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Abstract: Preventing the rebound of black and odorous water bodies is critical for improving the
ecological environment of water bodies. This study examined the effect and underlying mechanism
of in-situ improvement of the sediment microenvironment by nitrate in the tailwater of wastewater
treatment plants combined with aerobic denitrifying bacteria under low-DO regulation (TailN + CFM
+ LDO). On the 60th day of remediation, the levels of dissolved oxygen and oxidation-reduction
potential in the overlying water rose to 5.6 mg/L and 300 mV, respectively, the concentration of acid
volatile sulfide within the sediment significantly decreased by 70.4%, and the organic matter content
in the sediment was reduced by 62.7%, in which the heavy fraction organic matter was degraded
from 105 g/kg to 56 g/kg, and the potential risk of water reverting to black and odorous conditions
significantly decreased. Amplicon sequencing analysis revealed that the relative abundance of the
electroactive bacteria Thiobacillus and Pseudomonas with denitrification capacity was found to
be significantly higher in the TailN + CFM + LDO group than in the other remediation groups.
Functional prediction of the 16S sequencing results indicated that both the quantity and activity of
critical microbial enzymes involved in nitrification and denitrification processes could be enhanced
in the TailN + CFM + LDO group. These results improved our understanding of the improvement of
the sediment microenvironment and could thus facilitate its application.

Keywords: black and odorous water bodies; microenvironment; sulfur autotrophic denitrification;
electroactive bacteria; functional gene

1. Introduction

Tailwater of wastewater treatment plants, as a potential source of pollution in urban
receiving water bodies, has a significant impact on urban river ecosystems [1]. Under-
standing the impact of wastewater treatment plant tailwater on receiving water bodies
and the associated mechanisms is crucial for promoting the comprehensive utilization
of sewage resources. Sediments in water bodies have a high total organic matter (TOM)
content and insufficient hydrodynamics, rendering them susceptible to the proliferation of
anaerobic microorganisms like sulfate-reducing bacteria, anaerobic digestion bacteria, and
iron-reducing bacteria. These microorganisms produce substances such as FeS, NH3-N,
and acid volatile sulfide (AVS) that cause black and odorous conditions in water bodies [2].
Therefore, reducing the TOM in sediments and improving the sediment microecological
environment have emerged as primary strategies to prevent the recurrence of black and
odorous water.
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The gradual decrease of TOM in sediments and the production of reducing substances
are mainly due to inadequate microbial activity and a lack of electron acceptors in sedi-
ments [3,4]. Previous studies have indicated that effective remediation outcomes can be
achieved through the utilization of either Ca(NOj3), or domesticated composite microor-
ganisms in sediments. Ca(NO3); acts as a source of electron acceptors for microorganisms,
while composite microorganisms can enhance microbial activity and establish stable ecosys-
tems, effectively degrading nitrogen, phosphorus, sulfides, etc. [5,6]. Ca(NOs3),, as an
economical and efficient electron acceptor, has been extensively used in the remediation of
black and odorous water bodies, effectively reducing AVS in water bodies and improving
the redox environment [7,8]. However, excessive use of Ca(NO3); can pose environmental
risks to water bodies [9]. To minimize these risks, it may be preferable to introduce nitrate-
containing tailwater from wastewater treatment plants into the receiving water body using
a continuous flow rate. This approach helps to mitigate the negative effect of excess nitrate
on the water body, as opposed to directly adding Ca(NO3), to the water.

Due to the long-term anaerobic or hypoxic conditions in sediments, excess NO3~-
N under microbial influence can undergo dissimilatory nitrate reduction to ammonium
(DNRA). The release of NH3-N may pose potential environmental hazards [10]. Previous
studies have shown that employing low-intensity or intermittent aeration can effectively
increase DO and oxidation-reduction potential (ORP) levels. This aeration technique is also
found to be particularly effective in inhibiting the DNRA process [11,12]. Aerobic denitrify-
ing bacteria such as microorganisms prevalent in water bodies prefer aerobic environments
(DO of 0.2~5.9 mg/L). However, there is limited research reporting the application of
tailwater NO3~-N + aerobic denitrifying bacteria + low-DO regulation group to prevent
the rebound of black and odorous water bodies. Additionally, the influencing mechanism
of wastewater treatment plant tailwater on the microbial ecological environment of water
bodies has not been reported.

