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Abstract: Reducing and remediating endogenous sediment pollution in urban rivers using appro-
priate microbiological remediation technology is regarded as a safe, effective, and environmentally
sustainable mechanism. In this study, the pollutant removal efficiency of three microorganism types
at different dosages was studied in the laboratory. To optimize the microbial restoration scheme,
a comprehensive analysis of their effectiveness in removing total nitrogen (TN), total phosphorus
(TP), total organic matter (OM), and polycyclic aromatic hydrocarbons (PAHs) was conducted, and
associated structural changes in the sediment bacteria were analyzed. The results showed that
using nitrifying bacteria and Bacillus as microbial agents resulted in superior removal efficiencies
of TN and TP in sediments, whereas yeast was not as effective. The removal rates of TN reached
27.65% and 20.88% when 5 mg nitrifying bacteria and 10 mg Bacillus respectively, were used. A
comparative analysis showed that nitrifying bacteria exhibited a better TN removal effect; however,
Bacillus exhibited a better TP removal effect. The results of high-throughput sequencing revealed
no significant changes to the microbial community structures when optimal microorganisms or
beneficial microorganisms that thrive using OM as a source of C and energy were added. This study
provides insights into the processes and mechanisms involved in the microorganism degradation
of black and odorous sediment, and the results can be used as a basis for developing endogenous
pollution control policies and methods for urban rivers.

Keywords: endogenous treatment; microbiological remediation; degradation; high-throughput
sequencing; Bacillus

1. Introduction

Rapid regional urbanization in China has caused soil erosion, water quality deteriora-
tion, ecological damage [1], and an increase in the amount of sewage being discharged into
urban water bodies. The lack of urban infrastructure and the highly centralized nature of
the population and industries have also caused increased amounts of pollutants being dis-
charged into the water systems that are beyond the capacity of water bodies to self-purify,
and this has caused a deterioration in water quality that has led to the development of
the phenomenon known as “black and odorous water (black-odorous water)” [2,3]. Black-
odorous water not only damages aquatic ecosystems but also pollutes the atmospheric
environment and threatens human health.

Black-odorous water is a worldwide common event especially in less developed areas.
It has been reported in Indonesia [4], Malaysia [5], Pakistan [6], India [7], and Vietnam [8].
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South Korea has taken three measures including dredging, comprehensive sewage intercep-
tion, and water conservation to treat Cheongchon Stream. Germany has vigorously carried
out rain and sewage diversion reconstruction and sewage treatment facilities construction,
adopted measures such as “sewage elevator”, green embankment, and river treatment
to restore the severely polluted Emscher River, and coordinated management of water
environment and water resources. France adopts measures such as source control and
pollution interception, sewer improvement, non-point source pollution reduction, river
water replenishment, and storage to treat the Seine River in Paris. Austria has managed its
Danube River by building ecological dikes and optimizing the allocation and use of water
resources [9].

In China, based on data obtained from the National Urban Black-Odorous Water
bodies Governance and Supervision Platform [10], black-odorous water bodies have been
reported in most provinces across China and are a matter of environmental and social
concern. The Chinese government attaches great importance to the treatment of black-
odorous water bodies, and the remediation of such water bodies is one of the important
tasks stipulated in the government’s action plan for preventing and controlling water
pollution. In this respect, there were 2869 black-odorous water bodies nationwide in 2017;
however, by the end of 2019, 2313 black-odorous water bodies in 295 cities at or above
prefecture level had been resolved [10].

