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Despite successful initial treatment, many black and smelly waterbodies in China are
polluted again, returning to the black and smelly state. To realize long-term control of
water quality, this paper puts forward an integrated bioremediation method for black and
smelly waterbodies, coupling nano-aeration instruments, ecological stimulators, online
microbial reactors, and biological floating islands. The proposed method was applied to
treat a black and smelly open channel in Central China’s Wuhan City, which returned to
the black and smelly state after successful initial treatment. The results show that our
method reduced chemical oxygen demand (COD), ammonia nitrogen (NH3-N), and total
phosphorous (TP) by 31%, 60%, and 55%, respectively, and improved transparency and
dissolved oxygen (DO) by 55%, and 180%, respectively. The water quality of the open
channel was significantly improved, the smell and eutrophication were eliminated as
desired, and the water quality indices all reached level V in the Environmental Quality
Standards for Surface Water (GB3838-2002). To sum up, our method could gradually
restore the ecology and degradation ability of rivers, kicking off a vicious cycle of the

ecosystem in waterbodies.

1. INTRODUCTION

As economy and urbanization pick up speed, many urban
rivers have suffered from serious pollution and biodegradation
[1-3], as evidenced by the stubbornly high levels of oxygen-
consuming organic pollutants, and nitrogen and phosphorus
nutrients [4-6]. In severe cases, the waterbodies become black
and smelly seasonally or perennially [7, 8]. As a result, many
Chinese cities have prioritized the treatment of black and
smelly waterbodies.

According to the “National Urban Black and Smelly Water
Treatment Supervision Platform”, as of the end 0f 2019, China
has identified a total of 2,869 black and smelly waterbodies,
of which 2,313 have been treated and 556 are under treatment
[9]. Overall, the black and smelly waterbodies have been
treated well, for the treated water meets the requirements on
normal use.

However, the treatment effect is not so optimistic as
revealed by follow-up surveys on the completed treatment
projects of black and smelly waterbodies. Despite the initial
results, most treated waterbodies are polluted again [10-12],
returning to the black and smelly state [13, 14]. This is because
the preliminary investigation is insufficient, and the technical
solutions lack pertinence and continuity. As the waterbodies
become black and smelly again, lots of manpower and
materials are needed for repeated treatment [15]. This calls for
a purification technique with a wide applicable scope and good
lasting effect [16, 17].

There are many techniques to treat black and smelly rivers,
including  chemical  methods, physical  methods,
bioremediation methods, and other new methods. The
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chemical methods aim to speed up water purification by
throwing chemicals into the river, namely, flocculants and
precipitants [18]. These methods can improve river water
quality in the short term [19, 20], but the chemical reagents
have an impact on the eco-environment, plants, and animals in
the river [21, 22].

The physical methods mainly include artificial aeration [23],
sediment dredging [24], water diversion and flushing [25-27],
and mechanical algae removal [28]. For example, Liu et al. [29]
prepared oxygen-containing natural porous materials through
vacuum degassing, and covered them on anaerobic sediment
to continuously adjust the dissolved oxygen (DO) in black and
smelly waterbodies. Zhu et al. [23] achieved excellent
treatment effect through continuous aeration with microporous
air diffusers: the thickness of bottom sediments was reduced
from 0.9m to 0.6m. However, aeration is usually combined
with ecological purification [30]. Pan et al. [31] proved that
aeration, coupled with biofilms, can effectively remove the
nitrogen in polluted rivers.

Through top-level design and ecological planning of water
treatment projects, the bioremediation methods respect the
natural ecological laws of the river system, and rely on the self-
cleaning capacity of the ecosystem to eliminate pollutants [32-
34]. For instance, Yuan et al. [7] compared the potentials of
three bioremediation methods (i.e. aeration, bio-stimulation,
and bioaugmentation) in pollutant removal of urban
waterbodies, revealing that aeration and bioaugmentation
greatly suppressed chemical oxygen demand (COD) but
hardly reduced the nitrogen level. Liu et al. [29] found that the
hybrid of bioaugmentation with aeration could reduce COD,
ammonia nitrogen (NH3-N), and total nitrogen (TN) by 53.4%,
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85.0%, and 24.9%, respectively. Through bio-stimulation, Al-
Mailem et al. [35], Simpanen et al. [36] added nutrients to
promote the proliferation of indigenous microorganism, and
demonstrated that the potential of bacterial degradation
increases with the addition of carbon, nitrogen, and vitamin.