This study aimed to investigate the inhibitory effect of using NO3~-N in wastewater
treatment plant tailwater combined with aerobic denitrifying bacteria under low-DO condi-
tions on the rebound of black and odorous water bodies. We discuss the impact of various
remediation conditions on DO, ORP, NH;3-N, NO3™-N, NO, ™ -N in the overlying water
and AVS in the sediment. Additionally, we investigated changes in sediment microbial
community structure with the aid of high-throughput sequencing technology. We aimed
to explore the changes in the microbial ecological environment of water bodies and the
mechanisms that inhibited the rebound of black and odorous water bodies. Through this
exploration, we aim to offer practical insights for the remediation of urban water bodies
contaminated with black and odorous water.

2. Materials and Methods
2.1. Sediments and Overlying Water Sources

The sediment and overlying water used in this experiment were collected from a for-
mer black water body. This typical water body received inputs from municipal wastewater
treatment plant tailwater and runoff discharge. Sediment was collected using a column
sampler from the 0~30 cm depth of a river. After collection, any plastic, stone, or glass
debris present in the sediment was promptly removed. The sediment was then transferred
to plastic buckets, sealed with lids to prevent air interference, and immediately sent to the
laboratory. It was stored in a dark environment at 4 °C. Subsequently, overlying water
samples were collected from a section of the river that was unaffected by sediment dis-
turbance. The overlying water characteristics were as follows: ORP 100.15 mV, pH 7.45,
DO 2.10 mg/L, chemical oxygen demand (COD) 43.00 mg/L, NH3-N 4.20 mg/L, and total
nitrogen (TN) 4.50 mg/L. The wastewater treatment plant tailwater exhibited the follow-
ing characteristics: ORP 200.34 mV, pH 7.12, DO 2.10 mg/L, COD 47.00 mg/L, NH3-N
4.30 mg/L, and TN 9.50 mg/L. The primary indicators of the sediment included a TOM
content of 150 g/kg, a heavy fraction organic matter (HFOM) content of 105 g/kg, a light
fraction organic matter (LFOM) content of 45 g/kg, and an AVS content of 3010 mg/kg.
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2.2. Experimental Design

The experimental setup consisted of a custom-made water tank with dimensions
of 40 cm (length) x 40 cm (width) x 100 cm (height) (Figure S1). Approximately 3.2 L
of sediment (20 cm in height) was filled into the tank, and about 12.8 L of overlying
water (80 cm in height) was gradually added to the tank using the siphoning method.
The experiment modeled the heights and proportions of sediment and overlying water
based on a former black and odorous water body, which is a common type of water body
receiving municipal wastewater treatment plant tailwater. The experimental groups were
as follows: blank group (CN), tailwater NO3~-N group (TailN), tailwater NO3~-N + aerobic
denitrifying bacteria group (TailN + CFM), and tailwater NO3™-N + aerobic denitrifying
bacteria + low-DO regulation group (TailN + CFM + LDO). The blank group was supplied
with overlying water from the river, whereas the remediation groups were supplied with
tailwater from the specified wastewater treatment plant. The water supply had a flow rate
of 0.005 m®/s. Aerobic denitrifying bacteria were Citrobacter sp. isolated and screened
from sediments. The aerobic denitrifying bacteria dosage was established at 1 g/month
based on preliminary experiment optimization results. In the TailN + CFM + LDO group,
intermittent aeration (0.1 m3/h, 3 h/d) was employed. The overlying water samples were
collected every 5 days, whereas sediment samples were obtained every 15 days based on
the respective indicators. The microbial community structure analysis of sediment samples
was conducted on the 60th day of the remediation process.

2.3. Analytical Methods

A multi-parameter water quality analyzer (WTW-Multi360 IDS, Beijing, China) was used
to measure the DO and ORP in both the overlying water and interstitial water. Before analysis,
overlying water samples for TN, NH3-N, NO3; ~-N, and NO, ~-N were centrifuged at 8000 rpm
for 10 min, and the resulting supernatant was filtered through a 0.45 pm membrane filter. The
potassium dichromate oxidation method was used to determine the COD of the overlying
water. Additionally, the sulfate (SO42~) content in the overlying water was measured using ion
chromatography (Dionex 1100, Waltham, MA, USA). TOM in the sediment was determined by
the potassium dichromate oxidation method, whereas the total nitrogen in the sediment was
measured by the alkaline potassium persulfate method. HFOM and LFOM were separated
by the density method; it is generally accepted that TOM having a density p < 1.7 g/cm?
belongs to LFOM, while TOM having a density p > 1.7 g/cm? belongs to HFOM. The AVS in
the sediment was determined using the methylene blue spectrophotometric method [13].

