidimensional analysis. Thiobacillus, Thauera, Thioalkalispira, Pedomicrobium, Azoarcus, etc, were the

key differential microorganisms in A1. Mycobacterium, Nitrospira, Acinetobacter, Pseudomonas,

Nitrosomonas, etc, were the key differential microorganisms in O1. Bacillus, Thiobacillus,

Mesorhizobium, Pusillimonas, etc, were the key differential microorganisms in A2. Truepera, Legionella,

Sphingobium, Pseudomonas, etc, were the key differential microorganisms in the second stage oxic tank

(O2). Augmenting the key microorganisms in different biological reaction tanks is crucial for boosting the

treatment effect of actual coking wastewater.
1. Introduction

Coking wastewater largely originates from the procedures of
high-temperature coal destructive distillation, coal oven gas
decontamination and coal tar processing, which contains
a large amount of intractable organic contaminants, e.g.
phenols, polyaromatic hydrocarbons, nitrogenous heterocyclic
compounds, as well as nutrient nitrogen.1–6 Excessive organic
pollutants and nitrogen emissions will cause water environ-
ment pollution and destroy the ecological balance.7–10 There-
fore, an effective coking wastewater treatment process is of
critical signicance for the stable discharge of wastewater and
protecting the water ecological environment.
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07
Biological treatment technology is the prevalent method in
coking wastewater treatment, which mainly utilizes the
metabolism of microorganisms to convert pollutants into
harmless substances.11–14 However, the traditional biological
treatment processes, like sequencing batch reactor (SBR), and
anoxic–oxic (A/O) treatment process, have limited effectiveness
in treating coking wastewater and the effluent is difficult to
meet the more stringent discharge standards.7,15–17 Recently,
some novel biological treatment processes, including oxic–
hydrolytic–oxic (O/H/O) process, anaerobic–anoxic–oxic (A/A/O)
process, and two-stage anoxic–oxic (A/O) process, have been
gradually utilized in coking wastewater disposal to enhance the
treatment efficacy of coking wastewater.8,18–23 For example, Wei
et al. investigated the effect of A/A/O and O/H/O processes in
coking wastewater disposal and discovered that A/A/O process
was suitable for wastewater with low-load chemical oxygen
demand (COD) while O/H/O process was favorable for waste-
water with high-load COD.19 Two-stage A/O treatment process is
an effective method for coking wastewater, which has been
successfully applied in a large amount of coking wastewater
© 2025 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
treatment plants (CWWTP) throughout China, such as
Shanghai, Guangdong Province, and Hubei Province, etc., to
boost the removal efficacy of carbonaceous and nitrogenous
pollutants.

Microbial community is the critical factor that ascertains the
operation performance of CWWTP and has a signicant impact
on the biological treatment process of coking wastewater.24–28

The microbial community can be controlled by changing the
environmental parameters, microbial inoculation and bio-
augmentation, and nutrient management. Microorganisms in
the two-stage A/O coking wastewater treatment process are
highly sensitive to temperature and dissolved oxygen. Most
heterotrophic microorganisms thrive in a temperature range of
25–35 °C and effectively remove organic pollutants and nitrogen
in coking wastewater. In the oxic tanks, the dissolved oxygen
level of 2–4 mg L−1 is typically suitable for aerobic bacteria. In
the anoxic tanks, maintaining a low dissolved oxygen level
(<0.5 mg L−1) is essential for denitrifying bacteria. In coking
wastewater treatment process, when the organic carbon source
is insufficient, the growth of heterotrophic bacteria may be
severely inhibited. Pseudomonas, Thauera, Thiobacillus, and
Nitrospira have been reported to be widely present in the coking
wastewater treatment systems.7,12,27–29 Different microorganisms
play various roles in the process of treating coking wastewater.
It is highly signicant to examine the impact of microbial
community structure on the treatment efficacy of coking
wastewater to optimize the biological treatment process, boost
the removal efficiency and reduce the operating cost.26,30–32 At
present, most of the reported two-stage A/O coking wastewater
treatment processes are based on the experiment-scale studies.
These experiment-scale reactors oen simplify the complexity
of actual two-stage A/O CWWTP. For instance, the hydraulic
conditions in the experiment-scale reactors are far from those in
the full-scale CWWTP. The ow patterns, mixing intensities,
and residence times in the actual CWWTP can be more intricate
due to the large volume and complex structure of the treatment
tanks. As a result, the treatment efficiency and pollutant
removal performance observed in experiment-scale studies may
not reect the actual operation performance of full-scale two-
stage A/O CWWTP. In addition, the current microbial commu-
nity analysis in two-stage A/O process mainly focuses on the
composition of microbial communities in each single stage.
There is a dearth of research on the change and regulation of
microbial communities and the differential microorganisms
during the alternate stages of anoxic and oxic processes.
Microbial communities are highly dynamic and respond rapidly
to changes in environmental conditions. During the transition
from anoxic to oxic and vice versa, different microbial species
will thrive or decline based on their metabolic capabilities.

