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• A specialized aeration material aimed at
the sediment-water interface, known as
oxygen nano-bubble-modified minerals
(ONBMMs) was developed.

• ONBMMs effectively increased theDOat
the sediment-water interface.

• ONBMMs remarkably reduced the re-
lease flux of sediment P.

• Fe-P precipitation constituted the main
mechanism of the inhibition of sedi-
ment P release by ONBMMs.
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Due to the limited aeration capacity of current aeration techniques at the sediment-water interface (SWI), we de-
veloped a specialized aeration material aimed at the SWI, known as oxygen nano-bubble-modified minerals
(ONBMMs). Furthermore, we simulated its aeration efficiency at the SWI and the control effects of internal phos-
phorous (P) release under anaerobic conditions during 20 days. High resolution diffusive gradients in thin films
(DGT) and Planar luminescent optode (PO) technologieswere used tomeasure the temporal variation of reactive
P, reactive Fe (II) and dissolved oxygen (DO) of the SWI. These results show that ONBMMs can effectively in-
crease the content of DO at the SWI and decrease the release flux of internal P from sediments. The use of
ONBMMs reduced 97.9% of the soluble reactive P concentration of the overlaying water and reduced the release
flux of DGT-P from sediments by 78.9%. Inhibition of reductive dissolution of Fe\\P from sediments was the pri-
mary principle that effectively inhibited the input of internal P by ONBMMs. Therefore, ONBMMs are potentially
promising technology for the treatment of internal P pollution in eutrophic lakes.
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1. Introduction

Phosphorous (P) is a well-knownmajor limiting factor of lake pri-
mary productivity (Carpenter, 2005). The source of P in lakes is
mainly categorized as external P, such as industrial wastewater, mu-
nicipal wastewater and agricultural non-point source pollution, and
internal P, which is released from sediments. With the effective con-
trolling of external P, the contribution of internal P to the overall P
concentration in lakes continues to increase, reaching 80% in some
lakes (Penn et al., 2000; Nausch et al., 2009). As a result, effectively
controlling the release of lake internal P is significantly meaningful
to resolve lake eutrophication.
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Increasing the dissolved oxygen at the sediment-water interface
(SWI) is an important pathway for controlling the release of lake inter-
nal P (Wang et al., 2016). Current aeration techniques, such as the arti-
ficial delamination technology (Serra et al., 2007), gas lifting technology
(Ashley et al., 2008) and bubble plume diffusion technique (McGinnis
et al., 2004), all focus on increasing the dissolved oxygen (DO) of the
lake bottom with lack of the pertinence to SWI aeration (Conley et al.,
2009); therefore, their effects on controlling the release of internal P
in lakes are still quite limited (Cowell et al., 1987).

The idea of nano-bubbles (NBs) was first proposed by Parker et al.
(Parker et al., 1994). In recent years, the rise of oxygen nano-bubble-
modified minerals (ONBMMs) technology provides an opportunity for
the development of SWI aeration technologies. Recently, the oxygen
nanobubble modified zeolites and local soils were utilized to increase
DO and the oxidation-reduction potential (ORP) at the SWI and to
change the sediment P from source to sink (Zhang et al., 2018), and
used to restore anoxia/hypoxia and control methane emission (Shi
et al., 2018). Currently, studies on NBs are relatively limited but it is
widely agreed that the formation mechanism of NBs is excess gaseous
molecules of the solid-liquid surface that directly nucleate and aggre-
gate on the solid surface in the form of NBs (Zhang et al., 2007). Accord-
ing to the theory of thermodynamics, the existence time of NBs is b1ms
(Lou et al., 2000). However, practical observation indicates that the sta-
bility of NBs is far more than the theoretical calculation, as its existence
timemay vary from several hours to days (Borkent et al., 2007; Ducker,
2009; An et al., 2015). Presently, the long term stable existence of NBs
can be explained as follows: 1) the existence of the interface charge
on the NB surface is themain reason for the stable existence of the bub-
ble (Ushikubo et al., 2010); 2) there is strong hydrogen bonding in the
liquid-vapor interface, which decreases the diffusion and dissolution
process of NBs internal gas and prolongs the existence time (Ohgaki
et al., 2010); and 3) the internal intensity of the NBs is very high,
which could increase their life over 4 magnitudes (Wang et al., 2008).
In addition, the mass transfer efficiency of NBs is also significantly
higher than that of bubbles in mm/μm that are produced by conven-
tional aeration fashions: 1) the self-supercharging effect of NBs in-
creases the mass transfer efficiency of the liquid-vapor interface
(Wang et al., 2008); and 2) the huge surface energy of the NBs can
greatly increase the utilization efficiency of oxygen on the bubble sur-
face (Tasaki et al., 2009).

