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ABSTRACT

Eutrophic sediments represent a major threat to the health of aquatic ecosystems, and their restoration is critical
for aquaculture and inland water management. Potassium persulfate composite salt (K2SOs-KHSO4-2KHSOs,
KMPS) is a strong oxidant with high efficiency, safety, and environmental friendliness. However, its application
and mechanism of action in eutrophic sediment remediation have not been systematically studied. This study
utilizes an acrylic column simulation system to explore the effects of different KMPS dosages on the physico-
chemical properties of sediment-water interfaces (SWI), dissolved organic matter (DOM) characteristics, enzyme
activity, and microbial community structure, aiming to reveal the mechanism of KMPS in eutrophic sediment
remediation and provide scientific evidence for its practical application. The study indicates that KMPS signif-
icantly reduces sediment particle size, increasing the proportion of clay and silt particles, thereby optimizing the
material exchange capacity of sediments. Nitrogen form analysis revealed that KMPS significantly reduced IEF-N,
particularly the IEF-NH." content, decreasing the storage of bioavailable nitrogen and promoting nitrogen
transformation between sediments and the water column. KMPS also significantly increased the dissolved
organic carbon (DOC) content in both sediments and water, and by degrading complex organic matter, it pro-
moted the generation of low molecular weight hydrophilic dissolved organic matter (DOM), thereby improving
its bioavailability. Enzyme activity tests showed that KMPS enhanced the activities of cellulase and peroxidase,
promoting organic matter decomposition, while microbial community analysis indicated that KMPS optimized
the functional microbial community structure, enhancing sediment pollution degradation potential and pro-
moting material cycling. KMPS significantly improved the material cycling and ecological function of the SWI
system by optimizing sediment particle size distribution, regulating nitrogen forms, degrading DOM, and reor-
ganizing microbial communities. The results reveal the high efficiency and application potential of KMPS in
eutrophic sediment remediation.

1. Introduction

commonly used strong oxidizer. KHSOs (PMS) is the main active
component of KMPS (Fernandez et al., 2004), which can destroy the

The application of strong oxidizers in pollutant treatment and bac-
terial disinfection is widespread, primarily due to their powerful
oxidative ability, which can decompose pollutants or eliminate micro-
organisms (Kim et al., 2002; Zhou et al., 2019). Traditional strong oxi-
dizers include chlorine, ozone, hydrogen peroxide, hypochlorite, and
potassium permanganate (Luan et al., 2024). Potassium persulfate
composite salt (K2SO4-KHSO4-2KHSOs, abbreviated as KMPS) is also a

chemical structure of pollutants through its strong oxidizing properties,
and it can break down bacterial cell walls, inhibit bacterial metabolic
processes, and cause oxidative damage to cells (Lee et al., 2020). This
gives KMPS significant effectiveness in pollutant degradation and mi-
crobial disinfection (Totaro et al., 2023; Wu et al., 2024). Compared to
traditional strong oxidizers, KMPS has a shorter application history, but
its efficiency, safety, stability, and environmental friendliness have
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made it increasingly popular in various fields (Feng et al., 2023). KMPS
has shown good results in industrial wastewater treatment and aqua-
culture water quality regulation (Wang et al., 2023; Wang and Zhang,
2023), and it has also been effective in degrading organic pollutants in
sediments, such as pyrene and polycyclic aromatic hydrocarbons (Hung
et al., 2021; Shi et al., 2022).

To date, there have been few reports on the application and mech-
anisms of strong oxidizers, including KMPS, in the remediation of
eutrophic sediments. Taking aquaculture pond sediments as an example,
KMPS has been widely employed in the routine management of aqua-
culture systems, particularly in shrimp farming across numerous Asian
countries, where it plays a dual role in enhancing water quality and
mitigating disease outbreaks (Rico et al., 2013). For example, KMPS is
commonly applied at concentrations ranging from 1 to 15 g/m° to
suppress pathogenic bacteria and degrade organic pollutants within the
water column (Zhao et al., 2022). Despite its widespread use, the spe-
cific applications and remediation efficacy of KMPS in aquaculture pond
sediments remain poorly understood. In intensive aquaculture systems,
uneaten feed and excreta from farmed organisms accumulate continu-
ously, resulting in the formation of organic-rich sediments and pro-
moting the development of anaerobic processes at the sediment-water
interface (SWI). These processes generate harmful substances such as
ammonia nitrogen, hydrogen sulfide, and methane, and lead to the
proliferation of pathogenic microorganisms, posing a serious threat to
the survival and health of the cultured animals (Boyd and Queiroz,
2014; Boyd, 1995). Therefore, the remediation of eutrophic sediments is
crucial. Given the successful application of strong oxidizers in other
areas, investigating the role and mechanisms of strong oxidizers in the
remediation of eutrophic sediments is essential.

