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Abstract

Combating hypoxia/anoxia is an increasingly common need for restoring natural waters suffering
from eutrophication. The oxygen nanobubble modified natural particles were investigated for
mitigating hypoxia/anoxia at sediment-water interfaces (SWI) in a simulated column experiment. By
adding oxygen nanobubble modified zeolites (ONMZ) and local soils (ONMS), the oxygen
nanobubble concentrations (10°-107 particles/mL) were several orders of magnitude higher in the
water than the original water solution (10* particles/mL) within 24 hours. In the column experiment,
an oxygen-locking surface sediment layer were formed after capping with ONMZ and ONMS
particles. The synergy of diffusion of oxygen nanobubbles and retention of oxygen in this layer
contributes to both the increase of DO and reversal of hypoxic conditions. The overlaying water

maintained significantly higher dissolved oxygen (DO) values (4-7.5 mg/L) over the experimental
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period of 127 days in ONMZ and ONMS compared with the control systems (around 1 mg/L).
Moreover, the oxidation-reduction potential (ORP) was reversed from -200 mV to 180-210 mV and
maintained positive values for 89 days in ONMZ systems. In the control systems, ORP was
consistently negative and decreased from -200 mV to -350 mV. The total phosphorus (TP) flux from
sediment to water across SWI was negative in the ONMZ and ONMS treated systems, but positive
in the control system, indicating the sediment could be switched from TP source to sink. The oxygen-
locking capping layer was crucial in preventing oxygen consumption caused by the reduced
substances released from the anoxic sediment. The study outlines a potentially promising technology
for mitigating sediment anoxia and controlling nutrients release from sediments, which could

contribute significantly to addressing eutrophication and ecological restoration.

Keywords: deep water, eutrophication control, harmful algae blooms, nutrient flux, oxygen deliver

1. Introduction

Hypoxia/anoxia is a global threat to aquatic ecosystems, often inducing "dead zones" at the
sediment-water interface (SWI) (Diaz and Rosenberg, 2008; Feist et al., 2016; Stramma et al., 2008).
In the dead zones, sediment release rates may be accelerated for many constituents, including
phosphorus, nitrogen, iron, manganese, methyl-mercury and hydrogen sulfide (Beutel et al., 2008;
De Vittor et al., 2016; Gantzer et al., 2009; Testa and Kemp, 2012; Zhu et al., 2013). Among the
released substances, phosphorus and nitrogen can lead to eutrophication, which is often associated
with harmful algal blooms (Funkey et al., 2014). Moreover, the hypoxic/anoxic condition can be

exacerbated by the additional oxygen demand from the mineralization of dead algal biomass (Diaz
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and Rosenberg, 2008; Testa and Kemp, 2012). Thus, mitigation of hypoxia/anoxia at the SWI is

crucial for both water quality improvement and eutrophication control.

Current efforts de-signed to replenish benthic dissolved oxygen (DO) and remove the anoxic
environment are often based on the directly injecting either air (aeration) (Henares et al., 2015), or
oxygen gas (oxygenation) (Bierlein et al., 2017) sometimes using oxygen-supersaturated water (Forth
et al., 2015) into the hypoxic region near the SWI. Although these techniques have been reported to
be effective to some extent, they are still limited by high cost and efficiency at large scale (Bormans
et al., 2016). Additionally, gas or water pumped into the SWI region may disturb the settled sediment
and induce internal releases of nutrients and other contaminants to the water column, as well as
potentially leading to additional oxygen consumption and increase hypoxia (Bierlein et al., 2017).
The pump system also needs to be continuously operated to maintain the oxygen supply to the SWI,
otherwise DO may be rapidly consumed, leading to rapid return of anoxia (Bryant et al., 2010). In
the Baltic Sea, where hypoxic waters have expanded in area from 5,000 to > 60,000 km? in the last
century (Carstensen et al., 2014), enhanced ventilation of deep waters through additional input of
oxygenated surface water has been suggested (Conley et al., 2009). However, this method will require >
30 years to take effect and may cause a drastic change in stratification and alteration of the
biodiversity (Funkey et al., 2014). Ventilation by pumping oxygen-rich water downward to alleviate
hypoxia in the Baltic Sea is estimated to require more than 100 pump stations (0.6 MW each) at a
cost of around 20,000 million Euros (Stigebrandt and Gustafsson, 2007). Therefore, developing a
more cost-effective and sustainable technique for hypoxia/anoxia mitigation in bottom waters and at