Based on the previous research, ferrous sulfide and manganese sulfide are the main
substances causing the blackening of waterbodies [11,12], while volatile organic sulfur
compounds are largely responsible for odor formation [13]. External and internal pollution
sources contribute to the development of black-odorous water [14–16]. Sediments are the
sources and sinks of endogenous pollutants [17,18]: pollutants in sediments are released
into the water body, and pollutants within the water body also settle onto sediments [19,20].
Therefore, it is first necessary to control exogenous pollution and then remove endogenous
pollution within urban rivers by treating the sediments therein [21,22]. In-situ remedi-
ation technology for sediments has been widely studied due to its rapid effect and low
cost [16–18]. In this respect, microbial treatment is an effective biological method used
to eliminate pollutants [23]. The bioremediation of polluted urban rivers is achieved by
using specific organisms (particularly microorganisms) to absorb, transform, or degrade
pollutants to reduce water pollution and restore the ecological function of the water [11,20].
Many studies have focused on the use of microbial treatments to treat black-odorous
wastewater and prevent the eutrophication of water bodies; however, relatively few have
focused on the remediation effect of microorganisms acting directly on sediments [24]. For
example, many studies have shown that denitrifying bacteria, nitrifying bacteria, photo-
synthetic bacteria, bacilli, and other microorganisms are effective in treating polluted river
water [25].

Different microorganisms have different removal effects on nitrogen (N), phosphorus
(P), organic matter (OM), and polycyclic aromatic hydrocarbons (PAHs) in sediments.
PAHs are the most carcinogenic environmental pollutants in sediments and are, thus, the
focus of many studies. Microbes can degrade PAHs under aerobic conditions; however,
they also use an anaerobic mechanism. Nitrifying bacteria are mostly used in the removal
of total N (TN); however, yeast is often used in the removal of organic pollutants and
PAHs, and Bacillus is mostly used in the removal of total P (TP). Nitrifying bacteria
play an important role in the denitrification of sediments. NH4

+ is converted into N
in the form of nitrate under the action of nitrifying bacteria, and the nitrate is further
converted into gaseous N by denitrifying bacteria [26,27]. Therefore, to develop the
optimal microbial remediation scheme that provides a sustainable river ecosystem without
impacting the original microbial structure of the river sediment, it is necessary to select
specific microorganisms that can control water-sediment pollution [28–30]. It is also
important to use the correct microbial dosage to enable the effective removal of different
pollutants in urban river sediments [31].
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Although there are few studies [32–35] focused on the remediation of sediments by
microorganisms, nearly no studies have compared the pollutant removal effects of three
different bacteria on the same sediment. To identify a suitable remediation scheme and
provide reliable data and theoretical support for the microbial treatment of endogenous
pollution in urban rivers, three common and harmless microbial agents (nitrifying bacteria,
yeast, and Bacillus) that have wide applications in controlling environmental pollution were
selected in this study to directly remediate polluted river sediment, and their application at
different dosages was assessed. To identify a suitable strategy for use in the bioremediation
of black-odorous water in urban rivers, the controlling effects of three microbial agents on
endogenous pollution were then analyzed and the extent of sediment pollutant removal
and changes in microbial community structure were explored under different doses of
these microbial agents.

In this study, sediments and the overlying water were collected from the North Canal
(see Figure 1) as samples: 16 sediments samples and 16 overlying water samples were
collected in total. The North Canal is a part of the Beijing-Hangzhou Grand Canal and an
important part of the flood control system of the Haihe River basin [36]. It flows through
Beijing, Tianjin, and Hebei provinces. Dredging of the main channel of the North Canal is
expensive and ecologically destructive; hence, it is not a suitable method for maintaining
the long-term health of the river water. It is thus necessary to improve the self-purification
ability and environmental capacity of the rivers and rebuild its benign circulation using
microbial remediation techniques. This study aims to select different agents according
to different pollutants, thus providing a possible solution to the pollution of the North
Canal water sediments. The research results may be applied to the pollution control of
black-odorous water sediment in urban areas after large-scale development.
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Figure 1. The map of the study area—North Canal.

2. Materials and Methods
2.1. Sample Collection and Pretreatment

Sediment samples collected from the North Canal were stored in a refrigerator (−80 ◦C)
until completely dry, and rock, branches, and other types of debris were removed from
them. The sediments were then evenly mixed, and a part of the sample was cryogenically
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freeze-dried. High-throughput sequencing was conducted before and after the experiment
to analyze the microbial community structure to detect any changes.

2.2. Experiment Design and Execution

Sediment samples were placed in a column up to a height of 20 cm, and 30 cm of
overlying water was then injected by siphon. The column was wrapped in tinfoil to protect
the contents from the exposure to light. The amount of water reduced due to sampling and
daily evaporation was replenished throughout the experimental period.