Representative indicators of the SWI system include the particle size
distribution of sediments, nitrogen forms, dissolved organic matter
(DOM), enzyme activity, and microbial communities. Particle size dis-
tribution influences the distribution of pollutants in sediments as well as
the content of total nitrogen (TN), total phosphorus (TP), and soluble
organic carbon (Chen et al., 2022). Nitrogen forms, including ion-
exchangeable nitrogen (IEF-N), weak acid-extractable nitrogen
(WAEF-N), strong base-extractable nitrogen (SAEF-N), and strong
oxidant-extractable nitrogen (SOEF-N) (Zheng et al., 2008), play a
central role in water eutrophication, nitrogen cycling, and microbial
metabolism (Hargreaves, 1998; Ye et al., 2021). Studying nitrogen forms
in the SWI system helps to understand the nitrogen release mechanisms,
the nitrogen cycling between sediments and water, and the biogeo-
chemical processes of nitrogen (Gardner et al., 2001; Jinming et al.,
2002). DOM is an active component in aquatic ecosystems, directly
involved in the nutrient cycling of water bodies and influencing mi-
crobial metabolic activities (Polubesova and Chefetz, 2014). Changes in
DOM can serve as an indicator of the transformation of substances and
pollutant degradation between water and sediments under the action of
oxidizers (Romera-Castillo and Jaffé, 2015; Zhang et al., 2021). Enzyme
activity in sediments primarily originates from microorganisms, which
are directly involved in the decomposition of organic matter, nitrogen
transformation, and nutrient cycling, making them key to the ecological
functions of sediments (Bai et al., 2018; Zhao et al., 2018). In addition to
participating in the metabolism of various nutrients, microorganisms
also play an important role as indicators of environmental changes,
ecological health, pollution status, and ecological restoration (Hu et al.,
2011).

This study utilizes an acrylic column-based simulated pond SWI
system (including sediment and overlying water) to systematically
investigate the effects of applying different doses of KMPS to the sedi-
ment. The study examines changes in sediment particle size distribution,
nitrogen forms, DOM composition and characteristics, enzyme activity,
and microbial community structure within the SWI system. The objec-
tive is to reveal the impact of KMPS treatment on the biogeochemical
cycles in the SWIsystem and to elucidate the mechanisms of KMPS in the
remediation of aquaculture pond sediments. This research will provide
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scientific evidence for the use of strong oxidizers, such as KMPS, in the
remediation of eutrophic sediments.

2. Materials and methods
2.1. Experimental materials

The sediment used in this study was collected from a prawn farming
pond at the Yangtze River System Fish Breeding Base in Guangling,
Jiangsu Province (119°29'0.204"E, 32°17'51.140"N) in June 2024, using
a core sampler. The biogeochemical processes in the SWI typically occur
within a depth range of 0-10 cm, which is characterized by significant
material exchange and a rich microbial community (Liao et al., 2021).
Therefore, the sampling depth was set at 10 cm from the sediment-water
interface (SWI). After being collected, the samples were passed through
a 2 mm aperture 10-mesh stainless steel sieve to remove large particu-
late impurities. The samples were then stored in a 30 L open poly-
ethylene barrel, sealed with black polyethylene plastic film to prevent
light exposure, and transported back to the laboratory within 30 min of
sampling for subsequent analysis and ecosystem setup. The KMPS
powder used in this study was provided by Jiangsu Yongrong (Huai’an,
China). To minimize the loss of KMPS in the water during application,
we pressed the KMPS powder into tablets using a tablet press. The
experimental containers were made of polymethyl methacrylate
(PMMA) acrylic columns, purchased from Shengyuanda Plastic Products
Co., Ltd. (Huizhou, China), with a diameter of 15 cm and a height of 10
cm.

2.2. Experimental design

In the simulated aquaculture pond SWI system, based on the
sediment-to-overlying water ratio typical of conventional aquaculture
ponds, the sediment depth in the experimental columns was set to 4 cm,
and the overlying water depth was set to 6 cm (sediment wet weight of
500 g with a moisture content of 85 %) (Tang et al., 2024). The exper-
iment included four treatment groups and one blank control group (Con,
with no treatment applied), with three replicates per group. Based on
recommended dosages used in aquaculture practice, published literature
(e.g., Zhao et al., 2022), and results from preliminary pre-experiments,
the KMPS dosages were determined through comprehensive consider-
ation. The treatment groups were dosed with 0.2 g, 0.4 g, 0.6 g,and 0.8 g
of KMPS (designated as KP0.2, KP0.4, KP0.6, and KP0.8), with one
application administered every three days, respectively. The total
experimental duration was 15 days, with five dosing events in total.
Throughout the experiment, the experimental columns were covered
with black polyethylene plastic film to simulate the pond bottom envi-
ronment, ensuring that the experiment was conducted under low-light
conditions.