the SWI is vitally important.
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Oxygen nanobubbles have attracted increasing attention in recent years due to the
characteristics of high gas solubility and long lifetime of oxygen in the liquid (Ebina et al., 2013;
Peng et al., 2015). As opposed to oxygen gas (Cavalli et al., 2009), nano-scale oxygen bubbles could
slowly diffuse oxygen into the surrounding water phase and last more than 70 days when diameter is
<200 nm (Ebina et al., 2013). The oxygen nanobubble technique has already been widely used in
medicine (Cai et al., 2015), physiology (Ebina et al., 2013) and water treatment (Agarwal et al., 2011).
However, a cost-effective method to deliver the oxygen nanobubble into SWI for hypoxia/anoxia
mitigation remains a bottleneck. It was recently reported that oxygen nanobubbles can be generated
and persist at solid particle-water interfaces (i.e., surface nanobubbles) (Pan et al., 2016; Wang et al.,
2016; Yang et al., 2013). The presence of oxygen nanobubbles has been proven and quantified at the
rough and irregular surfaces of clay particles (Pan et al., 2016). It is a means to increase total oxygen
content in a suspension by adding clay particles loading with oxygen nanobubbles (Pan and Yang,
2012; Pan et al., 2011). Sedimentation of a carrier loaded with oxygen nanobubbles due to the gravity
effect provides a mechanism to alter the hypoxia/anoxia near the SWI but has not been investigated

systematically.

Many geo-engineering methods, such as adding phosphorus-adsorbing materials, have been
demonstrated to significantly contribute to remediating eutrophication control and contributing to
lake restoration (Huser et al., 2016; Noyma et al., 2016; Spears et al., 2014; Waajen et al., 2016).
However, the sinking materials cover the sediment and their effect on redox potential at the SWI may
be temporary (Pan et al., 2012). Additionally, most of the adsorbing materials, e.g., metal salts and
Phoslock®, are synthesized artificially and may have potential side-effects on the environment.

Natural sediments entering lakes through weathering and runoff, have high microporous surface area
5
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(Pan et al., 2013). These natural particles have potentially as oxygen nanobubble carriers to deliver
oxygen to the SWI. However, no previous study has applied such technology and there is little
knowledge about the effects of oxygen nanobubbles on the oxygen conditions, redox potential and

nutrient fluxes at the SWI.

The objective of this study is to investigate for the first time the efficacy and sustainability of a
surface oxygen nanobubble technique for mitigating hypoxia/anoxia and its effect on nutrient fluxes
across the SWI. Local soil and natural zeolite were selected as the oxygen nanobubble carriers in the
experiment. After oxygen nanobubble modified zeolite (ONMZ) or oxygen nanobubble modified
soils (ONMS) were applied in simulated eutrophic water-sediment systems in the laboratory columns,
oxygen levels in the overlying water and redox potential at SWI were monitored. Nutrient
concentrations, including total phosphorus (TP), total nitrogen (TN), ammonium (NH4"-N), nitrate
(NO3™-N), and nitrite (NO2-N), were measured in the overlying water and nutrient fluxes across the

SWI were calculated.

2. Materials and methods
2.1 Preparation of oxygen nanobubble modified materials

Natural zeolite and local soil were selected as the carrier materials to investigate the effect of
surface oxygen nanobubble technology on hypoxia/anoxia mitigation at the SWI. Zeolite with particle
size of 1-2 mm was purchased from Yongjia Natural Minerals Ltd., Hebei, China. Local soil from
Lake Ngaroto, Waikato, New Zealand, was sieved through a mesh sieve to remove particles >380 pm.
Ngaroto is the largest peat lake in Waikato region, with a surface area of about 108 ha, maximum

depth of 4 m and average depth of c. 2 m. Land in the catchment of this lake is mostly used for pastoral
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grazing. The lake is hypertrophic and has major cyanobacteria harmful algal blooms throughout
summer. The specific surface area and micropore size of the natural zeolite and local soil were
determined by the Brunauer—-Emmett—Teller (BET) method with a Micromeritrics ASAP-2020

apparatus (Micromeritics Inc., USA) (Zhang et al., 2014).