The microbial experiment used 13 experimental columns: 1 column was used as the
control and the remaining 12 columns were divided into three groups, each using one
type of microbial agent. The three sets of experiments involved treatment with nitrifying
bacteria, yeast, and Bacillus respectively, and four different microbial concentrations were
used (one in each of the four columns). The specific dosages of microbial agents are shown
in Table 1.

Table 1. Dosage of microbial agent.

Group Control
Group

Nitrifying Bacteria
Treatment

Yeast
Treatment

Bacillus
Treatment

Serial name
Dosage (mg)

0# S1 S2 S3 S4 J1 J2 J3 J4 K1 K2 K3 K4
0 5 10 20 50 5 10 20 50 5 10 20 50

The reaction device (height and diameter of 50 and 15 cm, respectively) used to
simulate internal control was made of transparent organic glass and is shown in Figure 2.
The sampling ports were set in four directions every 10 cm from the top to the bottom
during the experiment, whereas those at 30 and 40 cm on one side were used to draw
water samples. All sampling ports were taped with a rubber holster and clamped with a
water stopper.
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The experiment was run for six weeks, and the indices for TN, TP, OM, and PAHs in
the sediments were obtained every two weeks and analyzed according to HJ 634-2012 [37],
HJ 632-2011 [38], HJ 658-2013 (Chinese Ministry of Ecology and Environment 2013) [39],
and HJ 784-2016 [40] specifications, respectively. TN was measured by extraction with
potassium chloride solution–spectrophotometric methods using spectrophotometer with
10 mm colorimetric dish. The main reagents were potassium chloride, hydrochloric acid
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N-(1-naphthyl)-ethylenediamine, sulfonamide, etc. TP was measured by alkali fusion–Mo-
Sb anti-spectrophotometric method using a spectrophotometer with 30 mm colorimetric
dish. The main reagents were sodium hydroxide, ammonium molybdate, potassium di-
hydrogen phosphate, etc. OM was measured by combustion oxidation–titration method
using tube furnace and acid burette. The main reagents were hydrochloric acid, barium
hydroxide, phenolphthalein, etc. PAHs was measured by high-performance liquid chro-
matography using high-performance liquid chromatograph. The main reagents were
acetonitrile, n-hexane, methylene chloride, etc. In the 1980s, the US Environmental Pro-
tection Agency (EPA) listed 16 kinds of PAHs without branches as environmental priority
pollutants, including acenaphthene, acenaphthylene, anthracene, benzo(a)anthracene,
benzo(a)pyrene, benzo(b)fluoranthene, benzo(g,h,i)perylene, benzo(k)fluoranthene, chry-
sene, dibenzo(a,h)anthracene, fluoranthene, fluorene, indeno(1.2.3-cd)pyrene, naphthalene,
phenanthrene, and pyrene.

2.3. Microbial Agent Inoculation

Three microbial agents (nitrifying bacteria, yeast, and Bacillus) were used in the
experiment. The nitrifying bacteria agent (Shanghai BLAQN Biotechnology Co., Ltd.,
Shanghai, China) was a grey powder and it contained mainly nitrifying bacteria, nutrients,
and biological enzymes, and it had an effective bacteria content greater than 5 × 109 cfu
(Colony-Forming Unit)/g. The yeast (Shanghai BLAQN Biotechnology Co., Ltd.) was
a yellow powder containing mainly yeast, nutrition, and enzymes, and had an effective
bacterial content greater than 5 × 109 cfu/g. The agent containing Bacillus (Guangzhou
Liuhui Biotechnology Co., Ltd., Guangzhou, Guangdong, China) was a fine light-yellow
powder with a bran matrix and an effective viable Bacillus count greater than 5× 109 cfu/g.