2.3. Physicochemical index measurement

On the day following each KMPS application, the pH, temperature,
dissolved oxygen (DO), and oxidation-reduction potential (ORP) of the
overlying water and sediment in each experimental column were
measured. At the end of the experiment, samples of the overlying water
and sediment were collected for storage and analysis. At the end of the
experiment, samples of the overlying water and sediment were collected
for storage and analysis. Specifically, for sediment sampling, the
remaining overlying water in the experimental columns was first pum-
ped out, and then the surface sediment was excavated and collected
using a stainless steel weighing spoon. The overlying water was
collected in opaque white polyethylene bottles for subsequent analysis.
The sediment was divided into two portions: one portion was used for
microbial community structure analysis and enzyme activity measure-
ments, while the other portion was air-dried, ground, and sieved
through a 100-mesh stainless steel sieve for subsequent measurements.
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The sediment particle size distribution was measured using a particle
size analyzer (Mastersizer 2000, Malvern Instruments, UK). Total Ni-
trogen (TN) in the overlying water was measured using the alkaline
persulfate digestion ultraviolet spectrophotometric method; ammonia
nitrogen (NH."-N) and nitrite nitrogen (NO:2 -N) were measured using
the NESSLER’s reagent ultraviolet spectrophotometric method (Wang
et al.,, 1998; Wu and Cao, 2013); nitrate nitrogen (NOs -N) was
measured using the spectrophotometric metho (Wang et al., 2017). The
forms of potentially exchangeable nitrogen (TTN) in the sediment were
measured using a sequential extraction method, determining the con-
tents of ion exchangeable nitrogen (IEF-N), weak acid extractable ni-
trogen (WAEF-N), strong base extractable nitrogen (SAEF-N), and strong
oxidant extractable nitrogen (SOEF-N) (Lii et al., 2005). Total nitrogen
content in the sediment was measured using an elemental analyzer
(Vario EL cube Elementar, Germany). Total organic carbon (TOC) in the
sediment was measured using the potassium dichromate dilution-heat
method (Nelson and Sommers, 1996). The pH, temperature, and ORP
of the overlying water were measured using a portable water quality
tester (PCT-407, portable multiparameter water quality tester, LOOBO,
China), while dissolved oxygen (DO) in the overlying water was
measured using a portable dissolved oxygen meter (PDO 508, Beijing
Huamei Water Analytical Instruments, China). Sediment pH, tempera-
ture, and ORP were measured using a soil redox potential meter (LT-
OPW Soil Oxidation-Reduction Potential Meter, LVBO, China).

2.4. Extraction and analysis of dissolved organic matter (DOM)

The extraction steps for DOM in the overlying water are as follows:
samples were centrifuged at 8000 rpm for 10 min, and the supernatant
was filtered through a 0.45 pm glass fiber filter. The filtrate was then
collected and stored at 4 °C. For sediment DOM extraction, sieved
sediment samples were extracted with Milli-Q ultrapure water (v/w =
10: 1) and shaken in a constant temperature shaker (ZQPL-200, Labo-
tery, China) at 220 rpm for 24 h. DOM concentration was expressed as
dissolved organic carbon (DOC) and measured using a total organic
carbon analyzer (TOC-LCPN, Shimadzu, Japan). The three-dimensional
fluorescence spectra (EEM) and UV-visible spectra (UV-vis) of all
samples were measured using a fluorescence spectrophotometer (F-
7000, Hitachi, Japan) and a UV-visible-NIR spectrometer (Cary 5000,
Varian, USA), respectively. EEM measurements used a 150 W xenon
lamp as the excitation light source, with a PMT voltage set to 700 V and a
signal-to-noise ratio > 110. A 1 cm quartz cuvette was used, with the
excitation wavelength range from 200 to 500 nm and the emission
wavelength range from 250 to 600 nm. The instrument was automati-
cally calibrated. Milli-Q ultrapure water was used as a blank, and the
parallel factor (PARAFAC) model was used for analysis. Rayleigh scat-
tering was manually removed, and the background of Milli-Q water was
subtracted from the fluorescence spectra to eliminate Raman scattering.
The PARAFAC model and humification parameters of DOM were
analyzed using Matlab 2021a. UV-visible spectroscopy measured the
range from 200 to 800 nm with a scanning interval of 2 nm. The hu-
mification parameters include the fluorescence index (FI), humification
index (HIX), and biogenic index (BIX), while the UV-visible spectral
parameters include a(355), SUVAgss, SUVAggg, Eo/Es, E4/Eg, and
So75 205, as detailed in Table S1.

2.5. Enzyme activity measurement

Enzymes are an important component of sediment, and their activity
directly influences the release of endogenous substances. In this study,
the activities of six enzymes, including protease, peroxidase, urease,
cellulase, dehydrogenase, and invertase, were measured for different
treatment groups. Protease activity was determined using the method of
Huang et al. (Huang et al., 2015), where the amino acids produced by
protease hydrolysis form a blue complex with ninhydrin, which is
measured spectrophotometrically at 560 nm. Dehydrogenase activity
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was measured by the reduction of 2,3,5-triphenyltetrazolium chloride
(TTC) to 2,3,5-triphenylformazan (TPF) (Polyak et al., 2017). The ac-
tivities of catalase, urease, transglutaminase, and cellulase were deter-
mined using the purple gallic acid colorimetric method, Nessler’s
reagent method, and 3,5-dinitrosalicylic acid spectrophotometric
method, respectively (Teixeira et al., 2012; Zhao et al., 2018; Zusfahair
et al., 2022).