The zeolite and soil, were washed with deionized water and dried for 10 h at 90 °C. The
preparation of oxygen nanobubble modified zeolite (ONMZ) and soil (ONMS) followed a modified
method based on exposure to oxygen supersaturating ambient conditions (Pan et al., 2016). Briefly,
the materials (zeolite or soil) were placed into a pressure-resistant and airtight container. A vacuum
was created to hold pressure to -0.08 to -0.1 MPa for 2 h to remove gas from the micropores of zeolite
and soil. Thereafter, pure O2(99.99%) was pumped into the container and held at a pressure of 0.12
to 0.15 MPa for 4 h to load the O.. The oxygen nanobubble loading process, including the creation

of the vacuum, was repeated three times to achieve supersaturation of O in the particle micropores.

2.2 Nanobubbles analysis

Prior to the column experiment, the release potential of oxygen nanobubbles into water from
the modified solid particles was tested via a flask experiment. Twenty grams of the oxygen
nanobubble modified zeolite or soil was put into 250 mL flasks with 200 mL deionized water and
sealed by gas-permeable sealing film (0.3 um). Controls consisted of flasks of 250 mL filled with 200
mL of deionized water. Each control and treatment flask experiment were conducted in triplicate. To
confirm the sequential changes of nanobubble release, size (detection range; 10-1000 nm) and
concentration of oxygen nanobubbles, measurements were conducted at 1 min, 6 h and 24 h in a

nanoparticle-tracking analysis instrument (NanoSight NS500 & NTA 2.0 Analytical Software,
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Malvern Instrument Ltd, Salisbury, UK) at room temperature (24 + 1°C).

2.3 Column experiment

The column experiment was conducted in an indoor laboratory in University of Waikato, New
Zealand, over a total duration of 127 days. Six plexiglass cylinders with identical inner diameter of
12 cm and height of 150 cm were used as incubation columns (Fig. S1Error! Reference source not
found.). Each column was filled in the bottom 20 cm with the lake sediment and with filtered (mesh
size of 25 1m) lake water (also from Lake Ngaroto) to a height of 120 cm. Each experimental column
was wrapped with black plastic to shield the system from ambient light. The columns included
duplicates of a control, treatment by oxygen nanobubble modified natural zeolite (ONMZ) and
oxygen nanobubble modified local soil (ONMS). The oxidation-reduction potential (ORP) meter
(HANNA, HI2001) was placed lightly on the sediment surface in each column to monitor the change
of ORP at the SWI throughout the experiment. After a 3-day stabilization period, the ONMZ and
ONMS treatment systems were pretreated by flocculation using 3 mg/L chitosan modified soils (Li
and Pan, 2013) following by application of approximately 100 g of ONMZ and ONMS, resulting a 2

cm depth capping layer.

2.4 Sampling and analysis

During the experiment, overlying water samples (100 mL) from each column were carefully
collected from 5 cm above the sediment using a syringe with a siphon. The collected water samples
were evenly separated into three parts (c.33 mL) which were measured for turbidity and nutrient
concentrations (TP, TN, NH4™-N, NOs3™-N, and NO>-N). After each sample collection, all columns

were slowly replenished with the original filtered lake water to compensate for the sampling losses.
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Turbidity was analyzed with portable turbidity meter (HANNA, H198713). TP was determined using
a potassium persulfate digestion-Mo-Sb-Vc colorimetric method, TN using an alkaline potassium
persulphate digestion—ultraviolet spectrometer, NH4*-N with Nessler's colorimetric, and NO3™-N and
NO2-N with ultraviolet colorimetric method with and without cadmium column reduction,
respectively (APHA, 1998). The DO was measured using a Yellow Springs Instruments (YSI, Proplus)
by carefully putting the meters into the overlying water and holding at 1-2 cm above the SWI. To
avoid cross contamination, the meters were carefully cleaned with Milli-Q water and ethanol between
measurements. The DO and turbidity were measured simultaneously with ORP from the in-site meters
(HANNA, HI2001) at days 0, 1, 2, 5, 7, 9, 12 and then every around 7 days until day 89, although
DO was measured until day 127. The concentrations of TP, TN, NH4"-N, NO3™-N, and NO2™-N were
measured at 7-day frequency until 47 days and then monitored every 14 days. The nutrient fluxes
were calculated from day 19 in order to minimize the influence caused by suspended substances
sedimentation as indicated by relative low turbidity in control. All samples were tested in triplicate
for each duplicate column, values were averaged and standard deviations for the samples from the
same treatment system.
2.5 Calculation