The other new treatment methods for black and smelly
waterbodies include ecological riverbanks, purification lakes,
and biofilms [37]. To improve the water quality of the
Yangjiang River, Chen et al. [38] created an ecological,
permeable pond system and a similar wetland system; the
removal efficiencies of COD, total phosphorous (TP), TN,
NHs-N, and suspended solids (SS) were 16.7%, 29.58%,
21.63%, 20.0%, and 99.8%, respectively, for the pond system,
and 44.0%, 17.1%, 6.7%, 13.9%, and 80.0%, respectively, for
the wetland system. De Matos et al. [39] constructed a wetland
with horizontal subsurface flow, which reduced the main
pollutant levels (e.g. COD, TN, and TP) in the river channel
below those specified in national standards. Lv et al. [40]
analyzed the startup modes, optimal parameters, formation,
and replacement of biofilms, and suggested the strong
potential of the biofilm technique in in-situ remediation of
polluted water.

In recent years, many scholars have applied ecological
floating islands or constructed wetlands to treat polluted
waterbodies [41, 42]. Masi et al. [43] adopted constructed
wetlands to treat overflow sewage in Italy, and successfully
removed 90% of COD at a low cost. Avila et al. [44] designed
a constructed wetland with horizontal flow and vertical flow
in series; the wetland was found to excel in sewage treatment,
but the removal rate varies from summer to winter. To improve
this constructed wetland, Nguyen et al. [45] introduced
expansive clay (ExC) as the cushion of the wetland, and
planted Colocasia esculenta and Dracaena sanderiana on the
wetland; the improved wetland achieved an obvious effect in
pollutant removal. Using Pontederia sagittata and Cyperus
papyrus, Olgum et al. [46] developed floating treatment
wetlands (FTWSs) to improve the water quality of eutrophic
waterbodies; experimental results show that the DO increased
by 15-67%, fecal coliform removal rate fell in 9-86%, nitrate
removal rate was 9-76%, but the total Kjeldahl nitrogen (TKN)
remained relatively high. Sagga'set al. [47] probed deep into
the plants on ecological floating islands, and learned that
monocotyledonous plants with C4 or C4-type photosynthetic
pathways can survive better and effectively remove pollutants:
the removal rates of biological chemical demand (BOD), COD,
total suspended solids (TSS), TP, NH3-N, and nitrate are 90%,
80%, 94%, 60%, and 50%, respectively. Panfili et al. [48]
proved that the addition of safeners enables aquatic floating
plants to remove pollutants more effectively.

Despite their long operating period, bioremediation
methods can fundamentally improve the water environment of
the river at a low operating cost. The treatment technique could
be integrated with the water landscape, and beautify the river
landscape, while improving water quality. If properly
managed, bioremediation methods can ensure the long-term
quality of river water [49]. For example, Nanjing City
performed bioremediation of the Nonghua River: aquatic
plants were placed in the shallow area to adsorb water
pollutants like nitrogen and phosphorous; the DO in water was
increased rapidly through fountain aeration [50]. Kunshan
City effectively treated polluted waterbodies through the
following measures: cutting off pollution sources, dredging,
adding microbial bacteria, planting aquatic plants, and setting
ecological buffer zones [51]. Changzhou treated the Zaogang
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River with an integrated system of bottom laminar flow
aeration, bio-enhanced degradation, and ecological floating
islands, and removed an average of 84.4%, 98.6% and 65.3%
of TP, NHs-N, and COD, respectively [52]; the treated water
surpassed level 1V in the Environmental Quality Standards for
Surface Water (GB3838-2002).

