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Black-odorous water, caused by hypoxia and overloading of nitrogen and phosphorus, is ubiquitous in global
urban rivers. In this study, we developed oxygen-loaded adsorbents by loading oxygen into activated carbon,
Attapulgite, Phoslock, and Muscovite via vacuum-pressure swing method, and investigated their aeration and
removal efficiency of phosphate, ammonia nitrogen, and total nitrogen in black-odorous water. Results showed
that the addition of oxygen-loaded coal-based columnar activated carbon (OCC) or oxygen-loaded Muscovite
(OM) alone could increase the dissolved oxygen (DO) concentration at the sediment-water interface to more than
6 mg-L! on the first day, and OCC could maintain the high level of oxidation-reduction potential (ORP) (up to +
327 mV) for 15 days. Most oxygen-loaded adsorbents remarkably reduced phosphate in water, essentially from
0.27 mg-L! to < 0.05 mg-L!. Additionally, ammonia nitrogen and total nitrogen were reduced by more than 50
% by adding materials after oxygen loading treatment. The 16 s RNA results showed that Dechloromonas was
dominant in abundance, and the reduction of nitrogen was mainly affected by microbial activity. Our results
provided a series of oxygen-loaded adsorbent materials with potential engineering applications for rapid treat-

ment of urban black-odorous water.

1. Introduction

Black-odorous water is an extreme manifestation of organic pollution
beyond its self-purification capacity in water environment. The word
“black and odorous” is a sensory description of polluted water bodies. It
refers to the devastating damage to urban ecology caused by black and
odorous water bodies due to pollution, which is negatively impacting
our daily life [1]. In China, the evaluation indexes of black-odorous
water classification mainly include transparency, dissolved oxygen
(DO), redox potential, and ammonia nitrogen[2]. The number of black-
odorous water in China has increased to more than 2,100 by 2019 based
on China urban black-odorous water treatment supervision platform[3].

Sediment is an important internal source of black-odorous water [4]
because pollutants can accumulate in sediments through deposition, and
physicochemical and biological adsorption [5]. Temperature rise, water
disturbance or redox potential variation can cause pollutants to desorb

from sediments and diffuse into surrounding water. Therefore, sedi-
ments not only act as a sink to concentrate pollutants deposited and
adsorbed by water bodies [6], but also serve as sources to release pol-
lutants into water bodies under low oxygen or disturbed environmental
conditions, posing secondary pollution of water bodies [7]. In addition,
the pollution released from sediment is a continuous process. Even after
removing the external water pollution sources, the pollutants released
from the sediment will reduce the effect of water pollution control. To
this end, sediments as an important source of pollution must be given
sufficient attention in the treatment of black-odorous water [8-10].
Due to the continuous accumulation of various pollutants in urban
rivers, a large number of reducing substances in water and sediment lead
to a rapid decline in DO (i.e., DO < 2 mg-L}), which may eventually lead
to black and odor. Low DO content inhibits the growth of aquatic or-
ganisms and further induces the death of these organisms[11], which
continuously deteriorated the water quality. If the water oxygen level
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cannot be improved, black-odorous water will bring many complex
problems to aquatic ecosystems and human settlements [12].

To increase the DO content in water and reduce the nitrogen and
phosphorus concentrations in water, several strategies have been
developed, including artificial aeration, water cycle, chemical oxida-
tion, microbial enhancement, and artificial floating island [1,13].
Among these, artificial aeration has the advantages of quick reaction,
low cost, and environmental friendliness. It provides oxygen directly for
the oxidation of reducing pollutants [2]. Traditional aeration ap-
proaches include blower aeration, mechanical stirring aeration, jet
aeration, and mixed aeration. In the in-situ treatment technology, due to
the oxygen transfer efficiency and oxygen retention capacity of the
traditional aeration method, a large number of aerators are required to
continuously supply oxygen, which leads to high energy consumption
[1]. Moreover, aeration usually disturbs the water body, resulting the
release of pollutants from sediments that may aggravate water pollution.
Once the aeration is stopped, the DO drops rapidly to a low level, leading
to the recurrence of water quality deterioration [14].