The monitoring data on nutrient concentrations obtained after day 19 was used to calculate
nutrient fluxes at the SWI. The average nutrient flux was calculated according to the following mass
balance Equation (1):

1
_ Vlen—em+Ej_y j=y Vilen—ci)]
5=t

F, 1)

Where F, is the flux on n™ sampling day (mgmd-), V is the volume of overlying water (L), ¢, is the nutrient
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concentration (mgL™) on n™ sampling day (n>19), ¢ is the nutrient concentration (mgL%) on m™ sampling day
when turbidity had stabilized in the three columns (i.e., the 19" day in this study), ci is the nutrient
concentration of the compensating water for maintaining the volume of water in the columns (mgL-
1), Vjis volume of sampling water (L), S is the cross section area of each column (m?) and t is incubation time

(d).

2.6 Statistical Analysis

Sigmaplot software (version 12.5, Sigma, Inc.) and SPSS16.0 (Statistical Program for Social
Sciences) were used for plotting and data analyses, respectively. A one-way ANOVA and post hoc
Tukey’s HSD test were used to compare water quality parameters (DO, ORP and turbidity) and
nutrient concentrations between different treatment systems (control, ONMZ and ONMS) at each
corresponding sampling point, with differences accepted at a significance level <0.05. To fully
understand the effect of surface oxygen nanobubble technology on the hypoxia/anoxia mitigation in
the column experiment, principal component analysis (PCA) was used to provide an overview of the
system performance using a visualization method to normalize all parameters. PCA was used to
identify different performance patterns between control, ONMZ and ONMS treatment systems during
from day 19 to day 89 of the experiment. PCA was conducted using all measured parameters,
including DO, ORP, turbidity, TP, TN, NH4*-N, NOs™-N and NO2-N. The data was standardized (to
a Z score with a mean = 0 and S.D. = 1) to ensure that each variable had the same influence in the
analysis. Multiple correlation analysis was carried out to assess the relationships between all
measured parameters in the column experiment. The data was checked for normality and
homogeneity of variance prior to all statistical analysis. If variables were not normally distributed,

they were log-transformed.
10
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3. Results
3.1 Release of oxygen nanobubbles from ONMZ and ONMS

In order to verify the release of oxygen nanobubbles from the modified particles, the water
solution in the flask experiment after ONMZ and ONMS addition was analyzed in a nanoparticle-
tracking analysis instrument to detect the concentration and size of the nanobubbles. The
concentrations of nanobubbles were both around 107 particles/mL immediately after the addition (1
min) of ONMZ (Fig. 1) and ONMS (Fig. 2) into the water, and approximately 70% of the released
nanobubbles were <200 nm in diameter. The concentration of nanobubbles in the water with ONMZ
addition was maximal at 24 h (still around 107 particles/mL), and the concentration in the water with
ONMS addition decreased to 10° particles/mL. Nevertheless, the concentrations were clearly elevated
compared with the original deionized water, which remained around 10* particles/mL (Fig. S2). The
peaks in the concentration vs. size graph (Fig. 1) move toward the right direction of the x axis, which
indicates that the size of nanobubbles gradually increased along with the culture time in both ONMZ
and ONMS (Fig. 2) treated water. The 3D graph shows two distinct nanobubble populations, clearly
confirmed by the higher light scattering intensity of the nanobubbles in ONMZ treated water

compared to the ONMS treated water.

3.2 DO and ORP dynamics at the sediment-water interfaces

At the beginning of the column experiment, the DO and ORP of the overlying water in all
systems were around 4 mg/L (Fig. 3a) and -200 mV (Fig. 3b), respectively. After the oxygen
nanobubble modified particles application, DO increased in the first 5 days and reached around 7.5
and 5.5 mg/L in ONMZ and ONMS systems, respectively. Concentrations gradually decreased to 6

and 4.3 mg/L and generally remained around this level until the conclusion of the experiment on day
11
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127 in the ONMZ and ONMS systems, respectively. However, the control system maintained a
hypoxic condition with DO declining to 1 mg/L at day 20 of the experiment, and remaining around
this level throughout the tested period of 127 days. Significant differences of DO concentrations in
the overlaying water between each system were observed (P<0.05) and followed the order of ONMZ >
ONMS > control (Error! Reference source not found.3a). ORP values showed a similar pattern as
DO with significantly higher values in ONMZ, followed by ONMS and control systems along the
experiment (Error! Reference source not found.3b). ORP values were increased from -200 mV to
210 and 180 mV in the ONMZ and ONMS systems, respectively, in the first 5 days. During the
experiment, ORP decreased until day 20 and remained reasonably stable at 150 mV and -160 mV in
the ONMZ and ONMS columns, respectively, until day 89. In the control columns, the ORP showed

a continuous decrease from -200 mV to -350 mV by day 89.