Because of prominent advantages, such as a long stable time and
high mass transfer efficiency (Tyrrell and Attard, 2001; Shi et al.,
2018; Fang et al., 2018), NBs have a vast application potential from
the perspective of lake SWI aeration and internal P control (Zhang
et al., 2018). This study utilized a natural mineral (muscovite) as a
base for the loading of oxygen nano-bubbles to develop a specialized
novel material and technique for aeration of the SWI. In this study, dif-
fusive gradients in thinfilms (DGT) and Planar luminescent optode (PO)
technologies were applied in a simulation experiment for aeration of
ONBMMs in order to control internal P release under anaerobic condi-
tions. The objectives of this study were to: 1) quantify the aeration effi-
ciency of ONBMMs at the SWI and the controlling effects of internal P
release; and 2) investigate the effects of ONBMMs treatment on P (Fe)
distribution at the SWI and elucidate the possible mechanism for con-
trolling the release of P from sediments.

2. Materials and methods

2.1. Preparation of ONBMMs

Nano-bubbles were prepared using the methanol-water replace-
ment method (Hampton et al., 2008; Karpitschka et al., 2012). Briefly,
pure oxygen with a flux of 300mL/min was aerated intomethanol (pu-
rity N99.9%) with the saturated methanol solution being obtained after
aeration for 30 min at 20 °C. The obtained solution was then placed
into a beaker and 100 g of muscovite mineral particles was added for
invasion. The excess methanol was removed after standing for 10 min.
Ultrapure water was used to replace methanol (V1:V2 = 9:1, where V1

denotes the volume of ultrapure water and V2 denotes the volume of
methanol), and then the oxygen nano-bubbles formed on the surface
of the mineral due to over saturation.

2.2. Simulation experiment and sampling

Six parallel samples of sediment column coreswere collected using a
gravity sampler from the Hongfeng Reservoir (26°30′N, 106°23′E),
which is a reservoir with deep water eutrophication located in south-
western China. After collecting the column cores, they were sealed
with rubber plugs, encapsulated with silver paper to avoid light and
transported to the lab within 2 h. The total height of the sediment col-
umn cores was 50 cm, with inner diameter of 11 cm, and the mud-
water height ratio was approximately 2:3. In addition, the lake water
samples (20 L) was collected from the bottom for chemical analysis
and simulation experiments.

Two experimental groups were conducted, namely “with” (Core a, b
and c) and “without” (Core d, e and f) the addition of ONBMMs, with
three replicates in each group. The overlaying water was controlled
under anaerobic conditions (DO b 1 mg/L) by continuous pumping of
an adequate amount of pure N2. The incubation temperature was set
as 20 °C ± 1 °C. These environmental conditions were consistent with
that of the bottom water in the Hongfeng Reservoir. The cycle of the
simulation experiment was 20 days.

On days 0, 1, 3, 5, 14 and 20, 20mL samples were collected from the
overlaying water. After each sampling, the same volume of bottom
water was supplemented. In future calculations, these volumes were
corrected for. On days 0, 1, 5, 14 and 20, the ZrO-Chelex DGT
(Easysensor Ltd., Nanjing, China) was plugged at the SWI of the column
core and recycled after standing for 24 h.

2.3. Chemical analysis

The total P (TP) and soluble reactive P (SRP) in the overlaying water
samples were measured using the molybdenum-blue method (Murphy
and Riley, 1962). After recycling the ZrO-Chelex DGT probes, the gel sur-
face of the ZrO-Chelexwaswashedwith deionizedwater and the samples
were cut with an interval of 2mm and then placed into 1.5mL centrifuge
tubes. The reactive Fe (II) (DGT-Fe) and reactive P (DGT-P) were ex-
tracted using 1 mol/L nitric acid and 1 mol/L sodium hydroxide from
the DGT samples after cutting (Ding et al., 2015; Ren et al., 2018). The
DGT-Fe concentrations of the extractsweremeasured by Ferroin colorim-
etry (Tamura et al., 1974). The DGT-P concentration in the extract was
measured using EpochMicroplate Spectrophotometry (EpochMicroplate
Spectrophotometer, Biotek, USA) (Ding et al., 2012; Jin et al., 2019).