2.6. Microbial community 16S rRNA gene analysis

To assess the effects of different doses of KMPS on the microbial
community in the WSI interface system, we conducted microbial
detection and analysis of the sediment. At the conclusion of the exper-
iment, sediment samples were immediately submerged in liquid nitro-
gen for flash-freezing and subsequently stored at —80 °C to preserve
microbial integrity prior to analysis. The sequencing and subsequent
analysis were carried out by BaiMaiKe Biotechnology Co., Ltd. (Beijing,
China). First, genomic DNA was extracted from the sediment samples.
The V3-V4 region of the 16S rRNA gene was utilized to characterize the
bacterial communities. The amplification was carried out using the
primer pair 338F/806R. Subsequently, the PCR products were purified,
quantified, pooled, and sequenced on Illumina NovaSeq 6000 platform.

2.7. Statistical analysis

Data were analyzed using SPSS 18 and presented as Mean =+ standard
deviation (SD). Parametric data were assessed by one-way ANOVA fol-
lowed by Tukey’s post-hoc test. For non-normal or heteroscedastic data,
logarithmic transformation was applied before ANOVA, and the signif-
icance level was set at P < 0.05. Figures were generated with OriginPro
2021. High-throughput sequencing data were analyzed on the
BMKcloud platform (https://international.biocloud.net/zh/dashboard),
and correlation analysis of environmental factors and significant
changes in microbial communities was conducted using Cloudtutu (http:
//cloudtutu.com.cn/), with significant positive correlations defined as
P<0.0l andr > 0.4.

3. Results
3.1. Sediment particle size analysis

After treatment with different doses of KMPS, the overall particle size
of the sediment decreased, and the trend became more pronounced with
increasing dose (p < 0.05) (Fig. 1A). D10, D50, and D90 represent the
particle sizes corresponding to cumulative particle size distribution
values of 10 %, 50 %, and 90 %, respectively (te Slaa, 2020). These
results also show that under KMPS treatment, the sediment particle size
decreased in a dose-dependent manner, with significant differences
observed at the KP0.8 level (p < 0.05) (Fig. 1B). The sediment particles
were primarily classified into three types based on particle size: clay (<
2 pm), silt (2-50 pm), and sand (50-2000 pm) (Turlan et al., 2007).
Compared to the control group (Con), the proportion of sand in all
treatment groups decreased in a dose-dependent manner, from 18.58 %
in the Con group to 10.10 %-0.83 %. In contrast, the proportions of silt
and clay increased in a dose-dependent manner, with the silt proportion
rising from 75.63 % in the Con group to 83.03 %-88.03 %, and the clay
proportion increasing from 5.74 % in the Con group to 7.56 %-11.14 %
(Fig. 1C).

3.2. Changes in the physicochemical parameters of sediment and
overlying water

Under the KP0.2 to KP0.8 treatments, the pH of the sediment
significantly decreased in a dose-dependent manner, whereas the ORP
significantly decreased only in the KP0.4 treatment group. The TN
content decreased in a dose-dependent manner but did not reach a
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Fig. 1. Effect of KMPS on sediment particle size; (A) Sediment particle size distribution; (B) D10, D50, and D90 of sediment particle size; (C) Composition percentage
of sediment particle content. Sediment particles are mainly divided into three classified: clay (< 2 pm), silt (2-50 pm), and sand (50-2000 ym); D10, D50, and D90
represent the particle sizes corresponding to cumulative particle size distribution values of 10 %, 50 %, and 90 %, respectively; Significant differences between

treatments without the same letter are indicated (p < 0.05).

significant level (p < 0.05). In the water body, pH and ORP significantly
decreased in a dose-dependent manner, while DO significantly
decreased across the KP0.2 to KP0.8 treatment groups (p < 0.05). TN
and NH."-N significantly increased in all treatment groups, with TN
following a dose-dependent trend. The NOs -N level significantly
increased in the KP0.8 group, while NOz"-N significantly decreased in
the KP0.2 to KP0.6 groups, with a greater decrease observed in the lower
concentration treatment groups (p < 0.05) (Fig. 2).

3.3. Changes in nitrogen forms in sediment

The IEF-N content in the sediment of the Con group was 158.59 mg/
kg. The IEF-N content in all KMPS treatment groups significantly
decreased, ranging from 30.49 to 45.21 mg/kg (p < 0.05). However, the
contents of WAEF-N, SAEF-N, and SOEF-N in the treatment groups
showed no significant changes compared to the Con group (Fig. 3A).
Further analysis of the NHa*-N and NOs~-N forms in IEF-N revealed that
the IEF-NH4" content in the Con group was 127.30 mg/kg, which
significantly decreased after KMPS treatment (p < 0.05), ranging from
24.36 to 33.67 mg/kg. However, the IEF-NOs~ content showed no sig-
nificant changes (p < 0.05) (Fig. 3B).

3.4. Changes in TOC and DOC in sediment

Under KMPS treatment, the total organic carbon (TOC) content in
the sediment showed a downward trend compared to the Con group, but

the difference was not significant. The dissolved organic carbon (DOC)
content in both sediment and water exhibited a dose-dependent increase
under all KMPS treatment concentrations. The DOC in the sediment was
significantly higher in the KP0.8 group compared to the control group,
and the DOC in the water was significantly higher in the KP0.4 to KP0.8
groups compared to the control group (p < 0.05) (Fig. 4).

