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Abstract

Purpose Effects of aeration on distribution and release potential of organic phosphorus in sediments are of great significance.
The aim of this study was to investigate effects of fine bubble aeration at the sediment—water interface on species distribu-
tions of organic phosphorus and related microbial activities in the sediments from Nanfei River, a seriously polluted urban
river in Hefei City, Anhui Province, China.

Materials and methods A simulation experiment with a precision oxygen distribution system with fine bubble was applied
and the sediments in system were taken out at intervals to test various indicators, mainly including the contents of phosphorus,
species distribution of organic phosphorus, microbial biomass (MBC), and alkaline phosphatase activity (APA), as well as
the number of phosphate solubilizing bacteria.

Results The results showed that the content of dissolved organic carbon (DOC) increased in the sediments, along with the
decrease of pH and the significant increase of oxidation—reduction potential (ORP). The content of total phosphorus and
inorganic phosphorus in the surface sediments generally presented a downward trend when the content of organic phosphorus
increased first and then decreased during aeration. The variation trends of liable organic phosphorus and moderately labile
organic phosphorus were similar to organic phosphorus, while the content of non-labile organic phosphorus was slightly
decreased. In addition, the MBC and APA increased. The number of organic phosphorus mineralizing bacteria (OPB)
increased while that of inorganic phosphorus solubilizing bacteria (IPB) decreased, and the number of OPB was significantly
correlated to APA, which corresponds to the mineralization mechanism of organic phosphorus.

Conclusions There were two stages of phosphorus transformation in the surface sediments during the aeration treatment:
the stabilization of inorganic phosphorus in the early stage and the mineralization of organic phosphorus latterly, which
means an increased risk of phosphorus release into the water in the late stage. Therefore, the fine bubble aeration treatment
at the sediment—water interface applied to controlling the internal pollution of water bodies should be considered, espe-
cially focusing on the strict control of the aeration time. Overall, the present study can provide scientific guidance for in situ
remediation of heavily polluted sediments.
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1 Introduction

It is universally accepted that phosphorus plays an extremely
important role in the cycling of nutrient elements in water
bodies and is a key factor for triggering eutrophication (Rydin
et al. 2011; Zhu et al. 2013; Yuan et al. 2019). Sediment is
regarded as a storage reservoir of phosphorus in water bod-
ies, when external phosphorus loading pollution is effec-
tively controlled; the release of internal phosphorus loading
in sediments is a main source of phosphorus for overlying
water (Golterman 2001; Shilla et al. 2009; Shan et al. 2016;
Zhu et al. 2017a). Phosphorus in sediments can be divided
into inorganic phosphorus (Pi) and organic phosphorus (Po)
(Wang et al. 2013; Wan et al. 2020). Lots of studies mainly
focused on total phosphorus and inorganic phosphorus; how-
ever, less attention has been paid to the migration and trans-
formation of organic phosphorus (Paerl et al. 2011). In fact,
organic phosphorus is an extremely crucial part of internal
phosphorus loading (Worsfold et al. 2008; Liu et al. 2015). A
large number of studies have shown that the relative contribu-
tion of organic phosphorus in sediments to total phosphorus
can reach 80% (Dong et al. 2016), which is important for
the migration of phosphorus at the sediment—water inter-
face. Furthermore, recent studies have drawn a conclusion
that although the migration of iron and manganese combined
phosphorus is the most important mechanism of phosphorus
releasing in eutrophic waters, the active organic phospho-
rus components of sediments drove phosphorus releasing in
eutrophic waters (Gonsiorczyk et al. 1998). Therefore, it is
of great significance to study the content and morphological
characteristics of organic phosphorus in sediments.

It was proved that microbial activities had important
impacts on the releasing of phosphorus in sediments (Li
et al. 2008; Ni et al. 2015). Microbes can release bounded
phosphorus through processes such as metabolic reactions,
extracellular release, and cell lysis, thereby affecting the
geochemical cycle of phosphorus (Zhu et al. 2017b). Phos-
phate solubilizing bacteria (PSB) are a type of functional
microorganisms that can convert insoluble and invalid
phosphorus in the sediments into water-soluble available
phosphorus (RodriGuez and Fraga 1999). According to
the different species of phosphates, phosphorus solubi-
lizing bacteria can be categorized as organic phosphorus
mineralizing bacteria (OPB) and inorganic phosphate solu-
bilizing bacteria (IPB). OPB can promote the decomposi-
tion of organic phosphorus and releasing available phos-
phorus, and IPB can promote the conversion of inorganic
phosphorus into soluble phosphorus (Li et al. 2018). The
mineralization and degradation of organic phosphorous
is mainly catalyzed by phosphatase secreted by phos-
phorus solubilizing bacteria. Phosphatase is an extracel-
lular enzyme that can catalyze the hydrolysis of organic

phosphorus into inorganic phosphorus, thereby improving
the bioavailability of phosphorus (Zhou et al. 2008; Lii
et al. 2016), in which alkaline phosphatase (ALPase) is
one of the important microbial enzymes (Kobayashi et al.
1983; Ma et al. 2019).