Under the anaerobic condition, the degradation of organic matter at
the sediment-water interface (SWI) is often accompanied by the
reduction of SOF [15], and excessive sulfides are generated in surface
sediments. Sulfides combine with metal ions such as Fe?* and Mn?* to
form metal sulfide complexes, resulting in the loss of binding sites of
POj3, which makes POj release from sediments to water [16-18]. Under
aerobic conditions, DO can enhance the ammonification of organic N in
overlying water, thereby promoting the transfer of N in sediments to
bioavailable dissolved inorganic nitrogen. Secondly, the increase of DO
and NHj} during the ammonification process promoted aerobic nitrifi-
cation, which transformed DIN from reducing NHJ to nitrate N [19].
Nitrate can greatly promote the denitrification of deep sediments [20].
Therefore, considering the factors such as not disturbing the water body,
it has become a new idea to control the release of N and P from sedi-
ments by precise oxygenation of the interface.

In this study, a black-odorous water column core simulation system
was established in the laboratory. Oxygen was loaded into materials
such as activated carbon, Phoslock and Muscovite by a vacuum-pressure
swing [21]. These oxygen-loaded adsorbents were added to the sed-
iment-water interface to test their efficiencies of oxygenation and
contaminant removal. Planar optode (PO) [22] and diffusion gradient in
thin films technology (DGT) [23] were used to characterize the dynamic
changes of DO, phosphate, nitrogen, and sulfur concentrations at the
sediment-water interface. This study aimed to: 1) evaluate the efficiency
of oxygenation and nitrogen and phosphorus removal of different
oxygen-loaded adsorbents in black-odorous water; and 2) explore the
mechanism of nitrogen and phosphorus removal by those oxygen-loaded
adsorption materials. It provides a theoretical basis for the emergency
treatment of urban black and odorous water bodies by using a series of
oxygen-carrying adsorption materials with potential engineering appli-
cation value.

2. Materials and methods
2.1. Material preparation

The coal powder activated carbon, coal columnar activated carbon,
and iron (Fe) modified activated carbon was purchased from Jiangsu
Yiqing Activated Carbon Co., Ltd. The lanthanum (La)-modified Phos-
lock and La-modified attapulgite were provided by Beijing Fengslock
Ecological Engineering Technology Co., Ltd. Muscovite (6,000 mesh)
and Tuoyi New Materials (Guangzhou) Co., Ltd, respectively. Each of the
above materials (2 ~ 3 g) is placed in a vacuum (-0.09 MPa) sealed
container and degassed at room temperature (25 °C) for 2 h. After
removing the air from the hole, pure oxygen gas was filled in the
container and kept at a pressure of 0.8 MPa for 4 h to allow the diffusion
of oxygen into the hole [21,24]. The oxygen-loaded adsorbents,
including oxygen-loaded coal powder activated carbon (OPC), oxygen-
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loaded coal columnar activated carbon (OCC), oxygen-loaded iron
modified activated carbon (OFeC), oxygen-loaded La modified Phoslock
(OLP), oxygen-loaded La modified attapulgite (OLA), and oxygen-
loaded Muscovite (OM), were stored before the experiment.

2.2. Material characterization

Scanning electron microscope (SEM, JSM7800F) was used to
monitor the surface structure and determined the element composition
of the synthesized materials. The particle size distribution of the mate-
rial was measured by laser particle size analyzer (Mastersizer 2000, UK).
The specific surface area and pore size distribution were measured by
automatic specific surface and porosity analyzer BET (Micromeritics
ASAP 2460, USA).

2.3. Sediment-water core culture tests

Fig. 1 showed the experimental schematic diagram. Surface sedi-
ments were collected from a black-odorous water in Guiyang, China,
using a Peterson sampler. Water samples (20 L) were collected using a
Niskin sampler to support the simulation experiment. Into the plastic
bucket mixed evenly after static culture for 3 days to simulate stable
black-odorous water. The 14 organic glass columns were divided into 7
groups, and these columns contained the same amount of sediment
(height of about 5 cm) and water (depth of about 12 c¢m).