On days 0, 1, 2, 3, the distribution of DO around the SWI was mea-
sured using the PO technology (VisiSens TD, PreSens Precision Sensing
GmbH, Germany). It should be noted that the plane electrode films
needed to be cut into 1 cm × 10 cm pieces and pasted on the inner
wall of the upper part of the plexiglass sampling tube before sediment
column core collection. This plane electrodefilmwas long enough to en-
sure the position of the SWI was covered within the length range.

2.4. The release flux of P from the sediment-water interface

To quantify the inhibition capacity of ONBMMs to the release of P
from sediments, the input flux of internal P in the sediment column
cores of groups with and without the addition of ONBMMs were both
calculated. The calculation utilized two methods, namely the method
based on the variation of the P concentration in the overlaying water
over time and the method based on the high-resolution concentration
gradient of P around the SWI.

Firstly, the release speed of P (mg/m2/d) from the sediment was cal-
culated using the variation of the P concentration in the sediment
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column core over time as follows (Eq. 1; Fisher and Reddy, 2001; Ding
et al., 2015):

F ¼ V Cn−C0ð Þ þ∑n
j¼1V j−1 C j−1−Ca

� �h i
= A� tð Þ ð1Þ

In which, V denotes the volume of the overlaying water (L) of the
bottom sludge column; Vj-1 denotes the volume (L) of the water sample
taken at j-1 time; C0, Cn and Cj-1 denote the P concentration (mg/L) of
the water sample taken at 1, n and j-1 time, respectively; Ca denotes
the P concentration (mg/L) in the supplementwater; A denotes the sur-
face area (m2) of sediments; and t denotes time (d).

Secondly, in the unstable diffusion process of the sediment, the var-
iation rate of the P concentration over time equaled the negative value
of the variation rate of the diffusion flux with distance (Lavery et al.,
2001). According to Fick's first law, the release flux of P through the
SWI can be expressed as follows (Eq. 2; Ullman and Aller, 1982; Yu
et al., 2017; Lin et al., 2019):

F ¼ ϕ� Ds
∂C
∂Z

����
z¼0

ð2Þ

Inwhich, Fdenotes the releaseflux (mg/m2/d);ϕdenotes the porosity
of surface sediments, and It has a value between0.92 and0.96;DSdenotes
the effective diffusion coefficient of ion in sediments (Li and Gregory,
1974). The Ds value can be calculated as follows (Yu et al., 2017):

Ds ¼ ϕD0;ϕb0:7 ð3Þ

Ds ¼ ϕ2D0;ϕN0:7 ð4Þ

where D0 is the ideal diffusion coefficient of the infinite dilution solution.
TheD0 value used in this studywas 7.34 × 10−6 cm2/s (Yu et al., 2017), so
DS was estimated between 6.21 × 10−6 cm2/s and 6.76 × 10−6 cm2/s. ∂C∂Z
denotes the concentration gradient with linear variation of P around the
SWI, which was usually within a spatial range of several tens of mm
above or below the SWI.

2.5. Statistical analysis

The data used in this studywasplotted usingOrigin 2017 (Origin Lab
Inc., USA) and SigmaPolt 10.0 (Systat Software Inc., USA). Pearson corre-
lation analysis was used to test the correlation between the DGT-P and
DGT-Fe of sediments in the groups with and without addition of
ONBMMs and the control group. This study utilized SPSS 13.0 (IBM
Corp., USA) for statistical analysis.

3. Results

3.1. The effects of ONBMMs on the DO distribution at the SWI

The temporal variation of DO around the SWI of the sediment col-
umn core with different treatments is shown in Fig. 1. After adding
ONBMMs for one day, there was an obvious DO peak at the 1–2 cm
range around the SWI of the column cores with the addition of
ONBMMs (Fig. 1a–c). Due to the error of experimental operation, the re-
sults from a, b and c had some gaps. ThemaximumDO in column core c
was over 9 mg/L and the thickness of the aerobic regions was 25 mm.
The aerobic region around the SWI of column core a was the thinnest
(13 mm) and the maximum DOwas 6.2 mg/L. The thickness of the aer-
obic region around the SWI of column core b was between that of a and
c, the maximum DOwas 6.5 mg/L. In the control group without the ad-
dition of ONBMMs, the region around the SWI in the three column cores
had no obviousDO concentration peak and themeanwas b1mg/L, indi-
cating that no aerobic regions were created around the SWI (Fig. 1d–f).
For the three column cores in the group with the addition of
ONBMMs, as time progressed, both the DO concentration around the
SWI and the thickness of the aerobic region gradually decreased
(Fig. 1a–c). After 3 days, the DO concentration peak around the SWI
gradually disappeared and b2 mg/L. For the three column cores in the
control group without the addition of ONBMMs, the DO concentration
around the SWI did not increase or decrease with time, remaining at a
low concentration and about 1 mg/L (Fig. 1d–f).