Artificial aeration is one of in situ treatment technologies
to control the release of phosphorus from sediments. Many
pieces of research have explored the release and transforma-
tion of total phosphorus and inorganic phosphorus in sedi-
ments by aeration and oxygenation. For example, researches
have shown that dissolved oxygen was a vital factor affecting
the release of total phosphorus in sediments, and anaerobic
state would accelerate the release of phosphorus in sediments.
While aeration and re-oxygenation would effectively inhibit
the release of phosphorus in sediments, which was mainly
because aeration could increase the oxidation-reduction
potential of the micro-environment at the sediment—water
interface, thus enhancing phosphorus adsorption and fixation
in the sediments (Roden and Wetzel 2002; Wu et al. 2014,
Zou et al. 2018; Yuan et al. 2020a). However, there were few
reports on the influence of the aeration process on the distri-
bution and release potential of organic phosphorus from the
sediments in heavily polluted urban rivers.

Therefore, this study developed the sediment—water
interface precision air distribution system and explored the
effects of fine bubble aeration on the distribution and release
of the potential of organic phosphorus from the sediments
in the Nanfei River, which is a heavily polluted urban river
in Hefei City. We analyzed variations of different species
of organic phosphorus, phosphatase, and microbial activi-
ties related to the degradation of organic phosphorus during
the fine bubble aeration process in the sediments; we also
discussed the microbiological mechanism which affected
the release and transformation of organic phosphorus in the
sediments. These would provide technical support for in situ
remediation in heavily polluted urban rivers.

2 Materials and methods
2.1 Setup of simulation experiment

The simulation fine bubble aeration experiment was made up
of a hard plexiglass water tank with length, width, and height
of 1000 mm, 1000 mm, and 1500 mm, respectively. The fine
bubble aeration system was placed 2 cm above the surface of
the sediments which consisted of nano-aperture aeration plate
(tube outer diameter 1.2 cm, bubble diameter 100-200 pm),
the detailed parameters followed as the inner tube spacing
of the disk of about 5 cm, and the diameter of the aeration
disk of 800 mm. A long rubber hose was used to connect the
aeration disk with a blower connected with adjustable flow,
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and a switch device was installed to switch the blower on and
off. The simulation experiment is shown in Fig. 1.

The sediment samples in the experiment were collected
with a metal grabbing sampler from the main urban section
of the Nanfei River, seriously polluted by industrial waste-
water and urban domestic sewage. Therefore, the water qual-
ity in Nanfei River was mostly Class V or even worse than
Class V of the national surface water standards. Firstly, the
collected sediments and overlying water (deionized water)
were thoroughly mixed, respectively, and then 20-cm-thick
bottom sediments were put into each simulation equipment.
Finally, the deionized water was slowly poured into the tank
to make the water deep reach 80 cm. After the system was
kept stable for 10 days, the fine bubble aeration treatment
test was set up. The intermittent aeration was employed, with
continuous aeration for 8 h every 24 h. The aeration vol-
ume was 4040 Lh~!. The whole simulation experiment was
conducted for 21 days. The surface sediment samples were
collected every 3 days with the quarter method at different
points before each aeration, and then mixed thoroughly.

2.2 Analysis for physical and chemical parameters

Dissolved organic carbon (DOC) in the sediments was deter-
mined by the ultrapure water extraction-organic carbon analyzer
method (Qi et al. 2014). The total organic carbon (TOC) was
measured by the total organic carbon analyzer method, using a
total organic carbon analyzer (TOC-V CPN) (Shimadzu Cor-
poration, Japan) with a solid sampler (SSM-5000A) (Qi et al.
2014). The pH and oxidation—reduction potential (ORP) values
of the sediment—water interface were determined in real-time
through a fine bubble aeration device equipped with sensors.
During the aeration period, the data were recorded after open-
ing the aeration device and before closing the device every day.
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2.3 Extraction and determination of different
species of organic phosphorus

After being calcined at 500 °C for 2 h in muffie furnace and
then extracted by ImolL~" HCI (16 h), the TP can be obtained
by determining phosphorus concentration in the extract. Inor-
ganic phosphorus (IP) was measured by direct extraction with
ImolL =" HCI (16 h), and then analyzed through colorimetry
using the molybdate blue method, and total organic P (TOP)
in the extract was calculated as the difference between TP and
IP (Ivanoff et al. 1998; Liu et al. 2015).