3.5. Composition and spectral parameters of DOM

3.5.1. Identification and changes in the composition of DOM

In this study, five fluorescent components were identified in the
dissolved organic matter (DOM) samples, including three protein-like
components (C1, C2, and C4) and two humic-like components (C3 and
C5) (Fig. 5A). These components exhibited high matching with the Open
Fluor database, with similarity scores greater than 0.95. C1 showed a
maximum at 275/320 nm (Ex/Em), representing a protein-like compo-
nent (Dainard et al., 2015); C2, at 220/301 nm, is a protein-like or
tyrosine-like component (Derrien et al., 2020); C3, at 240, 305/396 nm,
represents a combination of the A + M peaks, indicative of humic sub-
stances derived from biological/microbial activity (Cardenas et al.,
2017; Garcia et al., 2018); C4, at 290/352 nm, is a protein-like or
tryptophan-like component (Murphy et al., 2011); C5, at <260, 365/
475 nm, represents terrestrial humic substances (DeFrancesco and
Guéguen, 2021). Fig. 5B shows the percentage composition of each DOM
fluorescent component. The results indicated that C1 and C2 are the
major components of DOM, with C1 and C2 accounting for 30.67 % and
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54.44 %, respectively, in sediment, and 38.44 % and 41.90 %, respec-
tively, in water. C3, C4, and C5 in sediment accounted for 6.82 %, 3.30
%, and 4.78 %, respectively, while in water, they accounted for 11.55 %,
1.73 %, and 6.38 %, respectively. The sum of the protein-like compo-
nents C1, C2, and C4 in sediment and water were 88.37 % and 82.07 %,
respectively, while the sum of the humic-like components C3 and C5
were 11.6 % and 17.93 %, respectively. This indicates that the protein-
like components are the predominant components in both sediment and
water of the pond. Under KMPS treatment, except for C5 in sediment,
which significantly increased in the KP0.4 group, the other components
in both sediment and water showed some fluctuations but did not
exhibit significant changes.

3.5.2. UV-visible absorption spectral parameters and humification
parameters of DOM
Under the influence of KMPS, the changes in the UV-visible

absorption spectral parameters and humification parameters of the
sediment and water we detected were mostly consistent. Among them,
the parameters a(355), Ey/E3, and Sy75 295 showed an increase under
KMPS treatment, mostly exhibiting dose-dependent characteristics. The
E4/Eg value did not show significant changes in sediment, but in water,
it significantly increased in a dose-dependent manner. SUVAys4 signif-
icantly decreased in both sediment and water, SUVAygq significantly
decreased in water but showed no significant change in sediment. The
fluorescence index (FI) showed no significant change in either sediment
or water, while the humification index (HIX) generally showed a sig-
nificant dose-dependent decrease. The BIX index in water showed no
significant change compared to the Con group, while in sediment, the
BIX value significantly increased at the KP0.6 level, with no significant
changes in the other groups (p < 0.05) (Fig. 6).
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3.6. Changes in enzyme activity in sediment

Under KMPS treatment, urease activity was significantly lower than
the control group (Con), and no significant differences were observed
between different KMPS concentrations (p < 0.05). Cellulase activity
significantly increased in all treatment groups, with the increase in
KP0.2 and KP0.4 groups being much higher than in the KP0.6 and KP0.8
groups (p < 0.05). Peroxidase activity significantly increased in the
KPO0.2, KP0.4, and KP0.6 groups, with the increase in KP0.2 and KP0.4
being much greater than in the KP0.6 group. No significant difference
was observed between the KP0.8 group and the control group (p < 0.05).
No significant changes were observed in the activity of protease, dehy-
drogenase, or invertase in all KMPS treatment groups (Fig. 7).

3.7. Effect of KMPS on sediment microbial community structure

A total of 50 microbial taxa were detected at the phylum level, with
Proteobacteria being the predominant dominant group. After KMPS
treatment, the relative abundance of Proteobacteria increased from
26.37 % in the control group (Con) to 30.52-35.02 %. Among other
dominant

groups, the relative abundance of Desulfobacterota,
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Fig. 5. Composition of DOM and the effect of KMPS on its composition; (A) Five different DOM fluorescent components; (B) Percentage and variation of each
component in sediment and water; C1 is a protein-like component; C2 is a protein-like or tyrosine-like component; C3 is humic substances derived from biological/
microbial activity; C4 is a protein-like or tryptophan-like component; C5 represents terrestrial humic substances; differences between treatments without the same

letter are significant (p < 0.05).
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Fig. 6. Effect of KMPS on UV-Visible absorption spectral parameters and humification parameters of DOM; a(355) represents the abundance of CDOM; SUVAjs4
represents the aromaticity and humification degree of DOM; SUVAyg, represents the content of hydrophobic organic components in DOM; E,/E3 represents the
relative molecular mass of DOM; E4/Eg represents the humification degree and source of DOM; Sa75_29s represents the molecular weight and photochemical reactivity
of DOM; HIX reflects the humification degree of DOM; FI reflects the source and degradation degree of DOM; BIX reflects the relative contribution of endogenous
substances to DOM; All data are presented as Mean + SD; Differences between treatments that do not share the same letter are significant (p < 0.05).