A CWWTP with full-scale two-stage A/O process was built in
Baowu Steel Group Co., Ltd (Wuhan, China) to treat coking
wastewater. In this work, the decarbonization and denitrica-
tion performance of the actual full-scale two-stage A/O process
were investigated systematically. Continuous monitoring over
a period was carried out to accurately capture the dynamic
changes of COD, ammonium nitrogen (NH4

+–N), total nitrogen
(TN), nitrite nitrogen (NO2

−–N), and nitrate nitrogen (NO3
−–N)
© 2025 The Author(s). Published by the Royal Society of Chemistry
in the inuent, effluent, and each biological reaction tanks of
actual full-scale two-stage A/O process. The microscopic
morphology of activated sludge samples in each anoxic and oxic
biological reaction tank was observed. Moreover, the meta-
genomic sequencing was conducted to investigate the compo-
sition of microbial community in each biological reaction tank.
High-throughput sequencing technologies were applied to
sequence the whole microbial genomes and identify the domi-
nant microorganisms that played key roles in the treatment
process. The change and regulation of microbial communities
and the differential microorganisms in the alternate anoxic and
oxic biological reaction tanks were investigated by principal
component analysis (PCA), hierarchical cluster analysis (HCA),
and orthogonal partial least squares discriminant analysis
(OPLS-DA). PCA was used to reduce the dimensionality of the
large-scale metagenomic data, identifying the most signicant
variables that contributed to the variation in microbial
communities between different biological reaction tanks. HCA
was employed to group samples based on their similarity in
microbial composition, revealing distinct clusters that corre-
sponded to specic stages of the two-stage A/O process. OPLS-
DA, a powerful statistical method, was utilized to nd the
differential microorganisms that were most responsible for the
treatment performance of different biological reaction tank.
Overall, the systematic analysis of the operation efficiency of
full-scale two-stage A/O CWWTP and the change and regulation
of microbial communities in the alternate anoxic and oxic
biological reaction tanks provided valuable insights into the
actual coking wastewater treatment systems.
2. Materials and methods
2.1. Full-scale two-stage A/O coking wastewater treatment
system

The full-scale two-stage A/O CWWTP was built in Baowu Steel
Group Co., Ltd (Wuhan, China). The schematic diagram of this
CWWTP is represented in Fig. 1 and the relative parameters of
main structures are shown in Table S1.† The inuent for the
biological treatment process was obtained following water
quality regulation of regulation tank to maintain the stable
water quality parameters, such as temperature 30–35 °C, pH 6–
8, salinity < 1%, etc. The biological treatment process of two-
stage A/O consisted of a conventional anoxic–oxic (A/O)
process followed by another A/O process. In the rst stage A/O
process, there are the rst stage anoxic tank (A1), rst stage
oxic tank (O1), and rst stage sedimentation tank (S1). The
nitrate returning from O1 to A1 was set as 200–300% and the
sludge return from S1 to A1 was set as 80–100%. The second
stage A/O process included the second stage anoxic tank (A2),
second stage oxic tank (O2), and second stage sedimentation
tank (S2). The tanks including anoxic tanks, oxic tanks, and
sedimentation tanks were constructed of reinforced concrete.
The sludge returning from S2 to A2 was set as 80–100% as well.
In A2, sodium acetate was utilized as supplementary carbon
source to provide nutrients for the denitrication of microor-
ganisms and ensure the nitrogen removal efficiency of A2. Aer
RSC Adv., 2025, 15, 9398–9407 | 9399
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Fig. 1 Schematic diagram of full-scale two-stage A/O coking wastewater treatment system.
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the biological treatment process, the effluent was further
treated by the subsequent advanced treatment process.