The classification method of sediment organic phospho-
rus forms. The continuous extraction method of Ivanoff
et al. (1998) was applied to classify the organic phosphorus
in the surface sediments in the fine bubble aeration device.
The organic phosphorus is divided into labile organic
phosphorus (LOP), moderately labile organic phospho-
rus (MLOP), and non-labile organic phosphorus (NLOP)
(Ivanoff et al. 1998; Lii et al. 2015). Labile organic phos-
phorus was initially extracted with 0.5 molL~! NaHCOj at
pH 8.5. The extracted P (total labile P, TP) includes both
OP (LOP) and inorganic P (P;) in the supernatant. Mod-
erately labile organic phosphorus was extracted with 1.0
molL"'HCI (including HCI-OP and Pi), followed by 0.5
molL"'NaOH. The NaOH extract was acidified with HCI
until pH 0.2 to separate the non-labile fraction (humic acid-
Po, HAOP) from the moderately labile fraction (fulvic acid-
Po, FAOP). Finally, the highly resistant, residual organic
phosphorus (Re-OP) was determined by ashing the residue
from the NaOH extraction at 550 °C for 1 h, followed by
dissolution in 1 molL™" H,SO,. The moderately labile OP
(MLOP) and non-labile OP (NLOP) were then calculated
as the sum of HCI-OP and FAOP, and the sum of HAOP
and Re-OP, respectively.

- - ﬁ‘

control cabinet

Fig. 1 Experimental device with fine bubble aeration at the sediment—water interface
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In all cases, the phosphorus concentration in the extracts
was determined colorimetrically by the phospho-molybdate
method. The OP in the extracts was calculated by the dif-
ference between TP and Pi, and TP in all extracts was cal-
culated with an aliquot that was digested with K,S,0; and
H,SO,. The recovery of organic P was calculated by the ratio
of the sum of organic P extracted and TOP.

2.4 Analysis of microbial activities

The determination of microbial biomass carbon (MBC)
method referred to the chloroform fumigation extraction
method (Anderson and Domsch 1978). The Monkina media
with organic phosphorus and inorganic phosphorus was used
to separate, cultivate, and count OPB and IPB in sediments
for determining the number of phosphate-dissolving bacteria
in the sediments (Qian et al. 2010). The determination of
alkaline phosphatase activity in sediments was based on the
determination method of alkaline phosphatase activity in
soil (Tabatabai and Bremner 1969). The method of diphenyl
sodium phosphate was applied to calculate the activity of
alkaline phosphatase by the rate of phenol formation during
hydrolysis after adding matrix diphenyl sodium phosphate.
The alkaline phosphatase activity was expressed as the num-
ber of milligrams of phenol released per hour of 1 g of dry
sediments at 37 °C for 24 h, and the unit is mg (g d)~".

2.5 Data statistical analysis

In the study, all of the analyses were performed in triplicate
and the results were expressed in mean and standard error
(n=3). Origin 2018 and SPSS 19.0 statistical software were
used to deal with the experimental data. All data were statis-
tically analyzed by the ANOVA mutation analysis program.
Duncan’s new multiple test method was used to analyze the
significance of the difference between the microbial index
data and the data of various forms of phosphorus. When
P <0.05, the difference was regarded as statistically signifi-
cant. A correlation analysis was used to examine the rela-
tionships between the microbial indexes and different frac-
tions of organic phosphorus using P-values of 0.05and 0.01.

3 Results and discussion

3.1 Impacts of fine bubble aeration on the physical
and chemical conditions in surface sediments

3.1.1 Variation in TOC and DOC in sediments
The effect of fine bubble aeration on the organic matter

contents of the surface sediments during the simulation
experiment was investigated, and the results are shown in