2.4. High-Throughput Sequencing Data Analysis

The genomic DNA of the microbial communities was extracted from sediment samples
using 1% agarose gel, and the DNA concentration and purity were determined using a
NanoDrop 2000 UV-vis (Ultraviolet and visible spectrophotometry) spectrophotometer
(Thermo Scientific, Wilmington, USA). The hypervariable region V3–V4 of the bacterial
16S rRNA gene was amplified with primer pairs 338F (5′-ACTCCTACGGGAGGCAGCAG-
3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) using an ABI GeneAmp® 9700 PCR
(Polymerase Chain Reaction) thermocycler (ABI, Los Angeles, CA, USA), with paired-end
sequencing conducted on an Illumina MiSeq PE300 platform/NovaSeq PE250 platform
(Illumina, San Diego, CA, USA) according to the standard protocols of the Majorbio Bio-
Pharm Technology Co., Ltd. (Shanghai, China). Operational taxonomic units (OTUs)
differentiated with a 97% similarity cutoff [41] were clustered using UPARSE version
7.1 [42], and chimeric sequences were identified and removed. The taxonomy of each
OTU representative sequence was analyzed using an RDP (Ribosomal Database Project)
Classifier version 2.2 [43] against the 16S rRNA database (e.g., Silva v138), employing a
confidence threshold of 0.7.

3. Results
3.1. Nitrogen (N) Removal Efficiency

As shown in Figure 3, the TN concentrations of sediments began to decrease after
the microbial agents were added. The TN concentration of the control group decreased
from 781.36 to 683.14 µg/g over the six weeks, with a removal rate of 12.57%. In the
experimental group treated with nitrifying bacteria (columns S1 to S4), the TN removal
rates corresponding to 5, 10, 20, and 50 mg of nitrifying bacteria were 27.65%, 24.87%,
15.14%, and 15.54%, respectively. Thus, the optimal treatment effect was achieved with a
nitrifying bacteria dose of 5 mg, and the TN concentration in the sediments decreased from
782.13 to 565.87 µg/g. This effect was 15.08% higher than that of the control group.



Sustainability 2021, 13, 2580 6 of 15

Sustainability 2021, 13, x FOR PEER REVIEW 6 of 16 
 

nitrifying bacteria dose of 5 mg, and the TN concentration in the sediments decreased 
from 782.13 to 565.87 μg/g. This effect was 15.08% higher than that of the control group. 

 
Figure 3. Variation of total nitrogen (TN) in sediments. 

Studies have shown that, compared with the untreated system, the removal rate of 
N present in the form of ammonia increases by 18% in the first 4 h after inoculating with 
nitrifying bacteria [44]. Therefore, the TN concentration of sediments began to decrease 
when nitrobacteria were added to S1–S4. The rate of the nitrification process of sediments 
increased with an increase in the number of nitrifying bacteria in the system, and the ni-
trification activity subsequently became enhanced. 

The removal rates of TN in the yeast experimental group (corresponding to J1 to J4) 
were as low as 13.48%, 15.98%, 17.91%, and 17.29% respectively, 0.91% to 5.34% higher 
than that in the control group. Therefore, there were no obvious TN removal effects ob-
served when yeast was added to sediments. Chang [45] conducted field experiments on 
black-odorous water by adding yeast and found that there was very little change in the 
amount of TN in the yeast-added sediments, which implies that the addition of yeast has 
little effect on TN in sediments [46]. 

The final treatment rates in the Bacillus experimental group (corresponding to K1–
K4) were 20.06%, 20.88%, 17.33%, and 15.50%, respectively. The removal rate of TN was 
the highest at a dosage of 10 mg (TN concentration in the sediments decreased from 761.28 
to 602.31 μg/g). The proliferation of bacilli leads to the production of a large quantity of 
extracellular enzymes that decompose the OM (such as starch, protein, and fat in sedi-
ments) and, thus, reduce the amount of OM in eutrophic water bodies, thereby reducing 
the risk of eutrophication [47]. During the decomposition process, a part of the OM is 
converted into the cellular matter of bacilli; however, much of the OM is converted into 
energy used by the bacteria. In addition, OM is released from the water in the form of N 
and CO2 to reduce the amount of ammonia-nitrogen and nitroso-nitrogen in the water 
and restore the dissolved O levels in the water body [46]. 