Acidobacteriota, and Bacteroidota showed no significant trends, main-
taining relative abundances around 11.41 %, 9.29 %, and 7.05 %,
respectively. However, the relative abundance of unclassified Bacteria,
Chloroflexi, Nitrospirota, Spirochaetota, and Verrucomicrobiota showed a
decreasing trend. Specifically, the relative abundances of unclassi-
fied Bacteria, Spirochaetota, and Verrucomicrobiota in the experimental
groups decreased by 25.27 %, 29.83 %, and 26.58 %, respectively,
compared to the Con group. Furthermore, Firmicutes was the only
dominant phylum, other than Proteobacteria, whose relative abundance
increased significantly, rising from 0.8 % in the Con group to 2.46-8.56
% in the KMPS treatment groups (Fig. 8A). At the genus level, a total of
1361 microbial taxa were detected, with dominant genera shown in
Fig. 8B, including unclassified Bacteria, uncultured prokaryote, Pseudo-
monas, unclassified Thermodesulfovibrionia, Candidatus_.Competibacter,
unclassified Gammaproteobacteria, Thiobacillus, Desulfatiglans, Tricho-
coccus unclassified Anaerolineae. After KMPS treatment, the abundance
of Pseudomonas and Trichococcus increased. The o-diversity indices
revealed a downward trend in microbial diversity following KMPS
treatment, although most of the changes were not statistically signifi-
cant, except for the Shannon index in the KP0.6 group, which was
significantly lower than the Con group (Fig. 8C). Among the top 50
genera by abundance, the relative abundance of Pseudomonas, For-
mivibrio, Shewanella, Desulfomicrobium, and unclassified Hydrogenophila
increased under KMPS treatment, while Thiobacillus, Spirochaeta,
unclassified_Latescibacteraceae, uncultured Chloroflexi bacterium, Clos-
tridium_sensu_stricto, and soil bacterium showed decreased abundance
(Fig. 8D).

3.8. Correlation between microbial communities and environmental
factors

The results of the Mantel Test showed that under KMPS treatment,
the changes in sediment microbial communities were highly signifi-
cantly correlated with pH, IEF-NHJ, DOC, Ey/Es, Sa75_20s, and HIX, as
well as significantly correlated with sediment particle size (D50) and
TOC. Enzymatic activities were significantly correlated with the E4/Eq
ratio. Significant correlations also existed among various environmental
factors: pH was positively correlated with D50, IEF-NHJ, SUVAs4, and
HIX, and negatively correlated with DOC, Ey/E3, and Sy75_295; TN was
positively correlated with TOC and HIX; D50 was positively correlated
with IEF-NH} and SUVAgs4, and negatively correlated with DOC, a
(355), Eo/Es, and Sy75_90s; IEF-NH{ was positively correlated with HIX,
and negatively correlated with DOC, Ey/E3, and Sy75 295; DOC was
positively correlated with a(355), Eo/E3, and Sa75_29s5, and negatively
correlated with SUVAjs4, SUVAsgy, and HIX. TOC was positively
correlated with HIX. a(355) was positively correlated with Ez/E3, and
negatively correlated with SUVAys4 and HIX. SUVAy54 was negatively
correlated with SUVAggo, and negatively correlated with Ep/Es and
So75 295. Eo/E3 was positively correlated with Sy75 295, and negatively
correlated with HIX (Fig. 9).

4. Discussion
4.1. Positive regulation of sediment physicochemical properties by KMPS
KMPS significantly reduced the sediment particle size, optimizing

the particle size distribution by increasing the proportion of clay and silt
particles while reducing the proportion of sand particles. The sediment
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without the same letter (p < 0.05).

particles are rich in mineral components, including iron-manganese
minerals, which are susceptible to oxidation, and carbonate and
aluminosilicate minerals, which are prone to acidification (Aplin, 2000).
After KMPS treatment, the sediment remained under acidic conditions
(pH 4.57 to 5.17), combined with the strong oxidizing nature of KMPS
itself (Qi et al., 2016; Wang and Wang, 2018). This likely contributed to
changes in the sediment’s mineral composition, ultimately leading to
changes in the particle size distribution. The optimization of particle size
increased the sediment’s specific surface area and adsorption capacity,
thereby improving the material exchange conditions between the sedi-
ment and the overlying water. Mantel testing indicated significant cor-
relations between D50 and multiple environmental factors, such as pH,
IEF-NH. ", and DOC, suggesting that KMPS’s regulation of the sediment’s
physical properties further impacted nitrogen cycling and material
transformation in the sediment. Previous studies have also shown that
microbial biomass increases as sediment particle size decreases
(Hemkemeyer et al., 2015), and the capacity to carry nutrients also
improves (Liu et al., 2015). This also means that KMPS’s impact on the
sediment particle size distribution is beneficial to the SWI system.
Nitrogen species analysis indicated that KMPS effectively reduced
the IEF-N content in sediments, especially IEF-NH. ", suggesting that its
strong oxidative action significantly decreased the availability of easily
released nitrogen and mitigated the risk of endogenous nitrogen pollu-
tion. IEF-N is the most active and readily involved nitrogen form in the
nitrogen cycle within sediments (Wang et al., 2008), with NH4"-N being