Fig. 2. During the fine bubble aeration, the total organic
carbon (TOC) value of the surface sediments in the device
showed an overall increasing trend. In the first 12 days of
the aeration process, The TOC value has been on the rise.
Although it has declined afterward, it has risen again in
the later stage of aeration, and reached the highest value at
21 days of aeration, indicating that fine bubble aeration at
the sediment—water interface can improve surface sediment
TOC content. The TOC content can characterize the total
amount of organic matter in the sediments, thus signifying
that the rate of microbial synthesis of organic matter was
greater than the rate of utilization. Meanwhile, part of the
organic matter was proved to be combined with phosphorus
to form organic phosphorus. In addition, the accumulation
and distribution of OP in the sediments are known to be
greatly influenced by organic matter, thus TOC is of great
significance to the form of organic phosphorus (Miiller et al.
2016). Moreover, studies have confirmed that organic mat-
ter plays a key role in retaining OP, and OP can be likely to
increase with the increase of organic matter content (Zhu
et al. 2015). Thus, the increased TOC may be the potential
reason accounting for the accumulation of organic phospho-
rus at the initial stage of aeration in later experiments.
During the period of fine bubble aeration, the DOC
contents of the surface sediments also exhibited an overall
increasing trend (Fig. 2), which began to increase signifi-
cantly after 9 days of aeration, and slightly decreased after
21 days of aeration (211.7 mg kg™1), but it was still much
higher than that of the beginning stage (135.1 mg kg™"). It
suggested that the fine bubble aeration at the sediment—water
interface can increase the DOC content in the surface sedi-
ments. This may the result of mineralization of organic
matter, which was likely to be enhanced when the micro-
bial activity is increased under aeration (Chen et al. 2011;
Preston and Basiliko 2016; Schiebel et al. 2020). DOC is an
important carbon source for the growth and metabolism of
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Fig.2 Contents of total organic carbon (TOC) and dissolved organic
carbon (DOC) in the surface sediments during aeration
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microorganisms, as well as a product of microbial metabo-
lism, can comprehensively reflect the metabolic activity of
microorganisms. Notably, the previous search from Miiller
et al. (2016) who examined the effects of different C sources
addition on the release of sediments confirmed that dissolved
organic carbon can stimulate the release of phosphorus.
Therefore, the increase of DOC may be responsible for the
continuous decrease of total phosphorus in sediments during
the aeration in later experiments.

3.1.2 The pH and ORP of the overlying water

The effect of fine bubble aeration on the pH values and ORP
of the overlying water at the sediment—water interface during
the simulation experiment was investigated, and the results
are shown in Fig. 3. During the aeration, the pH values of
the overlying water at the sediment—water interface exhibited
an overall downward trend, from 8.09 at the beginning of
the aeration to 7.82 at the end of the aeration. The pH value
of the overlying water varied depending on metabolism of
microorganisms at the sediment—water interface (Jiang et al.
2000), it was possible due to carbonates’ and organic acids’
decreased pH in the overlying water, which was produced
by a large number of microorganisms growing at the surface
sediments (Chen et al. 2011).

During the fine bubble aeration, the ORP value of the over-
lying water showed an overall upward trend. The ORP value
increased from 78 mV at the beginning to 178 mV at the end
of the simulation experiment. It indicated that the fine bubble
aeration could effectively increase the oxidation—reduction
potential of the overlying water at the sediment—water inter-
face. Many studies have shown that when the overlying water
is under anaerobic reduction conditions, it would promote the
release of endogenous phosphorus in the sediments, and the
aerobic state will mostly inhibit its release Li et al. 2007, 2013).
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Fig.3 pH and oxidation—reduction potential (ORP) values of the sed-
iment—water interface during aeration
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This phenomenon can be attributed to phosphate which can
bind with Fe** to form Fe,(PO,); in the oxic and aerobic con-
ditions. At the same time, dissolved phosphate in the overlying
water can be adsorbed by Fe(OH); in the sediments. While in
the anoxic and anaerobic system, Fe3* is reduced to Fe?* in a
dissolved state, and the phosphorus originally combined with
Fe**can be easily released from the sediments to the overly-
ing water (Jiang et al. 2008; Li et al. 2016). Therefore, it can
be inferred that the fine bubble aeration can increase the ORP
value of the overlying water at the sediment—water interface,
obviously, which may have a certain effect on repressing the
release of phosphorus from the sediments (Rahutomo et al.
2018).

3.2 Effects on organic phosphorus content and\ its
fractions

3.2.1 Changesin TP, OP, and IP contents in sediments

The changes in the contents of TP, OP, and IP in the sur-
face sediments during the fine bubble aeration at the sedi-
ment—water interface are shown in Fig. 4. The results showed
that organic phosphorus was the main fraction of phosphorus
in surface sediments. It can be seen from Fig. 4 that during
the fine bubble aeration at the sediment—water interface, the
total phosphorus in the surface sediments decreased from
548.4 mg kg~! in the initial stage to 472.4 mg kg~ at the end
of the experiment. Although the TP content of the sediments
has decreased under aeration conditions, the overall release
trend was still relatively slight. These results are consistent
with previous studies that phosphorus in sediments will also
be released under oxygen-consuming conditions except in
anaerobic conditions (Jiang et al. 2006). Jiang et al.(2008)
also concluded that P release occurred in both aerobic and
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anoxic conditions with the presence of organisms, but P
release in an anoxic environment was much greater than that
in an aerobic environment in the presence of light.