The results of this experimental phase show that nitrifying bacteria and Bacillus were 
successful in removing TN from river sediments, and they were thus selected as prospec-
tive microbial agents. With nitrifying bacteria and Bacillus doses of 5 and 10 mg respec-
tively, the removal rates of TN were as high as 27.65% and 20.88%, which were 15.08% 
and 8.31% higher than for the control group, respectively. 

Figure 3. Variation of total nitrogen (TN) in sediments.

Studies have shown that, compared with the untreated system, the removal rate of
N present in the form of ammonia increases by 18% in the first 4 h after inoculating with
nitrifying bacteria [44]. Therefore, the TN concentration of sediments began to decrease
when nitrobacteria were added to S1–S4. The rate of the nitrification process of sediments
increased with an increase in the number of nitrifying bacteria in the system, and the
nitrification activity subsequently became enhanced.

The removal rates of TN in the yeast experimental group (corresponding to J1 to J4)
were as low as 13.48%, 15.98%, 17.91%, and 17.29% respectively, 0.91% to 5.34% higher than
that in the control group. Therefore, there were no obvious TN removal effects observed
when yeast was added to sediments. Chang [45] conducted field experiments on black-
odorous water by adding yeast and found that there was very little change in the amount
of TN in the yeast-added sediments, which implies that the addition of yeast has little effect
on TN in sediments [46].

The final treatment rates in the Bacillus experimental group (corresponding to K1–K4)
were 20.06%, 20.88%, 17.33%, and 15.50%, respectively. The removal rate of TN was the
highest at a dosage of 10 mg (TN concentration in the sediments decreased from 761.28
to 602.31 µg/g). The proliferation of bacilli leads to the production of a large quantity of
extracellular enzymes that decompose the OM (such as starch, protein, and fat in sediments)
and, thus, reduce the amount of OM in eutrophic water bodies, thereby reducing the risk
of eutrophication [47]. During the decomposition process, a part of the OM is converted
into the cellular matter of bacilli; however, much of the OM is converted into energy used
by the bacteria. In addition, OM is released from the water in the form of N and CO2 to
reduce the amount of ammonia-nitrogen and nitroso-nitrogen in the water and restore the
dissolved O levels in the water body [46].

The results of this experimental phase show that nitrifying bacteria and Bacillus were
successful in removing TN from river sediments, and they were thus selected as prospective
microbial agents. With nitrifying bacteria and Bacillus doses of 5 and 10 mg respectively,
the removal rates of TN were as high as 27.65% and 20.88%, which were 15.08% and 8.31%
higher than for the control group, respectively.

3.2. Phosphorus (P) Removal Efficiency

The concentration of TP showed a declining trend during the action of all three mi-
croorganisms on the sediments (Figure 4). In the control group without any treatment,
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the microbial concentration in sediments decreased from 523 to 422.78 µg/g, and the TP
removal rate was 19.16%. The sediment originally contained native microorganisms; there-
fore, beneficial microorganisms in the sediments would have multiplied and consumed the
polluting substances at appropriate temperatures [48].
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The aim of adding microbial agents into sediments is primarily to use the microorgan-
isms (or their influence on indigenous microorganisms in the sediments) to decompose
pollutants. Figure 4 shows the changes in the TP concentration that occurred when the
nitrifying bacteria were acting on the sediments. The removal rates of TP in sediments were
24.70%, 11.87%, 18.36%, and 19.90%, with doses of 5, 10, 20, and 50 mg, respectively. With a
nitrobacteria dosage of 5 mg, the concentration of TP decreased from 511.44 to 385.12 µg/g,
and the removal rate was thus 5.54% higher than the control group, which confirms that
nitrifying bacteria can remove TP from sediments.

However, the TP removal rates were as low as 7.09%, 3.47%, 7.33%, and 4.47% respec-
tively, when yeast was added to the sediments (columns J1 to J4). This result reflects the
effect of yeast on sediments. Yeast produces a special enzyme that decomposes organic
macromolecular substances into simple small-molecule OM that, then, remains in the
sediments. Furthermore, the addition of yeast may have little effect on beneficial microor-
ganisms in the sediment because no synergistic relationship exists between them [49].