To sum up, if bioremediation methods are selected to treat
black and smelly waterbodies, it is necessary to construct a
reasonable ecosystem based on the pollution degree, local
climate, and plant growth, and supplement bioremediation
with proper management.

In this paper, a black and smelly open channel in Central
China’s Wuhan City is selected as the object. The open
channel had been treated before, but was polluted again,
returning to the black and smelly state. Multiple techniques,
namely, nano-aeration, microbial enhanced degradation,
ecological floating island, were integrated to treat this open
channel. Besides, an aquatic plant system was constructed to
enhance the self-cleaning capacity of the river, aiming to
fundamentally enhance the river’s resistance to pollutant
impact.

The remainder of this paper is organized as follows: Section
2 introduces the basic information and previous treatment of
the black and smelly open channel; Section 3 details the
integrated remediation method for the polluted waterbody;
Section 4 applies the proposed method to the open channel,
and analyzes the one-year monitoring data on water quality,
proving the effectiveness of our method; Section 5 puts
forward the conclusions.

2. BACKGROUND INFORMATION
2.1 Basic information

The open channel is a 2.13km-long east-west truck drainage
channel in Wuhan City. It mainly collects rainwater along the
route and the upstream water from box culverts. The cross-
sectional dimensions are: base length B=3m, height H=3m,
and slope coefficient m=2. The catchment area was planned to
be 3.39km?2,

Currently, the open channel is surrounded by residential
communities, factories, and enterprises. There is a total of 25
drainage outlets along the route, including 18 for rainwater,
and 7 for mixed-flow. The nearby region is crisscrossed by
numerous small rivers. In flood season, the water level of the
river outside the embankment is generally above the ground
within. The water stagnant in the embankment needs to be
drained by pumping stations.

The open channel is designed as a main channel for
rainwater discharge. Ecological landscape is another
important function of the channel. Relevant documents require
the water quality in the open channel to reach the standard for
level V surface water in 2030.

2.2 Pollution causes

2.2.1 Point source pollution

The sewage pipelines in the nearby region have been
completed. But the pipelines of some residential communities
are connected incorrectly. Some wastewater is discharged to
the open channel via rainwater pipelines. Most factories,
enterprises, and institutions in this region discharge rainwater
and wastewater together. Some of them discharge rainwater



and wastewater separately. However, the wastewater still
enters the open channel, due to the incorrect connections of the
pipelines.

2.2.2 Non-point source pollution

The initial rainwater is easily polluted due to the lack of
sponge city facilities, the intensive development of nearby
land, and the limited waterbody capacity.

2.2.3 Internal pollution

In the water of the open channel, black and smelly bottom
mud has formed from floating matters, suspended matters,
shore garbage, fallen leaves, and uncleaned aquatic plants. The
pollutants released from the bottom mud make the water black
and smelly, causing the open channel to lose self-cleaning
capacity.

What is worse, rainwater and wastewater are discharged
together in some areas of the upstream. On sunny days, the
wastewater flows into rainwater box culverts. The large cross-
section, coupled with the small and slow flow of wastewater,
adds to the probability of siltation. On rainy days, the silts in

the box culverts are carried by storm water into the open
channel, increasing the internal pollution.

2.2.4 No fresh water supply

The open channel is responsible for discharging the
rainwater within the basin. However, there is no safe, clean,
and reliable water supply on sunny days. Hence, the water in
the channel is poor in mobility and self-cleaning ability, and
prone to eutrophication. As a result, the open channel is easily
polluted, becoming black and smelly.

2.3 Water quality monitoring data

Previously, the open channel was treated by installing
sewage interception pipes, repairing slopes, and dredging
bottom mud. These treatments have greatly improved the
water quality in the channel. But the water in the channel is
still slightly black and smelly. The water quality of the open
channel was monitored at points in the upper, middle, and
lower parts [53, 54]. The monitoring data are listed in Table 1
below.