We also found that the inorganic phosphorus content in
the surface sediments decreased from 309.7 mg kg~! before
aeration to 371.6 mg kg~ 'after 21 days of fine bubble aera-
tion at the sediment—water interface. This result implied
that part of the inorganic phosphorus might be converted
into relatively stable organic phosphorus, and other parts
also may be released into the overlying water during aera-
tion. In other words, fine bubble aeration is likely to promote
the relative stabilization of some inorganic phosphorus to a
certain extent.

The content of organic phosphorus in the surface sedi-
ments generally increased at the early stage of aeration, while
its content decreased significantly after 15 days of aeration.
These results showed that during the process of the fine bub-
ble aeration, the organic phosphorus content in the surface
sediments firstly increased from 309.7 mg kg~! at the begin-
ning stage to 374.8 mg kg~!, and subsequently decreased
to 298.8 mg kg~ 'at the end stage of aeration. This finding
indicated that the accumulation rates of organic phosphorus
were greater than the mineralization and decomposition rates
at the early stage of aeration but it is opposite in the later
stage of aeration. Studies have proved that organic matter
usually forms strong complex organo-mineral associations
with polyvalent cations (Fe**, AI**, and Ca®*). Moreover,
the presence of the sepolyvalent cations may increase the OP
adsorption capacity of the sediments by constituting a posi-
tively charged bridge between the negatively charged clay or
organic sediments surfaces and the orthophosphate ions. In
addition, these polyvalent ions may react with the OP to form
insoluble organic phosphate salts precipitating onto the sedi-
ments’ surfaces (House and Denison 2002; Lii et al. 2016).
Zhu et al. (2015) also discovered that enzymatic hydrolysis
of OP was inhibited in the presence of humic acids (HA) and
metal ions as the formation of Po-metal-HA. It can be specu-
lated that Fe>* may have increased in this research with the
increase of OPR. Thus, organic phosphorus can be accumu-
lated under the action of iron ion and organic matter. While,
on the other hand, organic matter, especially dissolved organic
carbon (DOC), can promote the growth of microorganisms by
providing carbon sources for microorganisms including phos-
phate solubilizing bacteria, thus accelerating the release of
phosphorus from sediments (Watts 2000; Miiller et al. 2016).
In conclusion, the influence of organic matter on the adsorp-
tion and release of phosphorus in sediments is complicated,
which depends on the physical and chemical properties of
organic matter. To explain why organic phosphorus exhibited
this trend, we deduced that the adsorption and chelation of
organic matter and iron ions on phosphorus were greater than
the degradation of microorganisms in the early stage of aera-
tion, but the opposite was true in the later stage of aeration.

Therefore, fine bubble aeration could also promote the miner-
alization of organic phosphorus and increase the risk released
to water bodies (Heinrich et al. 2021).

3.2.2 Distribution characteristics of organic phosphorus
components in sediments

The distribution characteristics of the different organic phos-
phorus components in the surface sediments during the fine
bubble aeration at the sediment—water interface are shown
in Fig. 5. The results showed that the order of the content
of different organic phosphorus components during the fine
bubble aeration was as follows: non-labile organic phospho-
rus (NLOP) > liable organic phosphorus (LOP) > moderately
labile organic phosphorus (MLOP). We also found that non-
labile organic phosphorus was the dominant organophospho-
rus form in the surface sediments, and the lowest one was
the moderately labile organic phosphorus. This is in agree-
ment with the research by Han et al. (2020) which found that
NOP occupied the largest proportion of the various forms of
organic phosphorus in sediments of the four rivers entering
the lake in Hongze Lake. Bedrock et al. (1995) also pointed
out that Po which is present in natural organic matter from
various sources mainly appeared in the humic fractions.
The change trends of LOP and MLOP were relatively
similar during fine bubble aeration at the sediment—water
interface (Fig. 5). The content of LOP increased at the initial
stage of aeration, then increased obviously after 9 days of
aeration. However, the content of LOP and MLOP decreased
significantly after 12 and 15 days of aeration, respectively.
At the end of aeration, the content of LOP decreased from
85.72 mg kg~! before aeration to 67.89 mg kg™', and the
content of MLOP decreased from 27.76 mg kg™' before
aeration to 24.89 mg kg™'. LOP and MLOP are both organic
phosphorus fractions in the sediments that were easily bio-
available, which could affect the conversion of organic phos-
phorus in the short term. Labile organic phosphorus mainly
composed of nucleic acid, phosphate esters, and phospho-
rous sugar compounds. It belongs to the organic phosphorus
fraction that is most easily mineralized by microbial bio-
mass in sediments, or easily utilized by plants (Tiessen et al.
1984). Its percentage content is the key factor for the degra-
dation of Po mineralization to Pi (Ding et al. 2013). MLOP
is mainly composed of phosphate, phospholipid, phospho-
protein, calcium phytate, and magnesium (Wan et al. 2020).
In addition, MLOP is the more active component in the
Po, which has a certain biological effectiveness and can be
hydrolyzed or mineralized under certain conditions (Wan
et al. 2020). Previous studies showed that the interactions
of OP with iron (IIT) can transform a large part of the labile
and moderately labile OP forms (Zhang et al.1994; Lii et al.
2016). Schindler and Hecky (2009) also found Fe’* can
easily combine with the decomposition product phosphate
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Fig.5 Contents of labile organic phosphorus (LOP), moderately
labile organic phosphorus (MLOP), and non-labile organic phospho-
rus (NLOP) (a) and their percentages in total organic phosphorus