2.2. Decarburization and denitrication performance of
two-stage A/O process

The coking wastewater samples were obtained from the
inuent, A1, O1, A2, O2, and effluent of biological treatment
process to assess the decarburization and denitrication
performance of full-scale two-stage A/O process. Samples were
taken continuously for 20 days at each location and immedi-
ately stored at 4 °C until measurement of water quality
parameters. The COD, NH4

+–N, NO2
−–N, NO3

−–N, and TN of
each sample were determined by the standard methods.33 The
decarbonization and denitrication performance of each bio-
logical reaction tank were evaluated according to the results of
water quality parameters. The statistical analysis and signicant
differences analysis were conducted by T-tests and the mean
and standard deviation were calculated to reect the variation
of each indicator in different biological reaction tanks.

2.3. Microscopic morphology of activated sludge samples

The activated sludge samples were taken from the biological
reaction tanks of A1, O1, A2, and O2 for microscopic
morphology analysis. The microscopic morphology analysis of
activated sludge samples was performed according to the re-
ported procedures.12,34,35 Samples were centrifuged at 4000×g to
obtain the concentrated sludge samples. The concentrated
sludge samples were immobilized by 2.5% glutaraldehyde
solution for 24 h. The xed activated sludge samples were
washed three times using phosphate buffer solution, followed
9400 | RSC Adv., 2025, 15, 9398–9407
by gradient dehydration with ethanol solution of 50%, 70%,
80%, 90%, 100% concentrations. The dewatered activated
sludge samples were subjected to supercritical drying and
coated with gold by sputtering process, and then observed by
scanning electron microscope (SEM, Hitachi, SU8010).

2.4. Metagenomic sequencing and microbial community
analysis

The activated sludge samples in different biological reaction
tanks were taken 6 times respectively at various sites and then
used for metagenomic sequencing and microbial community
analysis. The total DNA of activated sludge samples was
extracted with the PowerSoil DNA Kit (MoBio, California, USA).
Metagenomic sequencing was performed on the Illumina
MiSeq platform (Illumina, California, USA) by SangonBiotech
(Shanghai, China). The sequences were trimmed and assem-
bled for further analysis. The taxonomic classication and
Alpha diversity analysis were performed by Mothur program
(https://www.mothur.org/).

2.5. Differential microorganism analysis in two-stage A/O
process

The change and regulation of microbial communities in the
alternate anoxic and oxic biological reaction tanks were inves-
tigated by PCA, HCA, and OPLS-DA to determine the differential
microorganisms in different biological reaction tanks. The PCA
and OPLS-DA models were generated by SIMCA soware. The
HCA was constructed by HEML soware. PCA and HCA were
utilized to uncover the differences and clusters of microbial
communities in the activated sludge samples collected from
© 2025 The Author(s). Published by the Royal Society of Chemistry
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each biological reaction tank. Pairwise comparisons of micro-
bial communities in the alternate anoxic and oxic biological
reaction tanks were performed by using OPLS-DA to identify the
differential microorganisms in different biological reaction
tanks. The differential microorganisms were obtained by the
variable importance for the projection (VIP) values that were
determined according to the OPLS-DA model.
3. Results and discussion
3.1. Operation performance of two-stage A/O process

The operation performance of full-scale two-stage A/O process
was evaluated by determining the changes of COD, NH4

+–N,
NO2

−–N, NO3
−–N, and TN in coking wastewater (Fig. 2). As

presented in Fig. 2A, the COD of the inuent was 2056 ±

208 mg L−1. Aer the treatment in the A1, more than 60% of
Fig. 2 The concentration variation of COD (A), NH4
+–N (B), NO2