With the addition of Bacillus, the TP removal rates were 34.40%, 39.67%, 36.42%, and
22.14%, with dosages of 5, 10, 20, and 50 mg, respectively. The highest TP removal rate
corresponded to the dosage of 10 mg, and the concentration of TP decreased from 565.50 to
341.16 µg/g.

In conclusion, the results of microorganism type and dosage efficiency experiments
show that 5 mg of nitrifying bacteria and 10 mg of Bacillus are the ideal microbial doses
for removing TP from sediments. The TP removal rates were as high as 24.70% and
39.67% respectively, when these doses were used (5.54% and 20.51% higher than the
control, respectively).

3.3. Variations in OM and PAH Contents during Microbial Treatment

Extracellular enzymes are used by microbes to decompose and degrade the OM in
sediments. The variation in the OM content of sediments during microbial treatment is
shown in Figure 5. The results show that OM removal rates by nitrifying bacteria were
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19.76%, 24.40%, 22.26%, and 13.74% respectively, and the maximum removal rate was
6.71% higher than for the control. The removal rates for OM by yeast were 11.76%, 21.80%,
22.07%, and 13.36% respectively, and those by Bacillus were 18.91%, 17.14%, 18.28%, and
13.97% respectively, where the maximum removal rate was 1.22% higher than for the
control. These results show that microbial agents partially degrade the OM in sediments;
however, impurities are introduced when they are added in excess, which reduces the
removal of OM [50].
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The removal rates of four kinds of PAHs are shown in Table 2. In the control group,
the removal rates of phenanthrene, fluorene, fluoranthene, and benzo(a)anthracene were
2.92%, 1.95%, 1.50%, and 1.02%, respectively. When 5 mg of nitrifying bacteria was
added, the removal rates of phenanthrene, fluorene, fluoranthene, and benzo(a)anthracene
were 6.34%, 4.21%, 1.82%, and 1.55%: these results were 3.42%, 2.26%, 0.32%, and 0.53%
higher than the control, respectively. When 10 mg of yeast was added, the removal
rates of phenanthrene, fluorene, fluoranthene, and benzo(a)anthracene were 5.12%, 3.98%,
1.74%, and 1.20% respectively, and these were 2.2%, 2.03%, 0.24%, and 0.18% higher
than the control, respectively. Furthermore, when 10 mg of Bacillus was added, the
removal rates of phenanthrene, fluorene, fluoranthene, and benzo(a)anthracene were
5.59%, 4.56%, 1.80%, and 1.31%, respectively (2.67%, 2.61%, 0.3%, and 0.29% higher than
the control, respectively).

Table 2. Removal rates of four kinds of polycyclic aromatic hydrocarbons (PAHs) when adding different kinds and dosages
of microbial agents.

Microbial Agents Phenanthrene Fluorene Fluoranthene Benzo(a)anthracene

Control group (%) 2.92 1.95 1.50 1.02
5 mg of nitrifying bacteria (%) 6.34 4.21 1.82 1.55

10 mg of yeast (%) 5.12 3.98 1.74 1.20
10 mg of Bacillus (%) 5.59 4.56 1.80 1.31
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3.4. Microbial Community Structure in Sediments