To investigate the effect of different materials on the removal of
nitrogen and phosphorus in the cores, six groups of columns were
covered on the surface of sediments with OPC, OCC, OFeC, OLP, OLA,
and OM. Each group was tested in duplicates (n = 2). Two column cores
without adding any material were used as blank control (BK). The cul-
ture experiment was conducted at 25 °C. Throughout the experiment,
the column was wrapped in aluminum foils to avoid light.

During the incubation, the DO concentration at the sediment-water
interface was measured daily using PO technology (EasySensor Ltd Co.,
Ltd., Nanjing, China). The PO oxygen film was cut into 2 cm X 4 cm
strips and attached to the inner side of the organic glass box (8 cm x 8
cm x 20 cm) to observe the change of DO concentration at the sed-
iment-water interface. The oxidation-reduction potential (ORP) of the
sediment-water interface was measured by a multi-water quality
parameter meter (YSI6600V2) every day. Fifty mL of overlying water
was collected to determine the concentrations of soluble reactive
phosphorus (SRP), ammonia nitrogen (NHZ-N), and total nitrogen (TN)
on days 1, 2, 3, 5, 7, 10, 15, and 20. The concentration of SRP was
determined by ammonium molybdate spectrophotometry [25]. Deter-
mination of NH4-N concentration by Nessler’s reagent spectrophotom-
etry [26]. TN concentration was determined by high temperature
digestion of alkaline potassium persulfate [27].

After each sampling, all test columns were gently supplied with raw
water to compensate for the loss of water during sampling and evapo-
ration. The AMP-TH & ZrO-Chelex DGT (Nanjing EasySensor Co., Ltd.)
were used to determine the concentration of DGT-S (S%) and DGT-P
(SRP) at the sediment-water interface. The DGT device penetrates the
sediment core vertically without interfering with the sediment-water
interface and undergoes a 24-hour equilibrium period before subsequent
tests.

2.4. Microbial community analysis

To probe the potential mechanism of nitrogen removal of the
oxygen-loaded adsorbents, the microbial community in the sediment
was analyzed at the end of the cultivation experiment. Microbial com-
munities in surface 2-cm sediments were collected. All samples were
stored in a sterile centrifuge tube at — 80.0 °C until DNA extraction.
Microbial DNA was extracted using a Qubit dsDNA HS analysis kit
(ThermoFisher, Q32854, USA). The V3-V4 region of bacterial 16S rRNA
gene was amplified by PCR using forward primer Nobar-341F
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Fig. 1. Schematic diagram of experimental device, sampling and monitoring.

(CCTACGGNGGCWGCAG) and reverse primer Nobar-805R (GAC-
TACHVGGGTATCTAATCC). Purified amplicons were pooled in equi-
molar amounts, and paired-end sequencing (2 x 300) was performed
using the Illumina Miseq platform (Illumina, Sandiego, USA) according
to the standard method recommended by Bioengineering Co., Ltd.
(Shanghai, China).

2.5. Adsorption experiments

To evaluate the adsorption capacity of oxygen-loaded adsorbents,
adsorption experiments were conducted with KH,PO,4 (PO4-P represents
SRP) at 0.8 mg-L'}, NH4Cl (NH#-N) at 30 mg-L'}, and NaNO3 (NO3-N) at
10 mg-L ! as substrates. A 0.02 g of these oxygen-loaded adsorbents was
added to 50 mL of KHyPO4, NH4Cl, and NaNO3 solutions. The concen-
tration of SRP, NH4-N, NO3-N in each group of water was measured at 1,
2,3,5,7,10, 15, 20, 30, 45, and 60 min after rotation at 25 °C. NO3-N
was determined by phenol disulfonic acid ultraviolet spectrophotometry
[26]. The pseudo-first-order kinetic model, pseudo-second-order kinetic
model, Elovich model, and intraparticle diffusion model [28,29] were
used to describe the adsorption mechanism.