3.2. The effects of ONBMMs on the concentration of TP and SRP in overlay-
ing water

The variation of TP and SRP concentrations over time in the overlay-
ing water of sediment column cores with different treatments is shown
in Fig. 2. For column cores of the control group, the average concentration
of TP and SRP in the overlayingwater continuously increased from0.04±
0.01 mg/L to 0.42 ± 0.16 mg/L and from 0.01 ± 0.00 mg/L to 0.15 ±
0.02 mg/L, respectively. For column cores with addition of ONBMMs,
the average concentrations of TP and SRP in the overlaying water were
both obviously lower than that of control group. Specifically, the average
concentration of TP in the overlayingwater slightly increased from0.05±
0.01 mg/L to 0.09 ± 0.02 mg/L while the average concentration of SRP in
the overlaying water remained at a low level (0.01 ± 0.00 mg/L).

3.3. The effects of ONBMMs on the distribution of DGT-P and DGT-Fe at the
SWI

The variation of DGT-P and DGT-Fe concentrations over time in sed-
iment column cores with different treatments is shown in Figs.3 and 4,
respectively. For the three sediment column cores with the addition of
ONBMMs, theDGT-P concentration of the sediment gradually decreased
over time (Fig. 3a–c), maximumdrop from4mg/L to 0.2mg/L. In partic-
ular, the concentration gradient of DGT-Pwas obviously reduced from 0
to 15 mm below the SWI, indicating that the release of reactive P from
the sediment was obviously inhibited. This decrease of the DGT-P con-
centration gradient became very obvious after ONBMMs were added
for one day, showing that the inhibition speed of the reactive P release
from sediments was very fast. After 14 days, the concentration gradient
of DGT-P completely disappeared from 0 to 30 mm below the SWI of
column core c (Fig. 3c). For the three column cores in the control
group, the concentration of DGT-P slightly decreased (from 4 mg/L to
2 mg/L) over time in the sediment but this trend was not obvious
(Fig. 3d–f). An obvious concentration gradient of DGT-P still existed
from 0 to 20 mm below the SWI of the three column cores.

For the three sediment column cores with the addition of ONBMMs,
the concentration variations of DGT-Fe over time at the SWI were sim-
ilar to that of DGT-P (Fig. 4a–c). As time progressed, the concentration
of DGT-Fe gradually decreased in the sediments and maximum drop
from 15 mg/L to 0.1 mg/L. In particular, from 0 to 10 mm below the
SWI, the concentration gradient of DGT-Fe obviously decreased. After
14 days, the concentration gradients of DGT-Fe around the SWI of col-
umn cores a and c completely disappeared (Fig. 4a, c). For the three sed-
iment column cores of the control group, the concentration gradients of
DGT-Fe in the sediment also showed a decreasing trend as time in-
creased, especially after 14 days (Fig. 4d–f). Nevertheless, an obvious
concentration gradient of DGT-Fe could still be observed around the
SWI of these three column cores, and the concentration was N2 mg/L
at 10 mm below the SWI.

3.4. The effects of ONBMMs on the release flux of internal P

The release flux of internal P in the sediment column cores with dif-
ferent treatments is shown in Table 1. Firstly, the release flux of P from
sediments (F1) was calculated based on the temporal variation of the
SRP concentration in the overlaying water of the column cores. For the
three column cores with the addition of ONBMMs, the release flux of P



Fig. 1. Variation of dissolved oxygen concentration with time at sediment-water interface in cores treated (a, b, c) and untreated (d, e, f) with ONBMMs.
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from the sediments (F1) was 0.002, 0.05 and 0.10mg/m2/d, respectively
(mean: 0.05 mg/m2/d). For column cores of the control group, the re-
lease flux of P from sediments (F1) ranged from 2.09 to 2.49 mg/m2/d
Fig. 2. Variation of TP and SRP concentration in overlying wate
(mean: 2.33 mg/m2/d). Secondly, the release flux of P from sediments
(F2) was calculated based on the concentration gradient of soluble P at
the SWI and Fick's first law. The release flux of P from the sediment
r of sediment cores treated and untreated with ONBMMs.