The V3-V4 region of the 165 rDNA gene was subject to high-throughput sequenc-
ing on the sediment and activated sludge samples using amplicon sequencing technol-
ogy. The primer sequences used were ACTCCTACGGGAGGCAGCAG and GGAC-
TACHVGGGTWTCTAAT. The bioinformatics analysis of the sequencing data was con-
ducted using the R language. Microbial alpha («) diversity and beta () diversity were
calculated using Mothur and the “vegan” package in the R language, respectively. The
microbial co-occurrence network was developed using the “WGCNA” package in R 3.3.2,
where nodes represented operational taxonomic units (OTUs) and edges represented cor-
relations between OTUs. For the purpose of multiple testing, all p-values were adjusted
using the Multtest ini and Hochberg false discovery rate (FDR) control procedures.

The abundance of functional genes revealed the elemental metabolic pathways in
different ecosystems [14,15]. Tax4Fun has become a widely used and robust tool for
analyzing complex communities’ functional genes [16,17]. The normalized bacterial OTUs
table was imported to Tax4Fun to predict the microbial metabolic function [18]. Tax4Fun
function predictions based on the Kyoto Encyclopedia of Genes and Genomes (KEGG)
metabolic pathway database analysis were used to predict functional genes [16].

2.4. Statistical Analysis

To estimate the random error of the measurements, all samples were analyzed in trip-
licate. The means, standard deviations, and analysis of variance (ANOVA) were calculated
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with the aid of SPSS 22.0. The means were compared using a one-way ANOVA, with
the significance level set at p < 0.05. The data for normality was analyzed to verify the
appropriateness of the chosen statistical method.

3. Results and Discussion
3.1. Physiochemical Parameters

DO and ORP are vital indicators for evaluating the presence of black and odorous
water. The impact of various remediation strategies on the DO and ORP in the overlying
water is illustrated in Figure 1. As shown in Figure 1a, after 60 days of remediation, the
DO in the overlying water gradually rose from 2.1 mg/L to 3.0 mg/L (TailN), 3.1 mg/L
(TailN + CFM), and 5.6 mg/L (TailN + CFM + LDO). In contrast, the DO in the blank group
(CN) exhibited a gradual decrease from the initial 2.1 mg/L to 1.4 mg/L. The changes in
the ORP followed a similar pattern. After 60 days of remediation, the ORP exhibited a
gradual increase from the initial 100.2 mV to 181.6 mV (TailN), 189.5 mV (TailN + CFM),
and 300.0 mV (TailN + CFM + LDO) (Figure 1b). In contrast, the ORP in the overlying
water of the CN exhibited a gradual decrease from the initial 100.2 mV to —15.2 mV. Li et al.
(2019) observed similar findings regarding the role of intermittent aeration and Ca(NOj3),
in increasing DO and ORP levels in the overlying water. However, the increase in the
DO level during the present study was significantly higher compared to that in previous
studies [5] conducted under the same aeration condition. This difference can be mainly
attributed to the varying levels of reducing substances present in the water bodies [19].
Based on the changes in the DO and ORP, it was evident that the water quality in the
CN gradually deteriorated to a mild black and odorous level, while the water quality
gradually improved, and the occurrence of black and odorous water was inhibited in
the groups receiving the tailwater with NO3™-N. NO3;™-N, as an oxidant, can oxidize
reducing substances in the water, including easily oxidizable TOM, S>~, and Fe?* through
the influence of heterotrophic denitrifying bacteria, sulfur autotrophic denitrifying bacteria,
and iron autotrophic denitrifying bacteria, thereby improving water quality [3,4]. It is
worth noting that the introduction of aerobic denitrifying bacteria in the TailN + CFM
group had minimal effect on the levels of DO and ORP. This can be attributed to the fact
that DO and ORP are associated with the presence of reducing substances, such as AVS
and Fe?*, in the water bodies [19]. The aerobic denitrifying bacteria, however, have a
lesser effect on the concentrations of AVS and Fe?*. As a result, the addition of aerobic
denitrifying bacteria did not lead to significant changes in the DO and ORP levels. In the
TailN + CEM + LDO group, the introduction of oxygen significantly increased both the DO
and ORP in the overlying water. This study demonstrated that a high content of oxygen
can enhance the activity of facultative microorganisms at the water-sediment interface and
promote the decomposition and transformation of TOM or reducible substances, thereby
enhancing the self-purification capacity of the water [5]. Thus, low-oxygen aeration is
beneficial for improving the water-sediment microecosystem.
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Figure 1. Variation of DO (a) and ORP (b) in the overlying water.
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3.2. Changes in Sulfur Forms in Water