3. Results
3.1. Characterization of synthesized materials

The particle size and specific surface area are distinctive between the
substrate materials (Table 1). The maximum specific surface area of
coal-based powder activated carbon is 1589.1 m2.g~1. The particle size
of coal-based columnar activated carbon is higher than greater than 2
mm, with the specific surface area up to 1,000 m?.g~1. Muscovite has
small particle size and uniform distribution, and its specific surface area
is only 7.3 m2.g 1. It is interesting that small particle has low specific

Table 1
Particle size distribution and BET surface area of substrate materials.

Name d(©0.1pym) d@O5pum) d(0.9um) BET
(m*g™

Muscovite 1.7 4.5 8.8 7.3
Phoslock 2.0 11.5 35.8 12.4
Attapulgite 2.4 16.8 56.8 14.6

Fe modified carbon 1.6 16.9 61.0 251

Coal powder carbon 4.3 20.4 51.5 1,589
Coal columnar / / / 1,000

carbon

surface area due to the smooth two-dimensional structure of muscovite
surface. Phoslock has a smaller particle size distribution than atta-
pulgite, and the specific surface area of both is comparable. The specific
surface area of OFeC is 251 m2.g~! due to the blocking of some voids by
F8304.

3.2. Variations of ORP, SRP, NHj-N and TN in the overlying water

During the experiment, the ORP of overlying water in the BK treat-
ment remained at a low level (<-300 mV, Fig. 2a). After adding OCC, the
ORP of water was increased to + 327 mV. After 24 h, the ORP of
overlying water treated with OPC, OCC, OFeC, OLP, OLA, and OM
increased to about + 180 mV. Over time (greater than24 h), the ORP
continued to decline. Among them, the ORP of water during OLP, OM
and OLA treatments was decreased to near 0 mV in 10 days, while it took
15 days to achieve the same ORP (~0 mV) during activated carbon
material treatments. Although the overlying water DO decreased rapidly
within 5 days (Fig. 3), these oxygen-loaded adsorbents remarkably
improved the ORP.

Throughout the experiment process, the SRP of the BK experiment
was increased by 12.2% (Fig. 2b). The addition of oxygen-loaded ad-
sorbents reduced the SRP concentration in the overlying water by nearly
90%, and reached equilibrium on day 10. On day 20, the SRP in the core
water treated by OCC was the highest (0.07 mg-L), while that treated
by OFeC was only 0.03 mg-L.

In the BK, the concentration of NH4-N in the overlying water was
maintained at about 32 mg-L! during the 20 days (Fig. 2¢). The NHf-N
decreased sharply on the first day, followed by a rebound to the high
values on day ~ 5, and then decreased slowly until reaching a plateau. In
view of the absolute concentration of NH;-N on day 20, the material
with the highest removal efficiency was OLA, followed by OM.

In the BK, the TN in the overlying water reached the maximum (53.4
mg-L') on day 7 (Fig. 2d). After adding the oxygen-loaded adsorbents,
the variation of TN concentration was similar to that of NHj-N.
Compared with the BK, the TN concentration of the overlying water in
all experimental groups was significantly decreased, and the lowest TN
concentration was 22.2 mg-L'1 (decrease by 56%) in the cores treated
with OM.

3.3. Variation of DO concentration at the sediment-water interface

The DO at the sediment-water interface in the BK remained at a low
level (<0.1 mg-L'}). After adding oxygen-loaded adsorbents, the DO
concentration was increased rapidly on day 1 (Figs. 3 and 4). In cores
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Fig. 2. Variations of ORP (a), SRP (b), NHZ-N (c), and TN (d) in the overlying water over 20 days of incubation. BK represents blank control, and OPC, OCC, OFeC,
OLP, OLA, and OM represent different oxygen-loaded adsorbents.
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Fig. 3. The variation of DO at the sediment-water interface in cores treated various oxygen-loaded adsorbents with time (days 1, 3, 5, 10, and 20). Above the 0-tick
mark indicates overlying water, and below indicates sediment.