Fig. 3. Variation of DGT-P concentration with time and depth at the sediment-water interface in cores treated (a, b, c) and untreated (d, e, f) with ONBMMs.
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column cores with the addition of ONBMMs (F2) was 2.07, 2.42 and
0.18 mg/m2/d, respectively (mean: 1.56 mg/m2/d) and that of the con-
trol group was 5.71, 9.21 and 7.25 mg/m2/d respectively (mean:
7.39 mg/m2/d). Although the calculated results of the two methods
were different, they both indicate that ONBMMs effectively inhibit the
release of P from sediments.

Since the oxygen loading of ONBMMswas not accurately controlled
in the parallel samples (sediment column cores), the degree of variation
for the release flux of P from sediments in the groupwith the addition of
ONBMMswas relatively large, thus the release flux of P from sediments
in groups with and without the addition of ONBMMs were estimated.
From the perspective of the SRP concentration variation in overlaying
water of the column cores, the release flux of internal P was reduced
from 2.33 mg/m2/d without the addition of ONBMMs to 0.05 mg/m2/d
with the addition of ONBMMs, which is a reduction of 97.9%. For the
perspective of the DGT-P concentration gradient at the SWI, the release
flux of internal P was also reduced from 7.39mg/m2/d to 1.56mg/m2/d
without the addition of ONBMMs, which is a reduction of 78.9%. These
quantitative results reveal that ONBMMs effectively decreased the
input of internal P in the sediment column cores.

4. Discussion

4.1. The mechanism by which ONBMMs reduce the release of internal P

Pearson correlation analysis demonstrates that DGT-P and DGT-Fe
concentrations in sediments from theHongfeng Reservoir have a signif-
icant positive correlation (r2 N 0.90, p b 0.01; Fig. 5). This indicates that
reactive P and reactive Fe (II) are synchronously released from the sed-
iment, thereby supporting thepoint that the release of P from sediments
is controlled by reductive dissolution of iron bound P (Ding et al., 2016;
Ding et al., 2018; Chen et al., 2018). Therefore, the release of P from sed-
iments in the Hongfeng Reservoir is controlled by oxidation and reduc-
tion conditions at the SWI. Under aerobic conditions, a thin aerobic layer
would be formed,where Femainly exists in the form of oxides (Froelich
et al., 1979). The relatively large specific surface area and strong ion ad-
sorption ability of Fe oxides could prevent desorption and release of re-
active P from the sediments (Nóbrega et al., 2014). In contrary, when
the SWI is under anaerobic conditions, Fe3+ in the surface sediments
is reduced to Fe2+ with the reductive dissolution of Fe\\P in the sedi-
ments. Therefore, P is strongly released from sediments under anaerobic
conditions.

The Fe content of surface sediments in the Hongfeng Reservoir was
very high, which was the main form of P in sediments (272 mg/kg, av-
erage; Wang et al., 2016). During the anaerobic period in the summer,
the reductive dissolution of Fe\\P in the sediments forms a large
amount of SRP, which passes the SWI and leads to the strong release
of internal P from the sediments. This is consistent with the variation
of SRP and TP concentrations in the overlaying water of the simulation
experiment (Fig. 2). After addingONBMMs, the oxygen continuously re-
leased by the ONBMMs made the SWI aerobic, forming a passivation
layer of Fe oxides, which locked the reactive P (SRP/DGT-P) strictly in
the sediment, thus effectively reducing the release of internal P
(Table1). Under anaerobic conditions and without the addition of
ONBMMs, DGT-P had a very high concentration gradient at the SWI
(Fig. 3), leading to a strong release of internal P from the sediment.



Fig. 4. Variation of DGT-Fe concentration with time and depth at the sediment-water interface in cores treated (a, b, c) and untreated (d, e, f) with ONBMMs.

659P. Yu et al. / Science of the Total Environment 663 (2019) 654–661
However, when ONBMMs were added on the sediment surface, the
oxygen continuously released by the NBs of the ONBMMs formed
an oxidation layer at the SWI, which not only decreased the concen-
trations of DGT-P and DGT-Fe, but also greatly reduced the concen-
tration gradient of DGT-P at the SWI, thus inhibiting the release of
internal P from the sediments. The NBs of the ONBMMs also played
a significant role here.

4.2. Practical application of ONBMMs

Nano-bubble studies are still in the preliminary stage (Parker et al.,
1994; Zhang et al., 2007). The application of NBs for the treatment of
water pollution in lakes (reservoirs) is an exploratory mission (Pan
Table 1
Sediment P release flux in sediment cores treated and untreated with ONBMMs.