of MLOP to form insoluble iron phosphate and inhibit the
hydrolysis of enzymes, thereby further reducing the migra-
tion and transformation of MLOP. Therefore, the Fe** may
play a crucial role in the stabilization of LOP and MLOP.
And the rising ORP may mean that more Fe** have been
formed, which was consistent with the results of LOP and
MLOP accumulation in the early stage of aeration. While
due to the degradation of microorganisms, LOP and MLOP
tended to be transformed into soluble phosphate at the later
stage of aeration, and then released into the overlying water
(Wang et al. 2020).

The content of NLOP also showed a slight increase trend
at the early stage of aeration, then decreased significantly
after 12 days of aeration, and re-increased after 15 days.
Eventually, the content of NLOP still decreased from
186.1 mg kg™! to 178.9 mg kg~ 'at the end of aeration. This
may be because a part of the NLOP is humic acid bound
organic phosphorus, which has the performance of resisting
microbial degradation (Zhou et al. 2010; He et al. 2011).
While Lii et al. (2016) presented that the inactive organic
phosphorus is only a relative chemical solubility, it can be
absorbed and utilized by microorganisms and plants and still
has potential biological activity under certain circumstances.
In conclusion, NLOP is also the component with high con-
tent of organic phosphorus in sediments as it has low bio-
availability and strong stability (Ergin et al. 1996).

The percentage of LOP and MLOP to the total organic
phosphorus increased at the early stage of the simulation
experiment (Fig. 5). The relative contribution of the more
active part (LOP+MLOP) in the total organic phospho-
rus reached 52.30% at the 15th day of aeration and then
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it decreased. In other words, aeration would increase the
proportion of (LOP+MLOP) in the early stage. However,
because (LOP + MLOP) belongs to bioavailable phospho-
rus fractions, it is easily hydrolyzed and has a large release
potential, which corresponded to the decrease in the later
stage of aeration.

3.3 Effects of fine bubble aeration on the microbial
activities

3.3.1 Microbial biomass carbon

Microbial biomass carbon (MBC) is an important index for
microbial activity, which can reflect the total number and
activity of microorganisms in sediments (Bai et al. 2020).
The variation of the quantity of MBC in the surface sedi-
ments during fine bubble aeration is shown in Fig. 6. It is
found that MBC showed an overall growth trend, but the
growth rate was slow in the early stage and accelerated
in the later stage. Consequently, the MBC increased from
245.2 mg kg~! before aeration to 502.1 mg kg~ after the
simulation experiment. It could be speculated that aera-
tion could increase the total amount and activity of micro-
organisms in sediments. MBC was found to be mainly
governed by the amount of organic matter and showed a
decrease in microbial biomass activity (Mao et al. 2010)
with the decrease in the amount of organic matter (Fischer
et al. 2002). Thus, the possible reason of increased MBC
might be that aeration increased the content of TOC and
DOC in the surface sediments, thus more energy and carbon
sources were supplied for microbial growth, which increased
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Fig.6 Microbial biomass carbon (MBC) of the surface sediments
during fine bubble aeration at the sediment—water interface

microbial biomass and their activities (Boudreau 1999; Liu
et al. 2014). Moreover, it was verified that the rapid increase
in microbial biomass may promote the release of phospho-
rus (Jiang et al. 2008). Thereby, the growth trend of MBC
might be responsible for the release of TP in sediments and
the microbial decomposition of TOP in the later stage of
aeration.

3.3.2 Variation in number of phosphate solubilizing
bacteria

The variation of the number of phosphorus solubilizing bacteria
in the surface sediments during the aeration is shown in Fig. 7.
The total number of OPB in the surface sediments varied from
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Fig.7 Number of organic phosphorous mineralizing bacteria (OPB)
and inorganic phosphorous solubilizing bacteria (IPB) in the surface
sediments during fine bubble aeration at the sediment—water interface

1.06x 10° to 6.55x 10° cells g~! (dry sediments), and the IPB
varied from 1.28 x 10* to 4.56 x 10* cell g~! (dry sediments).
Organic phosphorus mineralizing bacteria in the surface sedi-
ments were significantly larger than inorganic phosphorus
solubilizing bacteria, which indicated that organic phosphorus
mineralizing bacteria had a certain advantage in phosphorus
solubilizing bacteria during the fine bubble aeration.