The common and unique OTUs of samples were analyzed based on the OTU clustering
analysis results. When the number of samples was greater than 5, all samples were
homogenized and a Venn diagram was drawn (Figure 6), where each circle is representative
of the following sample states: CK2 represents the initial state, Mic2.1 represents the
state after natural restoration, Mic2.2 represents the state with nitrifying bacteria, Mic2.3
with yeast, and Mic2.4 with Bacillus. The number of overlapping circles represents the
number of OTUs common among the samples, and the number of non-overlapping circles
represents the number of unique OTUs in samples. Figure 6 shows that the five samples
had 1203 OTUs in common, thus representing 32.8% of the total number of OTUs (3668),
and this indicates that the microbial community structures of the sediment samples were
relatively similar.
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A weighted Unifrac distance matrix was used in the UPGMA (Unweighted Pair-group
Method with Arithmetic Mean) clustering analysis to characterize the differences in com-
munity structures and the results are shown in Figure 7. A phylum-level analysis of the five
groups of samples showed that only minimal changes occurred in the microbial community
structure after six weeks. Based on species annotation and the available abundant informa-
tion at a genus level, the top 35 ranked genera of all samples were selected. Then, clustering
was conducted for both species and samples using the abundant information available for
each sample; a heat map was drawn (Figure 8), and species with higher or lower concentra-
tions in the samples were compared and analyzed. As shown in Figure 8, the dominant
interspecific microbial species of CK2 (Nitrosomonas, Geobacter, ThioBacillus, Terrimonas, and
Sulfuricurvum) lost their advantages, whereas Actibacter, Flavobacterium, Syntrophus, and
Sulfuritalea in samples Mic2.1, Mic2.2, Mic2.3, and Mic2.4 gradually dominated.
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4. Discussion
4.1. Removal of TN and TP by Denitrifying Bacteria

The three microorganisms exhibit specific degradation behaviors in relation to specific
pollutants with respect to their growth and metabolism. For example, nitrifying bacteria
play an important role in the denitrification of sediments: NH4

+ is converted into nitrate
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under the action of nitrifying bacteria, which is further converted into gaseous N by
denitrifying bacteria [26,27]. The study of Lu et al. showed that, compared with an
untreated system, the removal rate of N in the form of ammonia increased by 18% in the
first 4 h after inoculation with nitrifying bacteria [44]. Therefore, the addition of nitrifying
bacteria facilitates the process of nitrifying sediments and enhances nitrification activity,
all of which play very important roles in improving the denitrification process of water
bodies. In contrast, Mcilroy et al. [46] indicated that the addition of yeast had little effect
on TN content in sediments. For bacilli, a part of the OM is converted into the bacterial
matter during the decomposition process; however, a major share of the OM is converted
into energy used by the bacteria [51]. Meanwhile, it is released from the water in the form
of N and CO2, which reduces the ammonia-nitrogen and nitroso-nitrogen contents and
restores the dissolved O levels within the water body [46].

The experimental results show that, although nitrifying bacteria can remove TP from
sediments, when the dose of nitrifying bacteria was greater than a particular value, the
removal rate of TP decreased. This occurred primarily because there was an increase in the
matrix released into the environment with an increase in the dosage of the bacterial agent,
which caused a low removal rate of TP during the reaction process [52].

Previous studies have shown that the main mechanisms that release P from sediments
are the following: a reduction in phosphate compounds within sediments under hypoxic
conditions, a ligand exchange reaction occurring under a high pH, and organophosphate
mineralization [53]. Sediment plays a major role in the P cycle, and its exchange and transfer
are accomplished through chemical reactions between the water and the sediment [54].
There are differences in the variability and bioavailability of P grades, and only NH4Cl-P
is easily assimilated and utilized. NH4Cl-P is dissolved in interstitial water and easily
desorbed and released into the overlying water by aeration disturbance. Bound P (BD-
P) is the redox-sensitive state of P, which is related to the redox state of the sediment.
Furthermore, P is mainly bound to hydroxyl oxide and the theoretical molar ratio Fe/P is
close to 1. When Fe (III) is reduced, the iron compounds are dissolved, and P is released [26].