The addition of OM increased the DO level at the sediment-water
interface on the first day, reaching nearly 7 mg-L™! and penetrating 10
mm in sediments. After day 1 of OPC addition, the DO was reached to 4

treated by OLP, 2 mg-L! concentration of DO could still be detected in
the sediment at a depth of 10 mm on day 5. The DO concentration also
reached to 2 mg-L'! in cores treated by OLA, but it only lasted for 1 day.
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Fig. 4. The DO profiles at the sediment-water interface in cores of blank control and those treated by oxygen-loaded adsorbents within 7 days.

mg-L?! and then decreased to 1 mg-L! on day 3. The oxygenation effi-
ciency and holding time of OFeC were similar to OPC. After dosing, the
DO in cores treated by OCC reached the level close to that of OM, and 1
mg-L! DO remained detected in the sediment at a depth of 10 mm on
day 7 (Fig. 4).

The oxygenation time and permeability of different materials may be
related to the shape and quality of the material. According to the naked
eye observation, when OPC was added, it initially floated to the surface

of the water and continued to release large bubbles (diameter greater
than 1 mm), and then gradually sank to the bottom after about 20 s. In
this process, a large amount of oxygen was released into the air,
resulting in a loss of oxygen in the material, which may be related to the
increased buoyancy caused by the excessive amount of oxygen loaded on
the material.
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Fig. 5. One-dimensional plots of DGT-P (a) and DGT-S (b) in the experimental groups of blank control and dosing oxygen-loaded adsorbents.
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3.4. Variation of DGT-P and DGT-S at the sediment-water interface

On day 20, the distribution of DGT-P in sediment profiles treated by
varied oxygen-loaded adsorbents was remarkably different (Fig. 5a).
The addition of OM has the most significant effect on the concentration
gradient of DGT-P near the sediment-water interface, significantly
reducing the release rate of phosphate from pore water to overlying
water. The addition of OLA did not significantly inhibit the release of
DGT-P in sediments. The distribution of DGT-P at the sediment-water
interface of the column cores treated with OLA was similar to that of BK
group. Other oxygen-loaded adsorbents also inhibited the release of
DGT-P at the sediment-water interface, and their control efficiency on
the release of phosphate in pore water placed between OM and LOA.

The concentration of DGT-S at the depth of 0 mm (about 0.05 mg-L’l)
in BK and cores added with OPC, OCC, OLP and OLA were close to each
other (Fig. 5b). Compared with the BK, the DGT-S in 0-30 mm sediment
treated with oxygen-loaded adsorbents decreased, among which cores
treated with OFeC decreased most. The distribution of DGT-S in core
sediments and overlying water with OM addition became uniform
(Fig. 6). The DGT-S concentration of the column cores with OM addition
was about 0.17 mg-L'L.

3.5. Effect of oxygen-loaded adsorbents on microbial community in
surface sediment

Fig. 7a showed the microbial community composition (phylum level)
in the sediments of different treatments on day 20. The dominant species
in cores treated by various oxygen-loaded adsorbents were similar,
including Chlorofiexi, Proteus and Bacteroides. The relative abundance of
Chloroflexi and Proteobacteria in core sediment of BK and that treated by
OFeC was similar, while Bacteroides in core sediment added with OFeC
was slightly higher than that in BK. The relative abundance of Proteo-
bacteria in core sediments added with OCC, OPC, OLP, OLA and OM
were less than that in BK, while the relative abundance of Chloroflexi and
Bacteroides was much higher than that in BK.

The related microorganisms were further investigated at the genus
level (Fig. 7b). Dechloromonas were predominant in all groups, but the
relative abundance in the core sediments added with materials
(OCC:77%, OPC:75%, OFeC:74%, OLP:75%, OLA:76% and OM:73%)
was higher than that in the BK (68%). Longilinea and Thermomonas had
the highest relative abundances in the BK, with 8% and 12% respec-
tively, and their abundance ratios in the core sediments added with the
oxygen-loaded adsorbents decreased slightly. The relative abundance of

20 0 20 0
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Gemmobacter in the core sediments added with the oxygen-loaded ad-
sorbents was slightly higher than that in the BK.