3.3 Nutrient dynamics in bottom water

After 19 days of the experimental set-up, the turbidity of the overlying waters had decreased
from 40 NTU to around 5 NTU in the control columns and <1 NTU in ONMZ and ONMS treated
systems (Error! Reference source not found.4a). Turbidity remained around this level until day 89.
The control systems had elevated TP until day 50 and significantly higher TP concentrations (0.08
mg/L) in the overlying water compared with the ONMZ and ONMS treated systems (Fig. 4b). The
TP concentrations in the ONMZ and ONMS treated columns maintained below 0.02 mg/L and did

not show significant differences between the two treatments.

TN concentrations in the ONMS columns increased slightly and the values (around 2 mg/L)

become significantly higher than those in ONMZ columns (around 1.5 mg/L) and in the control

12
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columns (around 1.2 mg/L) at day 89 (Error! Reference source not found.4c). NHs™-N
concentrations showed a similar tendency of increase from day 19, with the highest concentration at
day 40; concentrations were around 0.1, 0.3 and 0.65 mg/L in ONMZ, ONMS and control systems,
respectively (Error! Reference source not found.4d). Concentrations of NHs"-N gradually
decreased t0 <0.02, 0.18 and 0.13 mg/L by day 89 in ONMZ, ONMS and control systems, respectively.
The concentrations of NO3z-N (Error! Reference source not found.5e) and NO.>-N (Error!
Reference source not found.4f) were significantly higher in the ONMZ and ONMS systems than
that in control after 19 days of incubation. However, the concentrations in ONMZ and ONMS systems
showed a clear decreasing tendency after day 80 and became similar to levels in the control systems

(0.01 mg/L of NO3z™-N and 0.03 mg/L of NO2-N).

3.4 Nutrients fluxes across the sediment-water interfaces

Fig. 5 shows the nutrient (TP, TN, NHs"-N, NOz-N, and NO2-N) fluxes across from the
sediment to the overlying water (effluxes) from day 26 calculated by Equation (1). The flux of TP
were negative in ONMZ and ONMS systems (-0.1 to -2.3 mg/m?/d). The control system had positive
values of TP flux, with a decreasing tendency through time and around 0.3 mg/m?/d at day 89 (Error!

Reference source not found.5a).

Generally, flux of TN was negative (average of -10 mg/m?d) in the control during the
experiment (Error! Reference source not found.5b), while values in the ONMZ systems were
generally positive (average of 5 mg/m?/d). In ONMS systems, TN flux reversed from negative to
positive at day 47 and finally reached around O at day 89. The NH4*-N flux was positive (5-20

mg/m?/d) in all systems (Error! Reference source not found.5c) at day 26, however, the values

13
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declined with time, and reached around 3 mg/m?/d in the control system and -1 and -4 mg/m?/d in the
ONMZ and ONMS systems at day 89. Error! Reference source not found.5d shows that the flux of
NO3-N in the ONMZ and ONMS systems was consistently positive (4-15 mg/m?/d). However, the
flux of NOs™-N in the control systems was always negative (< -0.8mg/m?/d). The flux of NO2-N was
around 0 in the control system, however, values reversed from positive to negative in the ONMZ and

ONMS systems at day 89 (Error! Reference source not found.5e).