The primary cause of black-odorous water is closely associated with the presence of
the sulfur element in water. Sulfides are the primary source of odor in water. Furthermore,
S?~ combines with manganese and iron in the water to form MnS and FeS, which are the
leading causes of water blackening [2]. Consequently, to study the inhibitory effects of
various remediation strategies on black-odorous water, the changes in AVS in sediment
and the concentration of SO4%~ in the overlying water were analyzed (Figure 2).
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Figure 2. Variation of overlying water S0O42~. (a)and sediment AVS (b) during restoration.

The changes in SO42~ concentration in the overlying water of varying remediation
groups are shown in Figure 2a. After 60 days of remediation, the SO42~ concentration in the
overlying water of the CN decreased by 26.9 mg/L, while in the other remediation groups, it
exhibited a gradual increase to 36.5 mg/L (TailN), 35.5 mg/L (TailN + CFM), and 86.5 mg/L
(TailN + CFM + LDO). From the perspective of the increased SO4%~ concentration, under
low oxygen conditions, there was a huge rise in the SO42~ concentration in the overlying
water. This study indicate that the impact of NO3 ~-N, SO42~ in the overlying water was
mainly produced through sulfur autotrophic denitrification [9]. At the same time, with
the introduction of oxygen, the DO and ORP in the overlying water were significantly
increased, and the activity of sulfur-oxidizing bacteria at the water-sediment interface
was further enhanced, increasing the SO42~ concentration in the overlying water [5]. In
the blank group, as the DO in the overlying water decreased, the concentration of SO42~
also decreased. This study indicated that the activity of anaerobic bacteria in the sediment
gradually increased, and sulfate-reducing bacteria, as the main anaerobic bacteria in the
sediment, participated in sulfate reduction reactions. This ultimately led to the reduction of
SO4%~ in the overlying water [7].

The changes in the AVS concentration in the sediment of different remediation groups
are illustrated in Figure 2b. After 60 days of remediation, the AVS concentration in the
remediation groups decreased to 2460 g/kg (TailN), 2560 g/kg (TailN + CFM), and 890 g/kg
(TailN + CFM + LDO), reflecting declines of 18.3%, 15.3%, and 70.4%, respectively. In
contrast, the AVS concentration in the blank group increased from 3010 g/kg to 3458 g/kg.
According to studies, the reduction of reducible sulfur in sediment is mainly achieved
through sulfur autotrophic denitrification reactions with NO3™-N [3]. The increase in
AVS concentration in the blank group’s sediment is primarily associated with decreases
in DO and ORP in the overlying water. As the reducing environment of the water body
strengthens, the activity of sulfate-reducing bacteria in the sediment increases, resulting in
an increase in AVS concentration [20].

3.3. Changes in the Morphology of TOM in the Sediment

The changes in the sediment TOM concentration in the different remediation groups
are shown in Figure 3. After 60 days of remediation, the sediment TOM in the remediation
group was reduced to 112 g/kg (TailN), 98 g/kg (TailN + CEM), and 56 g/kg (TailN + CFM
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+ LDO), which were 25.3% (TailN), 34.7% (TailN + CFM), and 62.7%, and 62.7% (TailN +
CEM + LDO), respectively, however, the sediment TOM in the CN was reduced by only 10%.
In the absence of remediation, the TOM in the sediments was degraded mainly by sulfate-
reducing bacteria, heterotrophic iron-reducing bacteria, and electroactive bacteria. Since
this study did not use isotopic labeling to calculate the amount of TOM consumed by the
sulfate-reducing process and heterotrophic iron-reducing bacteria process, the generated
AVS and Fe(Il) may have been overlooked for re-oxidation [21], and therefore, the amount
of TOM degraded by the sulfate-reducing process and heterotrophic iron-reducing bacteria
process could not be accurately calculated.
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Figure 3. Concentration of TOM removal.