3.6. Adsorption efficiency of oxygen-loaded adsorbents for nitrogen and
phosphorus in simulated sediment-water system

The adsorption of SRP, NH4-N, and NO3-N by all oxygen-loaded
adsorbents occurred almost within a few minutes. Although the
adsorption of OM on SRP showed a trend of fluctuation (Fig. 8a),
compared with 0 min, OM did not adsorb SRP at 60 min. The adsorption
of SRP by OCC, OPC and OLA reached adsorption equilibrium within 1
min, and the removal rate was about 29%. OLP and OFeC exhibited high
adsorption for SRP. At 60 min, the adsorption efficiency of OFeC and
OLP was higher than 96%.

All materials showed similar adsorption behavior for NHi-N
(Fig. 8b). The highest removal efficiency of NH4-N by OLA was 35.7%
within the first 7 min. The removal efficiency of NH-N by OLA was only
14.3% in the 60 min. The lowest adsorption efficiency of NH;-N was
OLP (5.8%). The adsorption efficiency of nitrate nitrogen by OLP was
18.2. OPC and OM had high adsorption efficiency of nitrate nitrogen,
with 33.5% and 32.8% respectively (Fig. 8c).

To reveal the adsorption mechanism of OFeC and OLP on SRP in
water and determine the adsorption rate of the materials, the pseudo-
first-order kinetic model, pseudo-second-order kinetic model, Elovich
kinetic model and intraparticle diffusion model were further used to fit
the experimental data. The fitting results were shown in Fig. 6 and
Table 2. Clearly the pseudo-first-order kinetic model (OFeC: R? = 0.973;
OLP: R? = 0.971), and Elovich kinetic model (OFeC: R* = 0.917; OLP:
R? = 0.754) were more suitable for describing the adsorption kinetics of
SRP in water by OFeC and OLP. The k; of OFeC fitted by the pseudo-first-
order kinetic equation model in Table 2 is larger than that of OLP,
indicating that OFeC is faster in the initial stage of adsorption, which can
also be seen from the curve in Fig. 8d. To confirm whether the rate-
limiting step of OFeC and OLP adsorbing phosphate in water is intra-
particle diffusion or membrane diffusion, the experimental data were
further fitted by the intraparticle diffusion model. According to the
relationship between q; and t°°, all data do not pass the origin, indi-
cating that intraparticle diffusion is not the rate-limiting step in the
adsorption reaction process [30,31].

The pseudo-first-order kinetic model was used to describe the
physical adsorption kinetic process, and the Elovich kinetic model was
used to describe the chemical adsorption kinetic process. The fitted re-
sults showed that the main mechanism of SRP adsorption by OFeC and

20
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Fig. 6. Two-dimensional distribution of DGT-S in cores of blank control (a), OPC (b), OCC (c), OFec (d), OLP (e), OLA (f) and OM (g) on the day 20.



S. Xu et al.

100

Chemical Engineering Journal 466 (2023) 143146

\&
[—]
!

70

60 -

50 -

Relative abundance (%)

[ Other
Parcubacleria
B Actinobacteria
[ ] Acidobacteria
Il Planctomycetes
Firmicutes
Bacteroidetes
I Chloroflexi

[ Proteobacteria

a

BK OPC OCC OFeC OLP OLA OM

100

o
<
I

Relative abundance (%)
= g

BK OPC OCC OFeC OLP OLA OM

Fig. 7. Microbial species abundance at the phylum level (a) and genus level (b) in the surface 0-2 cm sediments.

OLP was physical adsorption. When describing the adsorption process of
OFeC and OLP, the fitting of pseudo-first-order kinetic model was better
than that of pseudo-second-order kinetic model (Fig. 8 and Table 2),
indicating that physical adsorption was the rate-limiting step of SRP
adsorption[32].