3.5 Environmental factors identified with statistical analysis

Water quality parameters (DO, ORP and turbidity) and nutrient concentrations (TP, TN, NH4*-
N, NOz™-N and NO2-N) in the overlying water were analysed with principal component analysis
(PCA) to examine differences between treatment systems (control, ONMZ and ONMS) and sampling
times from day 19 to day 89 (Error! Reference source not found.6). The eigenvalues of all the
components of the PCA are shown in Table S1. The first two components (PC 1 and PC 2) contribute
high proportions (57.6% and 17.7%) of the variance in both experimental phases, thus, they were
extracted as principal components for further analysis. Clear group differences between three systems
were shown in the visualized figures (Error! Reference source not found.6), suggesting
performances differed by treatment. The control systems tended to locate to the left side of the
ordination, and the ONMS and ONMZ systems located in the upper right lower right side, respectively.
TP and turbidity contribute substantially to the control system performance patterns due to higher
levels of TP and turbidity in overlying water of the control systems. DO and ORP contribute more to
the positive side of PC1 (the location of the ONMS and ONMZ systems), which means the oxygen
nanobubble modified particle application reduced hypoxia/anoxia at the SWI. The DO, ORP and NO3"

-N loading factors were higher for the ONMZ than the ONMS system but this was reversed for TN,
14
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NH4*-N and NO2-N.

Multiple correlation analysis was carried out as a blind test by homogenizing all the data from
all columns to assess the relationships between all the parameters (Table 1). The DO and ORP showed
a significant negative correlation with TP concentrations and significant positive correlation with
NOz™-N concentrations. TP concentrations were also negatively correlated with TN and positively

correlated with turbidity.

4. Discussion

4.1 Instant increase of DO by oxygen nanobubble delivery

Bottom water oxygenation is an increasingly common lake management strategy for mitigating
hypoxia/anoxia and associated deleterious effects on water quality in deep lakes and reservoirs
(Bierlein et al., 2017). The current methods may require a number of large pumps with very high
costs and energy consumption (Funkey et al., 2014; Stigebrandt and Gustafsson, 2007). In the present
study, surface oxygen nanobubble technology was demonstrated to deliver oxygen into the water or
to the SWI using a carrier of modified zeolite (ONMZ) or soils (ONMS) through gravity settling with
minimum energy consumption. During the ONMZ and ONMS treatments, part of the oxygen loaded
on the microporous surfaces of zeolite and soil quickly diffused into water through both visible
microbubbles (Fig. S3) and non-visible oxygen nanobubbles (Fig. 1 and 2), and instantly increased
the DO concentrations from 4 mg/L to 7.5 and 5.5 mg/L in ONMZ and ONMS treated systems,
respectively, in the first 5 days (Error! Reference source not found.3a). Oxygen nanobubbles were
directly detected in the water through the flask experiment, which verified that they could be
generated/delivered and then released to the surrounding bulk water from the ONMZ and ONMS

15
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(Error! Reference source not found.. 1 and 2). The formed oxygen-locking sediment capping layer
not only released oxygen into the water, but also retained oxygen which could significantly mitigate
and even reverse the anoxic condition at the sediment-water interfaces (Fig. 3b). Currently,
hypolimnetic oxygenation need to develop some novel oxygen diffuser equipment in order to prevent
any sediment resuspension (Gafsi et al., 2016). The settling delivery method via clay or soil particle
carriers can fundamentally avoid the typical problems of resuspension of sediment and rigorous
turbulence to the SWI faced by conventional deep water aeration methods, which may be important
for lake restoration in maintaining natural stratification conditions (Beutel and Horne, 1999; Gachter
and Wehrli, 1998). The ONMZ was more efficient in supplying oxygen to the SWI than the ONMS,
which may due to the locking ability of oxygen by zeolite particles as well as its larger

specific surface area than the natural local soils (Table S2).

4.2 Sustained reversal of hypoxia/anoxia at the SWI

The enhanced DO levels in bottom water resulting from oxygenation by conventional pumping
methods may be rapidly negated after turning the pump off (Bierlein et al., 2017; Bryant et al., 2010;
Gachter and Wehrli, 1998). Rapid depletion of DO occurs through oxidation of both organic detritus
and reduced chemical substances from the sediment and thus restoration of oxygenation is a long-
lasting project (Liboriussen et al., 2009). The maintenance of higher DO levels in the ONMZ and
ONMS treated systems in the present study can be attributed to the long lifespan of the oxygen
nanobubbles and oxygen retention within the capping layer. It was reported that when aerated bubbles
are in nano size (<200 nm), they can have much longer life than the macro bubbles (Ebina et al.,
2013). These oxygen nanobubbles can slowly diffuse oxygen into the water column and maintain the