the primary component of IEF-N, mainly derived from the decomposi-
tion of organic nitrogen in sediments, and stable only in reducing en-
vironments (Ma et al., 2003). When KMPS enters the SWI system, highly
oxidative free radicals such as -OH and SO+ - are generated and react
with the organic matter in the sediments (Long et al., 2014; Wactawek
et al.,, 2017; Wang and Wang, 2018), which alters the physicochemical
properties of the sediment and causes the nitrogen balance in the SWI
system to be disrupted. Consequently, the IEF-N in the surface sediments
is first released through nitrogen exchange between the SWI systems
(Wang et al., 2009), leading to a moderate increase of NH"-N and NOs™-
N in the overlying water. Therefore, KMPS in this study facilitated the
nitrogen transformation process between sediment and water, acceler-
ating the release of TTN to the overlying water, thus providing a key
pathway for the restoration of eutrophic sediments.

4.2. DOM characteristic changes and their ecological values

The results of this study indicate that increasing KMPS treatment led
to a decreasing trend in HIX, with lower HIX typically indicating a lower
degree of humification, accompanied by lower aromaticity and molec-
ular weight. This is similar to the DOM characteristics observed in high-
salinity lakes (Zhang et al., 2024). This phenomenon may be attributed
to KMPS reducing microbial diversity, as microorganisms typically pri-
oritize the degradation of structurally unstable proteinaceous sub-
stances, thus promoting the formation of relatively stable humic



P. Yin et al.

Aquaculture 612 (2026) 743089

Proteobacteria
Desulfobacterota
unclassified_Bacteria
Acidobacteriota
Bacteroidota
Chloroflexi
Firmicutes
Nitrospirota
Spirochaetota
Verrucomicrobiota
Others
Unassigned

L1111

unclassified_Bacteria

Pseudomonas
uncultured_prokaryote

unclassiﬁod Tharmodosun’ovlbrlonla

111

) vﬁod G p teria
) Thiobacillus
unclassified_Anaerolineae
«  Trichococcus
w— Others
o |
00 01 02 03 04 05 06 07 08 09 10
C 36001 36004 10.51
—— 32001 10.04 ab
28004 28004 §
8 § c 9.5
< 2400+ © 24001 _g
(7]
20004 2000+ 9.04
16004 16004 i
MR 9 x ® ' 3 > o B
FHEE FHFLEE FHEE S
D ‘g e Con
$ 0161 KPO.2
0.14 4 e KPO .4
a — KPO.6
B %R e KPO.8
ab
8 0.104 ab
c ab
S 0.084
fooe] |
2 0044
© A sa
4 b b
§§§§.ﬂ '" Ib“.lb i’“i .h i phob afll 22,2 gababyy
% O
@
o

Vs

IS,

x’”
T

Fig. 8. Relative Abundance of Bacterial Communities in Sediment after Different Doses of KMPS Treatment; (A) Changes at the microbial phylum level; (B) Changes
at the microbial genus level. (C) Significant changes in the top 50 abundant genera; (D) Diversity analysis.

substances and leading to an increase in soil humification (Song et al.,
2022). This aligns with the results of the a-diversity index, which
showed a downward trend in microbial diversity in sediment after KMPS
treatment. Furthermore, Mantel test results revealed a significant cor-
relation between sediment HIX and the microbial community. SUVAgs4

is widely used to estimate the aromatic content of DOM, with higher
SUVAgs4 values indicating higher aromaticity (Zhang et al., 2022).
Previous studies have shown that the consumption of chemical oxidants
by DOM and the production of certain disinfection/oxidation by-
products are positively correlated with SUVAgs4 (Wenk et al., 2013),
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with more hydrophobic and aromatic-rich DOM molecules (Yang et al.,
2022). However, as an oxidant and disinfectant, KMPS yielded con-
trasting results, with SUVAgs4 and SUVAgg, negatively correlated with
its dosage. This indicates that the aromaticity of DOM decreased under
KMPS treatment, along with a reduction in hydrophobic organic com-
ponents. The study also showed that the DOM after KMPS treatment
primarily consisted of low molecular weight compounds with a higher
degree of decomposition. Lower molecular weight DOM generally in-
dicates that the DOM is newly produced (Fichot and Benner, 2012).
Numerous studies have indicated that the aromaticity and molecular
weight of natural DOM typically decrease under photochemical oxida-
tion (Maizel and Remucal, 2017; Lv et al., 2017; Milstead et al., 2023).
In this study, KMPS may have acted as a substitute for photochemical
oxidation. The hydroxyl radicals generated by KMPS can react with
DOM and alter its composition (Remucal et al., 2020), promoting the
production of more unstable, low molecular weight DOM, while also
increasing the bioavailability of DOM (Pullin et al., 2004). The release of
low molecular weight DOM, which is more bioavailable, not only
stimulates the activity of planktonic bacteria but also enhances the
turnover rate of DOM (Kaiser and Sulzberger, 2004). Studies on soil
DOM have also shown that low molecular weight DOM exhibits lower
biological stability and higher transformation potential, interacting
more closely with various microorganisms, while high molecular weight
DOM interacts with only a few microorganisms (Li et al., 2023a).
Additionally, high molecular weight DOM molecules are typically more
resistant to degradation, whereas most low molecular weight DOM
molecules are rapidly mineralized (Docherty et al., 2006). In conclusion,
under the influence of KMPS, the turnover rate of DOM, both in sedi-
ments and water, was enhanced. This not only helps reduce the accu-
mulation of organic pollutants in sediments but also improves the
physicochemical properties of sediments, accelerates the carbon cycling
rate, and enhances the stability of aquatic ecosystems.