4. Discussion

4.1. The physical properties of the adsorbents determine their oxygen load
and nutrient adsorption capacity

Current methods using Hy0,, CaO, and mechanical aeration for
improving DO levels in the water environment, can cause sediment
disturbance leading to secondary release of pollutants [21], the method
of loading oxygen porous materials appears to be more advantageous
[24]. In this study, we found that the surface microstructure, specific
surface area, and particle size distribution of porous materials were
related to the oxygen carrying capacity. The rougher the surface
microstructure, the larger the specific surface area, and the slower the
oxygen release (Figs. 3, 4 and Table 1). Muscovite is a smooth planar
structure with a small specific surface area and is quickly consumed in
the process of releasing oxygen. Although the specific surface area of
OLP and OLA is close to that of OM, the uneven surface is more
conducive to the slow release of oxygen (Fig. land 3). Therefore, the
specific surface area of OCC and OPC is higher than that of OLA, OLP and
OM, which helps to improve the oxygen loading capacity. Although the
specific surface area of OPC is larger than that of OCC, its particle size is
much smaller than that of OCC. The contact area between oxygen and
water molecules loaded by OCC during sedimentation is larger than that

- Parcubacteria genera incertae edis

[ IReyranella

B sphingorhabdus
Gemmobacter

- Thauera
[ Terrimonas
B Longilinea
[ Thermomonas

- Dechloromonas

b

of OPC, which results in a higher oxygen release rate of OCC than OPC.
After the oxygen on the surface of OCC is released, the internal oxygen is
slowly dissolved in water, which may be the reason why OCC exceeds
other materials in oxygenation duration.

In addition to loading oxygen, these oxygen-loaded adsorbents also
have high adsorption capacity for nitrate, ammonia and phosphate.
Documented studies have used adsorption and passivation materials,
such as activated carbon, clay and lanthanum modified bentonite, to
reduce the release of nutrients inside the sediment [33]. To achieve
sufficient internal nutrient reduction, oxygen nanobubbles modified
porous materials have also been applied at the microcosmic scale [34].
Depending on the initial nutrient concentration and DO level, different
adsorption passivation materials can control the release of internal nu-
trients. The adsorption experimental results showed that the adsorption
of phosphate on OFeC and OLP was high (Fig. 8). Although the
adsorption of phosphate by OM was also adsorbed at the beginning, the
phosphate was released again in the subsequent oscillation process.
Lanthanum has a high affinity for phosphates[35] and was therefore
widely used to modify clays or porous materials to enhance phosphate
removal [36]. Under aerobic conditions, some sediments can form stable
cyanite and strongly fix phosphate [37]. Similarly, in our adsorption
experiments, OFeC and OLP strongly adsorb phosphate because they
contain a high content of oxidized Fe (Fig. 8a).

In eutrophic lakes, ORP in the surface sediment profile usually de-
creases rapidly with depth, resulting in the simultaneous release of NH{ -
N and phosphate [36,38]. In this study, the oxygen-carrying adsorbent
not only rapidly increased the ORP in the water column, but also the
material itself penetrated into the sediment, improved the DO and ORP
levels in the surface sediment, thereby improving the adsorption
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Fig. 8. The adsorption of SRP (a), NHZ-N (b), and NO3-N (c) in the solution by adding various materials within 60 min. SRP (d), (NH;-N (e), and NO3-N (f) represent
the pseudo first-order kinetic model fitted results. SRP (g), NH;-N (h), and NO3-N (i) represent the Elovich kinetic model fitted results. q; refers to the adsorp-

tion capacity.

Table 2
Kinetic parameters and correlation coefficients of SRP adsorption on OFeC and
OLP.

Models Parameters OFeC OLP
Pseudo first-order kinetic model Qe (mg-g™ 1) 1,835 1,987
k; (1/min) 1.37 0.278
R? 0.973 0.971
Pseudo second-order kinetic model Qe (mg-g™ 1) 360 342
ko (1/min) 0.002 0.004
R? 0.940 0.892
Elovich a (mg-g Hb 1,483 863
(1/min) 126 335
R? 0.917 0.754
Intraparticle Diffusion Ki; (mg~g’l)C 1,378 -7.14
(1/min) 127 637
R? 0.829 0.920
Ki> (mg-g 1)C 1,840 1,916
(1/min) 12.8 8.52
R? 0.931 0.358

capacity of the material itself and the sediment to nitrogen and phos-
phorus pollutants, while inhibited the diffusion of nitrogen and phos-
phorus from the sediment to the overlying water.