The results showed that the number of IPB decreased
overall during aeration, and the number of IPB decreased
significantly at the initial stage. Although it increased after
12 days of aeration, then it decreased from 4.56 x 10* cells
g~ ! (dry sediments) to 2.08 x 10* cells g~! (dry sediments) at
the end of aeration. In contrast, the number of OPB showed
an increase trend overall during the aeration period. It just
declined slightly at the initial stage, but increased signifi-
cantly after 3 days of aeration, and reached the highest value
at 15 days after aeration. Although the number of OPB
had declined again afterward, it eventually increased from
1.98x10° cells g~! (dry sediments) to 5.27x 10° cells g~
(dry sediments) at the end of aeration as compared to the ini-
tial stage. This may be because the phosphorus release at the
initial stage was dominated by IPB. As the aeration process
extended, the number of inorganic phosphorus decreased
while the organic phosphorus increased, resulting in the
inhibition of inorganic phosphorus solubilizing bacteria (Li
et al. 2018). In addition, as the oxidation-reduction poten-
tial (ORP) of the sediment—water interface increased, inor-
ganic phosphorus may be inactivated and stabilized, which
decreased the number of IPB. The change of OPB number
was similar to the variation of total organic phosphorus, with
the increase of organic phosphorus content during aeration.
In other words, when the substrate organic phosphorus con-
tent was sufficient, OPB could be fully grown (Zhou et al.
2011). Therefore, at the later period of aeration, the decline
of organic phosphorus may also be one of the reasons for
the decrease of OPB.

3.3.3 Activity of alkaline phosphatase

The change of alkaline phosphatase activity (APA) during
aeration at the sediment—water interface is shown in Fig. 8.
We observed a rapid increase in APA from 24.12 mg (kg
h)~! at the initial stage to 69.45 mg (kg h) ~! at the end of
aeration. This indicated that aeration at the sediment—water
interface significantly improved the activity of alkaline phos-
phatase in the surface sediments, which was similar to the
previous results (Chen et al. 2011). Yuan et al. (2020b) also
reported that higher APA values were detected under both
oxic and anaerobic conditions in the near-surface layer of
sediments where higher Po concentrations occurred, while
there existed a higher APA under oxygen-enriched condi-
tions relative to the low oxygen conditions. This could be
explained that organic phosphorus could induce phosphatase
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Fig.8 Variations of alkaline phosphatase activity (APA) in the sur-
face sediments during fine bubble aeration at the sediment—water
interface

activity, thereby causing the increase of the APA with the
increase of organic phosphorus content during aeration
(Zhou et al. 2008). APA plays a key role in organic phos-
phorus mineralization, which is a necessary factor for the
conversion of organic phosphorus to inorganic phosphorus
(Zhu et al. 2016), so it could be inferred that the minerali-
zation of organic phosphorus occurred at this time, which
was also consistent with the aforementioned decrease in the
content of organic phosphorus during the middle and late
stage of aeration.

Organic phosphorus mineralizing bacteria (OPB) pro-
duces alkaline phosphatase during the process of organo-
phosphate mineralization (Liu et al. 2017). Therefore, the
alkaline phosphatase activity was expected to be related to
the number of organic phosphorus mineralizing bacteria the-
oretically. According to our results, the number of OPB dur-
ing aeration was roughly increasing. The correlation coef-
ficient (r) between the number of OPB and APA was 0.862
(P <0.01); it revealed that the increase of the number of
OPB during aeration may also lead to the increase of APA.

Similarly, the correlation coefficient (r) between DOC and
APA is 0.994 (P <0.01), which suggested that DOC con-
tents were significantly positively correlated with alkaline
phosphatase activity. These results implied that the increase
of DOC may lead to the increase of the number of bacteria
related to phosphorus transformation, thus enhancing the
activity of alkaline phosphatase (Torres et al. 2017). And
the results may also be explained by a mechanism of phos-
phatase induction by organic matter, as the total organic
carbon content correlated significantly with APA (Su et al.
2005). Additionally, APA showed a significant negative cor-
relation with the IP contents (P <0.05). This was because
microorganisms tend to produce more phosphatase with
the lack of IP in sediments, and excessive labile IP could
repress the synthesis of APA (Wang et al. 2016). Therefore,
the decreased inorganic phosphorus of the sediments during
aeration also had a certain effect on the increase of APA.