−–N (C)
scale two-stage A/O process. (F) The removal efficiency of COD, NH4

+–

© 2025 The Author(s). Published by the Royal Society of Chemistry
COD was removed and the COD of coking wastewater was
reduced to 755± 124 mg L−1, indicating that the A1 was of great
importance in COD removal. In the two-stage A/O wastewater
treatment process, COD was mainly removed in the rst anoxic
biological reaction tank.36–38 Aer the treatment in the O1, COD
was further reduced to 461 ± 59 mg L−1, corresponding to the
removal efficiency of 77.2%. Considering that insufficient
carbon sources may affect the nitrogen removal effect of
microorganisms, sodium acetate was added into the A2 as
organic carbon source to provide nutrients for the growth and
nitrogen removal of microorganisms. Therefore, the COD of
coking wastewater was slightly elevated aer the treatment in
the A2. Subsequently, the COD of the coking wastewater was
further reduced to 279 ± 38 mg L−1 aer the treatment in the
O2. Finally, the COD of the effluent was < 200 mg L−1 and the
removal efficiency reached above 90%. The outstanding COD
, NO3
−–N (D), and TN (E) in coking wastewater collected from the full-

N, and TN in coking wastewater.

RSC Adv., 2025, 15, 9398–9407 | 9401
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removal performance is a testament to the high efficiency of the
actual two-stage A/O process for coking wastewater treatment.

Nutrient nitrogen is one of the important pollution indica-
tors of wastewater and excessive nitrogen discharge will lead to
the water eutrophication.39,40 Therefore, it is imperative to
eliminate nitrogen from the coking wastewater. The nitrogen
removal performances are presented in Fig. 2B–E. NH4

+–N in
the inuent was 216.4 ± 29.4 mg L−1. Aer the treatment in the
A1, NH4

+–N was decreased to 138.7 ± 17.5 mg L−1. The increase
of NO2

−–N and NO3
−–N was mainly due to the reux of nitrate

from O1 to A1. TN was reduced from 334.7 ± 26.7 mg L−1 to
177.7 ± 20.0 mg L−1 and the removal efficiency was around
47%. In the O1, microbial nitrication was carried out. NH4

+–N
was converted into NO2

−–N under oxic condition and further to
NO3

−–N.7,38,41 Therefore, NH4
+–N decreased dramatically to 21.8

± 6.6 mg L−1, corresponding to the increase of NO2
−–N and

NO3
−–N to 3.5 ± 0.75 and 96.2 ± 7.4 mg L−1. TN was slightly

reduced to 150.9 ± 19.3 mg L−1, which may be the assimilation
of microorganisms. Part of the generated NO2

−–N and NO3
−–N

were removed under anoxic condition by the nitrate reux into
the A1 and others were removed by the second stage A/O
process.

In the second stage A/O process, NH4
+–N remained nearly

unchanged aer the treatment in the A2. NO2
−–N and NO3

−–N
were removed rapidly to 0.33 ± 0.13 and 11.9 ± 2.6 mg L−1.
Meanwhile, TN was reduced to 46.2 ± 7.1 mg L−1 and the
removal rate reached over 85%. It can be found that TN was
mainly removed in two anoxic biological reaction tanks of A1
and A2. Aer the treatment in the O2, the concentrations of
various nitrogen were further reduced to ensure the effluent
quality. NH4

+–N and TN were 4.9 ± 2.4 and 17.1 ± 4.6 mg L−1

aer the two-stage A/O biological treatment process, corre-
sponding to the removal efficiency of 97.7% and 94.8%. NO2

−–
N, NO3

−–N were below 0.1 and 6 mg L−1. The low nitrogen
concentration in the nal effluent indicates that the actual two-
stage A/O coking wastewater treatment process is highly effec-
tive in removing various forms of nitrogen.
3.2. Characteristics of activated sludge samples