4.2. Oxygen loading is beneficial to the biological removal of nitrogen and
phosphorus in black-odorous water

In natural water, the transport and transformation of nitrogen and
phosphorus are mainly controlled by microbial processes in addition to
physical and chemical adsorption [24]. For example, nitrification and
denitrification can convert nitrogen into multiple forms in water [39]. In
this study, the concentration of NH4-N in the overlying water increased
initially but then decreased, and the removal rate of NH4-N in the
overlying water with different materials was significantly different
(Fig. 2¢). The concentration of NHZ-N in the overlying water of OM
treatment was significantly lower than that of other treatments on day
15, which may be related to the decrease of ORP to negative value after
Muscovite oxygen release. The concentration of NH{-N in OCC treat-
ment was higher than that in other treatment groups on day 20, which
may be related to the continuous release of oxygen by OCC, the later
decrease of ORP to negative value and the later dominant time of
denitrification. The effect of elevated concentrations of NH{-N by
dissimilatory nitrate reduction in overlying water cannot be ruled out
here [40]. This process is carried out through a chemical autotrophic
pathway using sulfides as electron donors [41,42]. The sediments were
rich in reduced sulfur (Fig. 5b and 6), which was likely to be one reason
why the NHZ-N concentration did not continue to decline.

Nitrification is responsible for converting NHZ-N to NO3-N, rather
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than eliminating N from aquatic systems [43]. In aquatic ecosystems,
denitrification is an important way to reduce nitrogen, and nitrification
is often accompanied by denitrification [44]. It should be noted that the
concentration of nitrate nitrogen and ammonia nitrogen in the overlying
water decreased significantly in the experiment (Fig. 3¢, d), suggesting
the occurrence of denitrification or biological assimilation. Microbial
analysis confirmed that dechlorinating bacteria are ubiquitous in surface
sediments [45], which is conducive to denitrification and phosphorus
removal, reducing SRP and NO3-N in anaerobic environments (Fig. 6b).
Therefore, it can be concluded that the reduction of nitrate nitrogen and
NHZ-N in the cores was related to the proliferation of denitrifying bac-
teria and the subsequent denitrification process[24].

Although the oxygenation duration of these materials was only
maintained for 7 days, it still affected the microbial cycle of nitrogen.
The concentration of NHf-N generally reached the maximum value on
day 5 after the addition of the material. This is likely because the
addition of the material increases the DO of the water body and pro-
motes the ammonification process, leading to the increase of NH4-N
concentration. When the oxygen was consumed, the water returned to
the anaerobic state, and the denitrification led to the removal of NHf-N
and TN. After 20 days, DO cannot be detected in the cores, and micro-
organisms such as Bacillus maintained a high abundance. Gemmobacter
is an anaerobic denitrifying bacterium [46]. After 20 days, the abun-
dance of Gemmobacter was slightly higher than that of BK, indicating
that oxygen content affected the microbial cycle process in the early
oxygenation process and the later anaerobic process. This phenomenon
was also reported in intermittent microaerobic aeration [47].

5. Conclusion

This study proposed a cost-effective method to achieve oxygenation
and nitrogen and phosphorus removal from a black-odorous water.
Several oxygen-loaded adsorbents were synthesized by loading oxygen
into activated carbon, passivator, and Muscovite. These oxygen-loaded
adsorbents can remarkably increase the DO level at the sediment—-
water interface, and greatly increase the ORP (keep above 0 mV for 15
days) in the overlying water. Meanwhile, oxygen-loaded adsorbents
decreased the concentrations of SRP, NH4-N and TN in the water bodies
by the physical adsorption, along with microbial participation. Among
these materials, OFeC and OLP showed high adsorption efficiency for
phosphate. The addition of oxygen-loaded adsorbents changed the
sediment microbial community and promoted the abundance of nitri-
fying and denitrifying bacteria. Based on the results of oxygenation,
OFeC and OLP are more suitable for phosphorus and nitrogen inhibition
among these materials. Improving the gas-carrying capacity of the ma-
terials and the aging of the oxygen-loaded adsorbents are the key stra-
tegies that need to be improved in the future. These newly developed
materials could simultaneously realize the oxygenation and pollutant
removal, showing an optimistic application prospect in the treatment of
black odor problem in urban rivers.
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