3.4 Correlation analysis of microbial indicators
and organic phosphorus components

The data of microbial indicators and various fractions of
phosphorus were analyzed, and the results are shown in
Table 1. We discovered that there was a significant corre-
lation among the microbial indicators. Notably, APA was
significantly positively correlated with the number of OPB,
which was in accord with the research of Zhou et al. (2011).
This can be due to the fact that OPB can produce alkaline
phosphatase, which hydrolyzes phosphate ester and other
organic phosphorus into bioavailable phosphate (Zhou et al.
2008; Mudryk et al. 2015). Therefore, APA was supposed
to be correlated with the content of organophosphorus in
the sediments. However, there were no obvious correlations
between the organic phosphorus and various microbial indi-
cators (except IPB). The possible reason for this might be
that the sediment environment of Nanfei River is a long-term
stable system, and the sediment environment in the aeration
device may not have reached equilibrium. On the other hand,
aeration changed the pH value and increased the content of
organic matter, as well as the oxidation—reduction potential
at the sediment—water interface, thus causing changes in

Table 1 Correlations between

ple 1 L \ IPB  OPB APA MBC  LOP MLOP NLOP  TOP P

microbial indexes and different

fractions of organic phosphorus  [pg | -0.754"  —0.651 —0638 -0394 —0.623 0052 -0610  0.831"

in the sediments under fine OPB I 0862 0872 0368 0675 0447 0382 —0835"

bubble aeration (n=38) at the " .

sediment—water interface APA 1 0980 —0.099 0305 —0471 0049 —0.814
MBC 1 —0.063 0288 —0372 —0.005 —0.788"

IPB inorganic phosphorus solubilizing bacteria, OPB organic phosphorus mineralizing bacteria, APA alka-
line phosphatase activity, MBC microbial biomass carbon, LOP labile organic phosphorus, MOP moder-
ately labile organic phosphorus, NLOP non-labile organic phosphorus, TOP total organic phosphorus, /P

inorganic phosphorus
"P<0.05, ** P<0.01
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the chemical balance at the sediment—water interface (Song
et al. 2020). The changes in the form and content of organic
phosphorus may also be related to other chemical processes,
not only affected by microorganisms.

4 Conclusions

In this study, a simulation experiment with a precision
oxygen distribution system with nanopore was conducted
to study the effect of fine bubble aeration on the sedi-
ment—water interface on species distributions of organic
phosphorus and related microbial activities in the sediments.
The results indicated that aeration can increase the organic
matter content and the redox potential in the surface sedi-
ments. Conversely, the pH value of the overlying water at
the sediment—water interface presented a general decreasing
trend. The content of total phosphorus and inorganic phos-
phorus in the surface sediments generally showed a declin-
ing trend, indicating that fine bubble aeration may accel-
erate the relative stabilization of inorganic phosphorus or
the release of overlying water. While the content of organic
phosphorus increased firstly and then decreased during aera-
tion, revealing that the mineralization and decomposition
rate of organic phosphorus by microorganisms in the later
stage of aeration was greater than the accumulation rate of
organic phosphorus. The findings suggest that fine bubble
aeration may also promote the mineralization of organic
phosphorus and increase the risk of its release to water bod-
ies. Moreover, the variation trend of LOP and MLOP was
similar to TOP, increasing firstly and then declining. Mean-
while, the content of NLOP has slightly decreased compared
with that before aeration, which is mainly due to the abil-
ity of NLOP to resist microbial degradation, but it still has
potential biological activity.

The MBC and alkaline phosphatase activities were sig-
nificantly increased in the surface sediments during aeration,
revealing that the total amount and activity of microorgan-
isms related to the conversion of organic phosphorus could
be increased in the surface sediments. The number of IPB
decreased overall, while the number of OPB increased over-
all. The trend of the two changes was roughly opposite, and
there was a significant negative correlation between them.
The number of OPB was significantly positively correlated
with alkaline phosphatase activity, which is associated with
the mechanism of organophosphate mineralization. There
was a significant correlation among the microbial indica-
tors in the surface sediments, but no obvious correlation
between the organic phosphorus and the microbial indica-
tors except IPB, which may be caused by other chemical
processes in the surface sediments. As the changes in the
form and content of phosphorus may also be related to other
chemical processes, its mineralization and fixation may not

only be affected by microorganisms. Therefore, the relation-
ship between the physiochemical parameters and microbial
indicators requires a further study to reveal the specific
mechanisms of OP mineralization in sediments. Thus, we
may come to a conclusion that short-term aeration may be
more beneficial to the internal P management than long-term
aeration. Although a considerable further effort is needed to
examine the effects of aeration on distributions of organic
phosphorus forms and related microbial activity on the sedi-
ment—water interface, present findings can still provide a
theoretical basis and technical support for in situ remedia-
tion of heavily polluted river sediments with aeration at the
sediment—water interface.
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