The activated sludge samples were obtained from different
biological reaction tanks to measure the sludge characteristics.
The mixed liquor suspended solids (MLSS) concentration of
activated sludge in A1, O1, A2, O2 biological reaction tanks were
4.5 ± 0.3, 3.3 ± 0.4, 3.6 ± 0.4, and 2.9 ± 0.2 g L−1. The higher
organic compounds content in A1 biological reaction tank is
more conducive to the growth of microorganisms, making the
higher MLSS concentration. The settling velocity at 30 minutes
(SV30) of activated sludge samples were 38 ± 6, 25 ± 3, 29 ± 4,
and 21± 3%, corresponding to the sludge volume index (SVI) of
84, 76, 81, and 72 mL g−1. According to the relevant parameters
of the activated sludge samples, it can be found that the acti-
vated sludge samples in A1, O1, A2, and O2 biological reaction
tanks had great settling performance.

As shown in Fig. 3, the microscopic morphology of activated
sludge taken from various biological reaction tanks of A1, O1,
A2, and O2 was observed by SEM. These gures provided the
9402 | RSC Adv., 2025, 15, 9398–9407
high-resolution view, allowing for the detailed insights into the
structure of the activated sludge samples. A large amount of rod
and globular bacteria were observed from the activated sludge
samples taken from the biological reaction tanks of A1 and O1
(Fig. 3A and B). The rod-shaped bacteria are oen known to play
crucial roles in various metabolic processes such as degradation
of complex organic compounds within the activated sludge
system. The globular bacteria may involve in the process of
nutrient cycling. In addition, due to the more organic carbon
source in A1 and O1 biological reaction tanks, plenty of extra-
cellular secretions were produced by microbial growth and
metabolism and attached to the surface of bacteria. In the A2
and O2, the low content of organic carbon sources resulted in
relatively low extracellular secretions produced by microorgan-
isms (Fig. 3C and D).
3.3. Analysis of microbial community

The composition and structure of microbial community in
activated sludge samples are intimately connected with the
disposal effect of coking wastewater.26,30,42 Therefore, it is vital to
analyze the composition and structure of microbial community
in activated sludge samples. As shown in Fig. 4A and B, the
Alpha diversity indexes including Chao1 index and Shannon
index were different in activated sludge samples taken from
various biological reaction tanks, indicating that the diversity
and richness of microbial community are different. Generally,
the larger Chao1 index indicates the higher species richness
and the larger Shannon index indicates the more diverse
species.5,12,18,43 The Chao1 index and Shannon index of micro-
bial communities in A1, O1, A2, and O2 biological reaction
tanks were 1233, 1375, 1131, 988 and 6.57, 6.73, 6.48, 5.56,
respectively. It can be found that the diversity and richness were
higher in the O1, comparable in two anoxic biological reaction
tanks of A1 and A2, and lower in the O2.

The taxonomic classication of microbial community at
phylum level is shown in Fig. 4C. Among 10 primary phyla,
Proteobacteria was the dominant phylum in the activated sludge
samples, accounting for 52.5%, 70.4%, 62.3%, and 76.9% in the
biological reaction tanks of A1, O1, A2, and O2, respectively. It
has been reported that Proteobacteria are mainly involved in
biological nitrogen removal and degradation of organic pollut-
ants in coking wastewater disposal.7,12,17 The relative abundance
of Actinobacteria in the anoxic biological reaction tanks of A1
and A2 was higher than that in the oxic biological reaction tanks
of O1 and O2. Inversely, the relative abundance of Nitrospirae in
the oxic biological reaction tanks of O1 and O2 was higher than
that in the anoxic biological reaction tanks of A1 and A2.
Interestingly, the relative abundance of Firmicutes in the A1
(14.3%) was higher than that in other biological reaction tanks
of O1, A2, and O2.