To deeply explore the change rule of TOM, the changes of LFOM and HFOM during
the remediation process were analyzed; the results are shown in Figure 4. On the 60th day of
remediation, the LFOM in the sediment dropped from the initial 45 g/kg to 10 g/kg (TailN),
2 g/kg (TailN + CEM), and 0 g/kg (TailN + CEM + LDO), while the LFOM in the sediment
of the CN group only degraded to 32 g/kg. The HFOM in the sediment decreased from the
initial 105 g/kg to 102 g/kg (TailN), 96 g/kg (TailN + CFM), and 56 g/kg (TailN + CFM +
LDO), while only 2 g/kg of HFOM was degraded in the CN group. The results showed
that the LFOM was preferentially degraded in the remediation groups, with significant
degradation of the HFOM in the TailN + CFM + LDO group. However, the degradation
of the HFOM could not be achieved without the participation of electroactive bacteria,
suggesting that the TailN + CFM + LDO group may have promoted the degradation of the
HFOM by inducing electroactive bacteria. The main reason for this was that the extracellular
electron transfer of electroactive bacteria enhanced HFOM degradation due to factors such
as spatial site resistance or mass transfer [22,23]. Under aeration and denitrification, the
DO and ORP in the water column were effectively enhanced, which increased the Fe(III)
concentration in the water bodies and induced electroactive bacteria such as Pseudomonas
and Thiobacillus.
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3.4. Analysis of Sediment Microbial Community Structure

The 16S amplicon sequencing analysis was performed on sediment samples collected
on day 60 to identify the changes in the sediment microbial community structure. The
results are shown in Figure 5. The relative abundance of Sterolibacterium [24], Brevundi-
monas [25], Silanimonas [26], Thiobacillus [20], and Denitratisoma [24], which are bacterial
genera with denitrification functions, increased in the TailN, TailN + CFM, and TailN +
CFM + LDO groups. Among them, the relative abundance of Sterolibacterium increased
from 0.24% (the original sample) to 0.64% (CN), 1.37% (TailN), 1.00% (TailN + CEM), and
3.21% (TailN + CFM + LDO). The results indicated that the addition of NO3~-N in the
tailwater increased the relative abundance of denitrifying bacteria genera. It is worth
noting that the relative abundance of Sterolibacterium increased the most under low oxygen
conditions, and previous studies have shown that low oxygen conditions can effectively
stimulate the activity of denitrifying bacteria [5]. Additionally, two microorganisms capable
of eliminating black and odor, Rhizobium [27] and Mycobacterium [28], were detected in the
remediation groups. Their relative abundance increased compared to the blank group, with
the highest increase observed under low oxygen conditions. The relative abundance of the
sulfate-reducing bacterium Syntrophus [29] in the sediment decreased significantly with the
introduction of nitrate in the tailwater, dropping from 1.56% (the original sample) to 1.39%
(CN), 1.27% (TailN), 1.37% (TailN + CEM), and 0.90% (TailN + CEM + LDO).
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Figure 5. Composition and abundance of the sediment samples at genus levels.

The relative abundance of electroactive bacteria Thiobacillus [20] and Pseudomonas [30,31]
with denitrification ability increased in the remediation group, with the relative abundance
of Thiobacillus increasing from 0.32% (the original sample) to 0.45% (CN), 1.79% (TailN),
2.35% (TailN + CFM), and 3.84% (TailN + CFM + LDO). The microbial community structure
indicated that the addition of NO3;™-N to the tailwater greatly enhanced the microbial
community structure of the sediment, with the greatest improvement observed under low
oxygen conditions.

To gain deeper insights into the impact of TailN + CFM + LDO on the microbial ecolog-
ical environment of the sediment, stratified sampling of the TailN + CFM + LDO sediment
was performed on the 60th day. The collected sediment samples were then subjected to
microbial community structure analysis. The results are shown in Figure 6. In the shallow
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layer (0~4 cm), the relative abundance of bacteria genera with denitrification function,
including Sterolibacterium [24], Brevundimonas [25], Silanimonas [26], Thiobacillus [20], and
Denitratisoma [24], was significantly higher than that of the bacteria genera with denitrifica-
tion function in the deep layer. Furthermore, it exhibited a decreasing trend with increasing
depth. Additionally, Rhizobium [27] and Mycobacterium [28], which are microorganisms
capable of eliminating black and odor, and Thiobacillus [20], a sulfur autotrophic denitri-
fying bacterium, exhibited similar patterns of relative abundance changes. The relative
abundance of Syntrophus [29], a sulfate-reducing bacterium, in the sediment exhibited an
opposite pattern of change. Combining the changes in concentrations of DO, ORP, NHs-N,
NO3;~-N, NO,~-N, and SO, at different depths in the sediment (Figure S2), it could be
inferred that denitrification mainly occurred within a range from —8 cm to 0 cm, whereas
sulfate reduction mainly occurred within a range from —16 cm to —8 cm. The results
indicated that the microbial community structure in the sediment within a range from —8
to 0 cm was significantly improved by the TailN + CFM + LDO treatment.
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Figure 6. Downcore distribution of composition and abundance in different sediment sections at
genus levels.