Sediment P release flux
(mg/m2/d)

Treated with ONBMMs Untreated with
ONBMMs

a b c d e f

F1a 0.002 0.05 0.10 2.49 2.40 2.09
F2b 2.07 2.42 0.18 5.71 9.21 7.25

a Flux calculated based on the variations in the P concentration of overlying water over
time.

b Flux calculated based on the P concentration gradient at the SWI and Fick's first law.
et al., 2016). In this study, the developed ONBMMsmaterial has unique
advantages for the aeration of the lake SWI, such as strong pertinence,
low cost, convenient operation and quick effectiveness. Compared
with other control technologies, such as in-situ P immobilization using
P-sorbents, ONBMMs has the advantages of low ecological risk, low-cost
and simple operation, our results are equally considerable. Aluminum-
modified clay, zirconium-reacted bentonite (ZrBT) and a P-capping
agent-700 °C-heated natural calcium-rich attapulgite (NCAP700)was uti-
lized to study the influence of on the release flux of P in sediments and
concluded that under anaerobic condition, aluminum-modified clay re-
duced the release flux of P by 95.9% (Wang et al., 2019), most of PO4

3−

bound by ZrBT (about 87% of bound PO4
3−) (Lin et al., 2016), the P flux

in overlying water and pore water of sediments was both inhibited, and
34.5% of Pmobile was bound in the upper 2 cm sediment layer by
NCAP700 (Yin and Kong, 2015). However, not all P release from sedi-
ments could be controlled by oxygenation technology. For example, P re-
lease from sediments in Lake Dianchi, SW China, is controlled by pH and
microbial action. ONBMMs technique is not applicable in such cases. In
addition, there are still essential issues that needed to be solved before
ONBMMs technology is applied for in-field engineering. Firstly, the time-
liness of ONBMMs needs to be further quantified. The stable existence
time of NBs remains a big challenge because the stability mechanism of
NBs is unclear (Ishida et al., 2000; Zhang et al., 2007; Seddon et al.,
2011; Pan et al., 2016). Previous studies report that the NB can slowly ox-
ygenate water last N70 days when diameter is b200 nm (Zhang et al.,
2018). However, there is still a gap between this period and the seasonal



Fig. 5. Correlation between DGT-P and DGT-Fe concentration in parallel sediment profiles treated (a, b, c) and untreated (d, e, f) with ONBMMs.
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anaerobic time of natural water bodies (lakes/reservoirs) and multiple
additions might be an option to solve this issue. Secondly, the gas loading
volume of ONBMMs, which is determined the aeration capacity of the
ONBMMs, needs to be further improved. The higher the gas loading vol-
ume, the more oxygen that is provided by the ONBMMs for the SWI,
which could be more favorable for controlling the pollution of internal
P. Using methods such as mineral screening and hydrophobic modifica-
tion to improve the gas loading volume is an important direction for fu-
ture studies. Thirdly, the field addition issue of ONBMMs is still not
completely solved. ONBMMs material is a mixture of solids and liq-
uids, because NBs exist at the interface of solids and liquids (Parker
et al., 1994; Ishida et al., 2000; Zhang et al., 2007). When the treated
water body is relatively deep, it becomes an important technique to
settle ONBMMs at the SWI in timewithout a large loss of NBs. This re-
quires the development of matching equipment. Finally, the distur-
bance rejection capacity of ONBMMs needs to be further estimated.
In water bodies with strong hydrodynamic forces, disturbances
may cause the abscission of bubbles on the surface of ONBMMs and
reduce the effects of aeration. In all, ONBMMs technology has unique
advantages but some issues still need further study before engineer-
ing application.
5. Conclusion

In this study, a specialized aeration material, ONBMMs, aimed at the
lake SWI was developed. Their aeration efficiency at the SWI and the
controlling effects of internal P release were tested under anaerobic
conditions. The use of ONBMMs enabled the DO in the region of
10–20 mm around the SWI to reach over 6 mL/L, which had obvious
and quick aeration effects on the SWI. ONBMMs changed the oxidation
and reduction conditions of the surface sediments, which could effec-
tively inhibit the release of P from the sediments to the overlaying
water. The aeration of ONBMMs to the SWI had some advantages,
such as high efficiency, quick effectiveness, low cost and convenient op-
eration; thus, this technology has great potential for aeration of the SWI
and internal pollution treatment in lakes (reservoirs).
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