Fig. 4D shows the dominant bacteria in full-scale two-stage
A/O process at genus level. As the dominant bacteria, Pseudo-
monas accounted for the higher proportion in the four biolog-
ical reaction tanks. Especially in the oxic biological reaction
tanks of O1 and O2, the relative abundance of Pseudomonas was
more than 10%. Nitrospira is an important nitrifying bacterium,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The microscopic morphology of different microorganisms in the activated sludge samples taken from the biological reaction tanks of A1
(A), O1 (B), A2 (C), and O2 (D) in the full-scale two-stage A/O coking wastewater treatment process.
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which can oxidize nitrite to nitrate under oxic condition and
plays a crucial role in biological nitrogen removal of waste-
water.7,36,38,44 The relative abundance of Nitrospira in two oxic
biological reaction tanks of O1 and O2 was 6.1% and 5.0%,
which was higher than that in two anoxic biological reaction
tanks of A1 and A2. Mycobacterium was the subdominant
bacteria in the oxic biological reaction tanks of O1 and O2 with
a relative abundance of nearly 10%. In the anoxic biological
reaction tanks of A1 and A2, the relative abundances of Thio-
bacillus and Thauera were higher than that in oxic biological
reaction tanks of O1 and O2. As reported, Thauera was the
dominant nitrate-reducing bacteria in the biological nitrogen
removal of coking wastewater.7,8,43,45 Moreover, the relative
abundance of Hyphomicrobium in the A1 was much higher than
that in other three biological reaction tanks of O1, A2, and O2.
The microbial community in the nal effluent was similar to
that in the biological reaction tank of O2, mainly including
Pseudomonas, Mycobacterium, Nitrospira, and Thiobacillus, etc.
3.4. Differential microorganism analysis in two-stage A/O
process

To further analyze the differential microorganisms in the full-
scale two-stage A/O process, PCA, HCA, and OPLS-DA were
used to reveal the change and regulation of microorganisms in
four biological reaction tanks. Here top 40 dominant microor-
ganisms in each biological reaction tank were selected for PAC,
HCA, and OPLS-DA. As an unsupervised multivariate statistical
analysis, PCA was utilized to analyze the clustering trend of
© 2025 The Author(s). Published by the Royal Society of Chemistry
multidimensional data. The PCA score plot shows that micro-
bial communities are clearly divided into 4 clusters according to
the different biological reaction tanks of A1, O1, A2, and O2
(Fig. S1†). The samples collected from the same biological
reaction tank were clustered, demonstrating the excellent
reproducibility and uniformity of the replicates. The principal
component of PCA model can account for 41.1% and 25.4% of
the overall variance among the samples, indicating that
microbial communities in each group were different in various
biological reaction tanks of two-stage A/O process.

Fig. 5 shows the differences in the relative abundance of
microorganisms in different biological reaction tanks. From the
HCA heatmap, the composition and relative abundances of
microorganisms in the same biological reaction tank were
similar, while the relative abundances of microorganisms in
different biological reaction tanks were signicantly different.
According to the decarbonization and denitrication charac-
teristics of two-stage A/O process, different biological reaction
tanks played different roles, e.g. the COD of coking wastewater
was mainly removed in the A1, TN was mainly removed in two
anoxic biological reaction tanks of A1 and A2, and NH4

+–N was
mainly removed in the O1. Therefore, the differential microor-
ganisms in different biological reaction tanks were the key
functional microorganisms that played different roles in the
treatment of coking wastewater.

To determine the differential microorganisms in different
biological reaction tanks, the OPLS-DA model was constructed
by pairwise comparisons of microbial communities in the
RSC Adv., 2025, 15, 9398–9407 | 9403
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Fig. 4 (A and B) Chao1 index (A) and Shannon index (B) of microbial community in two-stage A/O process. (C and D) Taxonomic classification of
microbial community at phylum (C) and genus (D) level in two-stage A/O process.
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alternate anoxic and oxic biological reaction tanks. The VIP
values were determined according to the OPLS-DA model and
utilized to identify the differential microorganisms that make
the greatest contribution to the categorization. The microor-
ganisms with VIP values $1 were chosen as the key differential
9404 | RSC Adv., 2025, 15, 9398–9407
microorganisms (Tables S2–S5†). In the S-plots generated by the
OPLS-DA model (Fig. 6), the key differential microorganisms
with signicantly different relative abundances were marked as
red pentagrams and green diamonds in different biological
reaction tanks, respectively.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 HCA heatmap constructed from the relative abundance of microorganisms in different biological reaction tanks of two-stage A/O
process.
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For the rst stage A/O process, the microbial communities in
the two biological reaction tanks of A1 and O1 were compared
(Fig. 6A). It can be found that 9 microorganisms had higher
relative abundance in the O1, including Halomonas, Acineto-
bacter, Nitrospira, Burkholderia, Mycobacterium, Nitrosomonas,
Pseudorhodobacter, Mesorhizobium, and Pseudomonas, which
Fig. 6 (A) S-plot generated by comparison of microbial communities
comparison of microbial community in A1 and A2 of two anoxic biolog
communities in A2 and O2 of the second stage A/O process. (D) S-plot g
oxic biological reaction tanks.