3.5. Mechanisms of Improvement in Sediment Microbial Ecological Environment

To further analyze the mechanisms of improvement in the sediment microbial eco-
logical environment, the PICRUSt software (Version 1.1.2) was used to predict the relative
abundance of nitrogen and sulfur metabolism pathways, as well as essential genes, in vari-
ous sediment layers of the TailN + CFM + LDO group. The results are shown in Figure 7.
The key genes present in nitrogen cycling included denitrification genes (such as narH, napA,
nirK, nosZ, and norB), nitrogen fixation genes (such as nifD and nifH), ammonia oxidation
genes (such as amoA and amoB), and DNRA genes (such as nirB and nirD) [32,33]. Nitro-
gen fixation and DNRA genes facilitate the formation of NH3-N, whereas denitrification
and ammonia oxidation genes promote nitrogen removal [34,35]. The relative abundance
of nitrogen fixation genes and DNRA genes in the deep sediment layer (—20~—12 cm)
was significantly higher than that in the shallow sediment layer (—12~0 cm). The relative
abundance of denitrification and ammonia oxidation genes in the shallow sediment layer
(—12~0 cm) was considerably higher than that in the deep sediment layer (—20~—12 cm).
The key sulfur cycling processes include sulfur oxidation (such as Sox, SoxA, SoxB, SoxD,
and SoxG), dissimilatory sulfate reduction (such as dsrB, dsrC, aprA, and aprB), and assimi-
latory sulfate reduction (such as sat, cysC, cysN, and sir) [36]. The increase in the relative
abundance of Thiobacillus, a sulfur autotrophic denitrifying bacterium, indicated that sul-
fur autotrophic denitrification was the primary mechanism in the shallow sediment layer
(—4~0 cm) [37,38]. The presence of a high concentration of sulfide in sediment promotes
the utilization of nitrogen and sulfur by sulfur bacteria [5,39]. Researchers discovered that
the degradation of AVS in the sediment is primarily driven by sulfur-driven autotrophic
denitrification [40,41]. The relative abundance of sulfur oxidation genes in the shallow
sediment layer (—12~0 cm) was substantially higher than that in the deep sediment layer
(—20~—12 cm). The relative abundance of dissimilatory sulfate reduction genes in the
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shallow sediment layer (—12~0 cm) was significantly lower than that in the deep sediment
layer (—20~12 cm). Dissimilatory sulfate reduction is the primary biochemical reaction
responsible for H,S production in anaerobic environments, while assimilatory sulfate
reduction results in the production of organic sulfur compounds such as cysteine and
methionine. In summary, under the conditions of TailN + CFM + LDO, the enhancement of
sulfur oxidation in the shallow sediment layer (—4~0 cm) inhibited dissimilatory sulfate
reduction, thereby promoting the oxidation of AVS in the sediment. This process promotes
sulfur-driven autotrophic denitrification [38,42].
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Figure 7. Nitrogen and sulfur metabolic pathways (a) and relative abundance of key genes

(b) in sediments.

4. Conclusions

In this study, it was discovered that the nitrate remediation measure in the tailwater of
wastewater treatment plants combined with aerobic denitrifying bacteria under low-DO
regulation effectively increased the DO concentration and ORP in the overlying water,
thereby enhancing the activity of electroactive bacteria, denitrifying and sulfur-oxidizing
microorganisms in the sediment. This increased the quantity and activity of key enzymes
present in the nitrification and denitrification processes. With the improvement of the
microbial ecological environment, the AVS in the sediment dropped by 70.4%, and the
TOM present in the sediment experienced degradation of 62.7%, in which the HFOM was
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degraded from 105 g/kg to 56 g/kg, and the potential risk of water reverting to black and
odorous conditions significantly decreased. The results indicated that TailN + CFM + LDO
has a promising remediation effect on the sediment microenvironment.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w16071000/s1. Figure S1: Schema; Figure S2 Downcore distribution
of NH3-N, NO, ~-N, NO3; ~-N, SO42~ ORP and DO in different sediment sections of TailN + CFM +
LDO on day 60.
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