Table 1. Water quality monitoring data

Sampling points

Items Upper part_ Middle part _ Lower part_ Average Analysis methods Instruments
Transparency 25 22 20 22.33 Secchi disc method Secchi disc
DO 21 18 15 18 Electrochemical probe JPB-607A Portable dissolved
method oxygen analyzer
cob 28.18 28.74 30.02 28.98 Fast digestion EFC-3B Pprtaple COD fast
spectrophotometry measuring instrument
i Nessler’s reagent SP-721 (E) Visible
NH-N 4.91 5.01 5.2 5.08 spectrophotometry spectrophotometer
TP 0.48 0.42 0.42 0.44 Ammonium molybdate SP-721 (E) Visible
spectrophotometry spectrophotometer

As shown in Table 1, the water quality of the open channel
falls short of level V in GB3838-2002. The waterbody is
slightly black and smelly, according to the Grading Standard
for Pollution Degree of Urban Black and Smelly Waterbodies
in the Guide for Treatment of Urban Black and Smelly
Waterbodies.

2.4 Treatment goal

The black and smelly state and eutrophication of the
waterbody should be eliminated, and the water quality indices
should meet the standard for level V surface water.

3. METHODOLOGY

This paper aims to fundamentally enhance the river’s
resistance to pollutant impact, improve the landscape effect,
and realize long-term management. Considering the current
situation and functional positioning of the open channel, an in-
situ purification and bioremediation strategy was designed to
treat the water in the open channel naturally, with proper
artificial intervention. Our strategy integrates techniques like
nano-aeration, microbial enhanced degradation, and
ecological floating island. The aquatic ecosystem in the
channel was built up gradually, and an aquatic plant system
was also constructed to enhance the self-cleaning capacity of
the channel.
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3.1 Nano-aeration

Nano-aeration oxygenates the waterbody by nano-aeration
instruments, that is, elevates the DO level in water. With the
circulating water flow, the oxygen-rich water is brought to all
corners of the river, turning the entire river into an aerobic
environment. In this way, the water body will no longer give
off an unpleasant smell, owing to the lack of oxygen, and the
aquatic environment will enjoy sufficient supply of DO. The
aerobic microorganisms will be revived and activated.

In the waterbody of the open channel, the oxygen demand
consists of two parts: physical oxygen demand (Op) and
microbial oxygen demand (Om). The former refers to the
amount of oxygen required to directly increase the water
content from the current DO to the target DO, while the latter
refers to the amount of oxygen consumed by microbial
decomposition of organic matters. The two oxygen demands
can be respectively calculated by:

Op = ( Dotarget - Docurrent )V It (1)

where, Oy is physical oxygen demand (kg/h); DOrarget is the
target DO (mg/L); DOcurrent is the current DO (mg/L); V is the
water storage (m®); t is the required reoxygenation time (h).

0

m

= (CO—BOD - CS—BOD )VKBOD It )



where, On is microbial oxygen demand (kg/h); Co-gop is the
target biochemical oxygen demand (BODs) (mg/L); Cssop iS
the current BODs (mg/L); Kgop is biological aerobic load
(kgO./kgBODs); t is the required reoxygenation time (h).

The number of aeration instruments can be determined by:

_Op+Om
= B

L k

€)

where, L is the number of aeration instruments (each); B is the
oxygenation capacity per instrument (kg/h); # is oxygen
utilization rate; k is the safety factor.

In the light of the current situation and treatment goals of
the open channel, 120 aeration instruments are needed to
satisfy the oxygen demand (10.8kg/h).

3.2 Bioremediation

Two ecological stimulators and two online microbial
reactors were deployed along the linear open channel. In each
ecological stimulator, eco-remediation agent was placed in a
semi-closed environment, creating an environment-friendly
in-situ activation platform. Then, the water flow could
circulate automatically from the external environment to the
reaction tank, and back to the external environment. Through
the  circulation, the  environment-friendly  in-situ
microorganisms in the water body were transported to the
ecological stimulator for activation and proliferation. Then,
the proliferated microorganisms were released back into the
water body. With the ecological simulators, the nitrogen in the
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open channel could be fully degraded from organic nitrogen,
ammonia nitrogen, nitrate nitrogen, to nitrogen gas. In this
way, nitrogen was transformed from the ionic state to the
gaseous phase to escape the water, and the waterbody was thus
denitrified.