higher DO level (4-7.5 mg/L) in ONMZ and ONMS. The reversed ORP values from -200 mV to 180-
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210 mV in ONMZ for 89 days indicated that oxidation status can be sustained in the capping layer
for very long time beyond months. Part of oxygen nanobubbles can be generated and stable exist at
the zeolite/soil particle-water interfaces in the experiment which can be inferred from the evidence
that a stable cloud of O nanobubbles could be found at the diatomite particle-water interface after
oxygen loading (Pan et al., 2016). Oxygen retention in the capping layer and downward penetration
of oxygen into the deeper sediment formed an oxygen-locking sediment layer and contribute to a
persistent reversal of anoxic condition. The oxygen nanobubbles appeared to either be active or have
provided sufficient oxidation to maintain elevated levels of DO and redox potential for 3-4 months in
the present study. At the end of present study, it was visually evidenced that around 4 cm of sediment
at the SWI showed a light yellow color in the ONMZ systems, which was in sharp contrast to an

unchanged black anoxic layer in the control systems (Fig. 7).

Although the previous study shows that the chitosan modified soils could form a capping layer
on the sediment to decrease the internal nutrients loading, the capper layer could not provide extra
oxygen delivery into the water and sediment and thus only can remediate the hypoxia for a short
period (Pan et al., 2012).The color difference of the sediment in the present study indicated that in
addition to direct diffusion of oxygen into the water column, there was significant amount of oxygen
loaded in ONMZ and ONMS that can penetrate into the sediment at a considerable depth. This likely
facilitated oxidation of organic matter as well as reduced substances. What is most important is that
such a layer provides physical isolation to prevent reduced substances from the anoxic layer from
diffusing upwards into the water column. Most hypoxia is formed when DO in bottom water is
consumed by the anaerobic substances from the sediment while there is not enough oxygen

replenishing from the surface water. The reversal of ORP at SWI in the ONMZ and ONMS systems
17
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(Fig. 3b) could be expected to lead to oxidation of reduced forms of iron, manganese, methyl-mercury
and sulfide that would otherwise be released from the sediment (Beutel et al., 2008; De Vittor et al.,
2016; Gantzer et al., 2009; Testa and Kemp, 2012; Zhu et al., 2013). The nanobubble technology
demonstrated in this study appeared to provide a novel principle for the remediation of

hypoxia/anoxia in the bottom water.

4.3 Manipulating nutrients fluxes at SWI

Reversal of hypoxia/anoxia may not only prevent the release of reduced species release and
facilitate organic matter mineralization (Beutel et al., 2008; De Vittor et al., 2016; Gantzer et al., 2009;
Testa and Kemp, 2012), but can also influence nutrient recycling across SWI. In the present study;,
evidence of the positive effect of alleviation of hypoxia remediation on nutrient recycling was found
in the significant differences in nutrient concentrations and fluxes across SWI between the ONMZ
and ONMS treated and control systems (Error! Reference source not found.4 and Error!
Reference source not found.5). Obvious P release from the sediment to the overlying water occurred
in the control system, however, there was a net flux of TP from water to the sediments in the ONMZ
and ONMS systems (Error! Reference source not found.4b and Error! Reference source not
found.5a). Although, in some previous reports, capping with unmodified materials could also
influence nutrient fluxes in short period (Faithfull et al., 2008; Pan et al., 2012), no evidence showed
these materials could reversal the sediment hypoxia/anoxia which can contribute to P fixation in
sediment. The main mechanism of the P release from sediments is generally related to changes in
redox-sensitive iron and manganese oxide minerals and the associated P (Funes et al., 2016; Jordan
et al., 2008), with inorganic phosphorus generally adsorbed by the metal oxide—hydroxide complexes

under oxic conditions (Tang et al., 2013; Xu et al., 2013). Reversal of the ORP sign (i.e., positive
18
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values) in ONMZ treated systems indicated that the SWI changed from anoxic to oxic. Jilbert et al.
(2011) found preferential remineralization of P in relation to carbon and nitrogen during
decomposition of organic substances induced by reducing conditions plays a key role leading to
surplus bioavailable P in the Baltic Sea, and was likely why TP concentrations in the overlying water
were significantly positively correlated with DO and ORP (Table 1). Reversal of ORP in ONMZ

induced a conversion of sediment from P sources to sinks compared with that in the control.