© 2025 The Author(s). Published by the Royal Society of Chemistry
were mainly aerobic bacteria. Thereinto, Nitrosomonas and
Nitrospira were the key nitrifying bacteria that could convert
NH4

+–N into NO2
−–N and NO3

−–N under oxic condition and
played a vital role in biological removal of NH4

+–N.46–49 Other 9
microorganisms including Azoarcus, Thauera, Alcaligenes,
Legionella, Thioalkalispira, Hyphomonas, Pedomicrobium,
in A1 and O1 of the first stage A/O process. (B) S-plot generated by
ical reaction tanks. (C) S-plot generated by comparison of microbial
enerated by comparison of microbial community in O1 and O2 of two
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Pusillimonas, and Thiobacillus had higher relative abundance in
the A1 and could effectively remove organic pollutants under
anoxic condition. The microbial communities in two anoxic
biological reaction tanks of A1 and A2 were compared as well
(Fig. 6B). Six microorganisms had higher relative abundance in
the A2 and other 12 microorganisms had higher relative
abundance in the A1. In the biological reaction tank of A1, the
content of organic carbon source was higher, which was more
conducive to the growth and metabolism of microorganisms.

For the second stage A/O process, the microbial communi-
ties in two biological reaction tanks of A2 and O2 were
compared (Fig. 6C). Eight microorganisms had higher relative
abundance in biological reaction tank of O2, such as Sphin-
gobium, Pseudomonas,Mycobacterium, AKYG1722, Nitrosomonas,
Pedomicrobium, Truepera, and Nitrospira. Nine microorganisms
had higher relative abundance in biological reaction tank of A2,
including Bacillus, Thiobacillus, Pusillimonas, Rivibacter, Thio-
alkalispira, Hyphomicrobium, Alcaligenes, Thioalkalivibrio,
Thauera, most of which were reported to have denitrication
capability.7,50,51 In the coking wastewater treatment process,
sodium acetate was used as organic carbon source and added
into the A2 for microbial growth and denitrication. Compar-
ison of microbial communities in two oxic biological reaction
tanks of O1 and O2, 4 microorganisms had higher relative
abundance in the O2 and 12 microorganisms had higher rela-
tive abundance in the O1. The composition, structure, and
differential microorganisms of microbial communities in the
full-scale two-stage A/O process were closely related to the
function of wastewater biological treatment. It is of great
signicance to augment the key microorganisms in each bio-
logical reaction tank to improve the disposal efficacy of actual
coking wastewater.
4. Conclusions

The operation performance andmicrobial community structure
of full-stage two-stage A/O process for treating intractable
coking wastewater were investigated systematically. More than
90% of COD, ammonium nitrogen, and total nitrogen were
removed by the two-stage A/O process, exhibiting outstanding
decarburization and denitrication capability. COD was mainly
removed in the rst anoxic biological reaction tank, ammonium
nitrogen wasmainly removed in the rst oxic biological reaction
tank, and total nitrogen was mainly removed in two anoxic
biological tanks. Microbial community analysis showed that
differential microorganisms existed in different biological
reaction tanks and played different roles in the disposal of
coking wastewater. Enhancing the dominant microorganisms
in various biological reaction tanks is of crucial importance in
boosting the treatment efficacy of actual coking wastewater.
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