4.2. Removal of PAHs by Denitrifying Bacteria

There are two main approaches used in the microbial metabolization of PAHs [55]:
metabolization of PAHs when they are the only source of C and energy, and metabolization
of PAHs along with other OM. PAHs comprised of three or fewer rings are generally
metabolized using the first metabolic approach, whereas PAHs with four or more rings
are generally metabolized using the second approach [56]. Compared to the control group,
all the experimental groups with one of the three bacterial agents added exhibited PAH
removal effects; however, Bacillus and yeast provided superior results. Previous studies
have suggested that Bacillus can degrade PAHs as a C source [57,58]; however, yeast tends
to degrade PAHs through co-metabolism [59,60]. Under aerobic conditions, eukaryotes or
prokaryotes produce oxygenase, which breaks the benzene ring and degrades or reduces the
toxicity of PAHs; therefore, the ability to degrade PAHs is enhanced when the availability
of oxygenase is increased. Microorganisms can also degrade PAHs via an anaerobic
mechanism, and some anaerobic microorganisms can directly degrade small molecules of
PAHs and often transform high-cycle PAHs through co-metabolism. Studies have shown
that yeast can promote the removal of four kinds of PAHs in sediment (phenanthrene,
anthracene, fluoranthene, and pyrene) [61]. The removal efficiency of PAHs is also affected
by the duration that the microorganisms are exposed to the sediment [62], the nutrient
concentration, and the anaerobic conditions [59,63]. Furthermore, low efficiency, high
toxicity, extreme conditions (such as pressures between 6 and 11.2 MPa), high energy, and
time consumption affect the degradation of PAHs. Therefore, studies are being conducted
to find new methods that completely remove PAHs [63].
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4.3. Effect of Added Bacteria on Original Community Structure

The composition of microbial river communities is diverse and dynamic, and it differs
in relation to environmental factors [29]. Thus, the effect of the remediation method used
on the microbial community of the sediment will influence the outcome [30], as the action
mode of the microbes in the sediment changes when a microbial agent is added. In the
CK2 column, Pseudomonas, which usually include a group of P-accumulating bacteria, was
initially dominant, and the community then declined. During the experiment, the TP in
the sediments first decreased and then, slightly increased. This likely occurred because the
P-accumulating bacteria adsorbed P in the early stage of the experiment; however, their
population decreased in the later stage.

Under adverse conditions, P-accumulating bacteria release P, which results in a slight
increase in the P concentration in sediments. Nitrite bacteria are generally known as
“ammonia oxidizers” because they feed on ammonia, and the chemical energy generated by
ammonia and oxidation is sufficient for their survival. Nitrosomonas can remove ammonia
from aquatic ecosystems to form nitrite by oxidation. The removal of Nitrosomonas from
the dominant species may be attributed to the consumption of ammonia, which acts as the
food source for its survival in the system [64].

Syntrophus sp. is a type of hydrocarbon-degrading bacteria that are dominant in
Mic2.2, and they may have a certain effect on the removal of certain PAHs in sediments [65].
The microorganisms occurring in high abundance within Mic2.4 were heterotrophic mi-
croorganisms that denitrified the sediment and used various organic compounds as their C
and energy sources [46].

As shown in this study, some preliminary research results have been obtained in
the laboratory. For sediment pollution with a certain scale of treatment, our quantitative
research on key parameters such as temperature, salinity, pH, and other indicators needs to
be improved to improve the stability of large-scale sediment pollution treatment. However,
for different river sediment, the factors affecting the removal efficiency are different, so we
are carrying out further research to improve the scope of application of the research.

5. Conclusions

In this study, nitrifying bacteria, yeast, and Bacillus were applied and studied at
various concentrations under laboratory conditions to determine the optimal type of
microorganisms and their dosages for controlling the internal pollution of river sediments
and remediating black-odorous water. The conclusions can be drawn as follows:

(1) Yeast was not effective in removing nitrogen or phosphorus from sediments. The best
comprehensive removal rates of TN reached 27.65% and 20.88% when 5 mg nitrifying
bacteria and 10 mg Bacillus respectively, were used. The ideal TP removal rates were
as high as 24.70% and 39.67% respectively, when 5 mg of nitrifying bacteria and 10 mg
of Bacillus were used. Nitrifying bacteria provided the best total nitrogen removal
and Bacillus exhibited the best total phosphorus removal.

(2) The overall best efficiency in remediating organically contaminated sediment and
removing nutrient pollutants and polycyclic aromatic hydrocarbons (PAHs) was
obtained when using a 5 mg dose of nitrifying bacteria.

(3) Up to 1203 OTUs remained in the sediments after remediation using Bacillus, and
there were no significant variations in the microbial community structures among the
sediment samples. Following remediation using nitrifying bacteria, Syntrophus sp.
became the dominant bacteria in the sample, which may have had a certain effect on
the removal of certain PAHs within the sediment.
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