Changes in redox potential affect N transformations from bacterial activities at the SWI,
particularly nitrification, denitrification and anammaox reactions (Brzozowska and Gawronska, 2009).
The significantly higher oxygen condition induced by surface oxygen nanobubble materials (Error!
Reference source not found.3) may facilitate nitrification, which converts NHs"™-N to NO3z™-N
(Rassamee et al., 2011). Thus, lower NH4"-N occurred in ONMZ. Moreover, nitrification can supply
necessary NO2™-N as an electron acceptor to anammaox bacteria which can reduce NH4"-N to nitrogen
gas (Kim et al., 2016). Nitrification-anammox coupling reactions often occur between aerobic and
anaerobic zones (Brzozowska and Gawronska, 2009), notably in the SWI region. The co-existence
of nitrification and anammox in the treated systems may reduce the efflux of NH4"™-N in the
experimental systems compared with those in the control at the end of the experiment (Error!
Reference source not found.5c). In control systems, anaerobic conditions not only hinder
nitrification and supply of NO2-N for anammox bacteria but may also stimulate sulfide accumulation,
further inhibiting nitrification (Jensen et al., 2008). Thus, the lowest concentrations of NOz™-N in the
control systems were likely to have been through denitrification (Error! Reference source not
found.4e). Beyond denitrification, dissimilatory NOs™-N reduction to NH4*-N can also be facilitated

under anoxic conditions (McCarthy et al., 2008). The sum of these effects contributed to the reduced
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TN efflux in the treated systems (Error! Reference source not found.5b). It should be noted that
local soils, collected from the lake and used in our experiment, may contain more organic matter than
zeolite. The higher NH4*-N concentrations in the ONMS treated systems might be produced by
mineralization of organic N from the soils (Error! Reference source not found.4d). Previous studies
point out that organic matter in the anoxic sediment could be degraded together with N
transformations from organic N to NH4*-N within two weeks (Han et al., 2015; Xu et al., 2013). This
is consistent with our results that NH4*-N increased between 19 and 33 days and decreased in the
subsequent days in all the three systems (Error! Reference source not found.4d). As a result of
these processes above mentioned, using surface oxygen nanobubble technology can significantly
regulate the biogeochemical processes that regulate species of phosphorus and nitrogen at the SWI.
It would be an important topic to study the role of oxygen nanobubbles in relation to microbial

communities under controlled laboratory and field conditions.

4.4 Implementation perspective for lake geo-engineering

The present study has, for the first time, indicated that oxygen nanobubble modified clays can
deliver amounts of oxygen into both water and sediment where there has previously been
hypoxia/anoxia. By using the geo-engineering method developed based on oxygen nanobubbles, it is
possible to deliver oxygen into bottom water/sediment through gravity settling, which can achieve
both replenishing oxygen consumption in the "dead zone" with minimum energy consumption and
minimizing the disturbance to the water stratification and surface sediment. The prolonged time
effects of oxygen nanobubbles, denoted by improving oxygen levels and reversal of ORP, may further
trigger a series changes in physico-chemical and microbial responses at SWI. Nevertheless, the in-

site experiment of the surface nanobubble technology in lakes and sea waters need to be further
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investigated.

5. Conclusions

The study verified a novel principle for combating hypoxia/anoxia at the sediment-water
interfaces using oxygen nanobubble technology. The synergistic effects of diffusion and retention of
oxygen in the nanobubble modified natural zeolite (ONMZ) and local soils (ONMS) contributed to
mitigating sediment anoxia and controlling phosphorus release from bottom sediments. It was found
that amount of oxygen loaded in clay particles could release via both macro- and nano-scale bubbles
and quickly increase the DO levels in water column. Moreover, the oxygen nanobubbles in the
modified particles could stably retain at SWI and penetrate oxygen downward to the sub-layer
sediment, and then form an oxygen-locking sediment layer between the anoxic sediment and water
column. This layer can sustainably reverse hypoxia/anoxia condition at SWI for several months.
Finally, nutrient fluxes across the SWI could be regulated by capping with oxygen nanobubble
modified materials in which the bottom sediments become adsorptive for phosphorus, rather than
releasing it. In this study we have demonstrated the potential for a major breakthrough in remediation
of aquatic systems via geo-engineering and delivery of oxygen and form oxygen-locking later into
the deep sediment-water interface, which is crucial for eutrophication control and ecological

restoration.
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