Each microbial online reactor created a microenvironment
to cultivate environmental-friendly microbial strains. In the
reactor, microorganisms capable of removing nitrogen,
curbing sedimentation, and degrading COD, could be
produced continuously online. The microbial strains that
inhibit nitrogen and sedimentation were selected for
continuous production based on the pollution condition of the
open channel. These strains ensure the efficiency of pollutant
removal.

3.3 Cultivation of aquatic plants (construction of ecological
floating islands)

Since the open channel has the function of ecological
landscape, it is difficult to plant aquatic plants directly in the
channel. To solve the problem, ecological floating islands
were constructed to plant emergent plants and floating plants.
These aquatic plants could absorb water pollutants, creating a
certain landscape effect. Considering site survey results and
landscape design requirements, a total of 3,000m? ecological
floating islands were arranged along the open channel. These
islands were partly or fully planted with canna, savanna,
yellow calamus, and Pontederia cordata. Each island was
fixed by DN50 galvanized steel pipes and DN32 heightened
casings (Figures 1 and 2).
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4. RESULTS AND ANALYSIS
4.1 Dynamic evolution of transparency

As shown in Figure 3, the transparency, a sensory index of
water quality, was significantly improved. The overall water
transparency increased by an average of 20cm (55%) from 30-
40cm to 50-60cm. In the first few months, the transparency
slightly decreased, as the aeration and reoxygenation system
disturbed the water, making particulate matters difficult to
sediment. The minimum transparency was observed in
January, which has a lot to do with the climate of Wuhan.
Under the severe cold climate in January, the plants withered
and microorganisms were less active, reducing the
remediation effect of the waterbody. After that, the
transparency began to slowly rebound to 50-60cm, indicating
that the water quality is significantly improved.
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Figure 3. Water transparency in different parts of the open
channel

4.2 Dynamic evolution of DO

As shown in Figure 4, the DO increased by 180% from
1.8mg/L before treatment to 5.0mg/L, indicating that the nano-
aeration reoxygenation system could greatly improve the DO
in the waterbody.

The monitoring started in the early summer. Under the hot
weather, the DO was about 4mg/L. The relatively low DO
comes from the following factors: the bottom mud released
lots of pollutants, which consumed oxygen faster than the
oxygen supply of the waterbody; meanwhile, the waterbody
had a low natural DO. The DO dropped to the minimum in
January. This is because Wuhan had less sunlight in winter,
and the plants entered the withering season; Thus, there were
fewer sources of DO, while the BOD in the waterbody
remained unchanged. Later, the DO gradually stabilized at
above 5.0mg/L with the rising temperature, indicating that the
waterbody restored much of its self-cleaning ability.
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Figure 4. DO in different parts of the open channel

4.3 Dynamic evolution of COD

As shown in Figure 5, the COD stabilized between 17 and
27mg/L in the remediation period, exhibiting the opposite
trend of the DO. The COD of the waterbody gradually
increased with the decline of the DO.

The main reason is that the reduction of the DO deactivated
aerobic  microorganisms  (e.g.  indigenous  aerobic
microorganisms), slowing down the degradation of COD.
Overall, the COD fell by 31% on average from 28.98mg/L
before treatment to below 20mg/L. The peak COD appeared
in January, then gradually stepped down to about 20mg/L, and
tended to be stable. The COD meets the standard for level 111
surface water in GB3838-2002. The COD trend reflects the
climate condition in Wuhan. The remediation effect of COD
is much better in summer than in winter. In winter, the plants
withered and microorganisms were less active, weakening the
remediation effect. In summer, plants grew rapidly under
abundant precipitation and microorganisms became highly
active, which optimizes the remediation effect.
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Figure 5. COD in different parts of the open channel
4.4 Dynamic evolution of NHs-N

As shown in Figure 6, the bioremediation reduced the NHs-
N in the open channel across the abroad. In the early phase, the
NHs3-N decreased steeply to the valley of 0.7mg/L, but
rebounded in September.

The main reason is that, at the start of the treatment, the
water pollutants were released fast under the high temperature,
surpassing the purification rate; with the elapse of time,
beneficial microorganisms continued to grow, and slowly
reduced the NHs-N in the waterbody. However, the NH3-N
climbed up to about 7mg/L, possibly due to the withering of
plant roots and deactivation of microorganisms under the low
temperature. With the improvement of the aquatic
environment, the NHs-N exhibited a steady decline and
stabilized at about 2mg/L. This meets the standard for Level V
surface water in GB 3838-2002. Through the treatment, about
60% of all NH3-N in the open channel was degraded.
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Figure 6. NH3-N in different parts of the open channel



4.5 Dynamic evolution of TP

As shown in Figure 7, the TP basically stabilized at about
0.3mg/L in the early phase, and rose to the peak of 0.5mg/L in
January, for TP removal mainly relies on the adsorption and
transfer of aquatic plants in biological floating islands. Hence,
the TP decline is closely associated with the growth of plants.
Under the high temperature in July and August, the plant roots
were highly developed, and the plants grew at a rapid rate. The
fast-growing plants absorbed the TP in the waterbody quickly,
leading to a fast decrease of the TP. When it came to autumn
and winter, both microorganisms and plants were less active.
The aquatic plants in biological floating islands ceased to grow,
and even withered. Thus, the TP in the waterbody increased.
Later, with the rise of temperature, the TP steadily decreased
to the valley of 0.2mg/L, which This meets the standard for
Level V surface water in GB 3838-2002. Through the
treatment, about 55% of the TP in the open channel was
degraded.
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Figure 7. TP in different parts of the open channel
4.6 Main economic indices

The treatment cost of the 2.13km-long open channel
(surface area: 23,000m?) totaled RMB 2.35 million yuan,
covering the purchase, installation, and debugging fees of
biochemical treatment system (including nano-aeration
instruments, flexible polymer ecological matrix, ecological
stimulators, and online microbial reactors) and 2000m? aquatic
plants. The operation and maintenance cost includes electricity
cost (RMB 168.3yuan/d), labor cost (RMB 240yuan/d),
equipment maintenance cost (RMB 180yuan/d). In total, the
annual operation and maintenance cost stood at RMB 215,000
yuan, about RMB 9.34 yuan per square meters of the water
area in the open channel.

5. CONCLUSIONS

Despite successful initial treatment, most black and smelly
waterbodies in China are polluted again, returning to the black
and smelly state. To realize long-term control of water quality,
this paper puts forward an integrated bioremediation method
for black and smelly waterbodies, coupling nano-aeration
instruments, ecological stimulators, online microbial reactors,
and biological floating islands.

Specifically, the nano-aeration and reoxygenation system
was used to rapidly boost the DO in the waterbody, activating
the indigenous aerobic microbials. The ecological stimulators
were adopted for in-situ activation of indigenous water-
purifying microorganisms, while the online microbial reactors
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were employed to continuously produce environmental-
friendly microorganisms to degrade pollutants. The ecological
floating islands were introduced to form rhizobacteria micelles
and promote plant growth, speeding up the degradation and
transfer of COD, NHs-N, and TP. These techniques were fully
integrated to gradually restore the natural ecology and self-
cleaning capacity of the river, kicking off a vicious cycle of
the ecosystem in waterbodies.

Experimental results show that the proposed method
reduced the COD, NH3-N, and TP in the open channel by 31%,
60%, and 55%, respectively, and improved transparency and
DO by 55%, and 180%, respectively. According to the one-
year monitoring data after the treatment, the water quality of
the open channel increased from below level V (slightly black
and smelly) to level V, and some indices (e.g. DO and TP)
even reached the standard for level 111 surface water. Thus, our
method managed to significantly improve the water quality,
and eliminated the smell and eutrophication as desired. The
research results shed important new light on the treatment of
black and smelly waterbodies in urban areas.
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