10

4.3. Positive response of enzyme activity to microbial communities

KMPS significantly enhanced the activity of cellulase and peroxidase,
indicating that it markedly improved the degradation capacity of
organic matter by modulating the oxidizing environment of the sedi-
ment. The increase in enzyme activities not only accelerated the
breakdown of complex organic matter in the sediments but also pro-
vided a driving force for the cycling of nutrients such as nitrogen and
carbon. Enzyme activity is influenced by various abiotic factors,
including temperature, pH, moisture content, and oxygen levels (Pavel
et al., 2004). Under KMPS treatment, the sediment pH decreased to
4.57-5.17, making pH the main factor affecting enzyme activity. The
optimal pH for cellulase activity is 5.5, and cellulolytic fungi exhibit the
highest cellulase production at a pH of 5.0; excessively high or low pH
can inhibit enzyme activity (Bakhiet, 2018; Deng and Tabatabai, 1994).
In the experimental results, the sediments from the KP0.2 and KP0.4
groups had pH values of 5.17 and 4.80, respectively, both within the
optimal range for cellulase activity, resulting in significantly higher
enzyme activity compared to the other groups. Among the peroxidases,
manganese peroxidase and lignin peroxidase are redox enzymes with
high oxidative potential in the soil. Their activity typically increases
with the rise in soil pH (Hofrichter et al., 2010; Sinsabaugh, 2010). MnP,
in particular, is more common in moderately acidic environments (pH >
5.0), where it exhibits high activity (Fujii et al., 2013). Similar to
cellulase, the KP0.2 and KP0.4 groups also showed the highest peroxi-
dase activity. However, excessively low pH can suppress the activity of
some enzymes. For instance, protease activity in sediment microbial
communities is highest under neutral to slightly alkaline conditions
(Abrar, 2017), and urease activity peaks at a pH of 6.5-7.0
(Dharmakeerthi and Thenabadu, 1996). The reduced pH in the experi-
mental groups likely explains why the protease and urease activities
were lower than those of the control group. Additionally, overly low pH
may inhibit dehydrogenase activity (Wolinska and Stepniewska, 2012).
However, we hypothesize that dehydrogenase activity is primarily
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influenced by the ORP, which plays a decisive role in soil dehydrogenase
levels. Previous studies have suggested a significant negative correlation
between dehydrogenase activity and ORP (Wolinska, 2010), a finding
also verified in this study, as the ORP of the experimental group sedi-
ments was lower than that of the control group, while dehydrogenase
activity was relatively higher.

In terms of microbial communities, KMPS significantly increased the
abundance of dominant bacteria such as Proteobacteria and Firmicutes,
which promote material cycling, while also optimizing the metabolic
activity of functional bacteria like Pseudomonas. Previous studies have
reported that the major phyla in diazotrophic microorganisms are Pro-
teobacteria and Firmicutes, and their metabolic activity drives the
biogeochemical cycling of nitrogen in aquatic ecosystems (Jabir et al.,
2018; Lu et al., 2024). In this study, similar to the results from using
CaOs, for the restoration of polluted sediments (Shao et al., 2022), the
relative abundance of Proteobacteria and Firmicutes increased in the
microbial communities of sediment treated with KMPS, especially Fir-
micutes, whose relative abundance significantly increased and showed a
strong correlation with KMPS dosage. This increase may be related to
sulfur metabolism carried out by Firmicutes (Torres-Beltran et al., 2021),
with the large amount of $042~ from KMPS in the sediment facilitating
the growth of Firmicutes. At the genus level, larger changes were
observed. The relative abundance of various functional genera,
including Pseudomonas, Desulfomicrobium, and Trichococcus, was
elevated. Pseudomonas is commonly used in bioremediation of envi-
ronmental organic pollutants and is a beneficial genus frequently uti-
lized in biological control in soils. It can specifically promote sediment
functionality (Hu et al., 2023; Tao et al., 2020). Furthermore, Pseudo-
monas can secrete various enzymes, including cellulase, peroxidase, and
dehydrogenase (Fong and Tan, 1999; Twala et al., 2020; Zhang et al.,
2016a). The enhanced enzyme activities imply that the metabolic ac-
tivity of Pseudomonas was improved. Desulfomicrobium plays an impor-
tant role in the biogeochemical cycles of sulfur and carbon, and it also
plays a critical role in anaerobic bioremediation in polluted water and
sediment environments (Franzmann et al., 2002; Zhang et al., 2012).
Trichococcus, a fermentative bacterium, collaborates with other micro-
organisms to promote organic matter degradation and methane pro-
duction, driving the transformation of organic carbon and energy
release in sediments (Doloman et al., 2022; Schwan et al., 2020). The
significant increase in the relative abundance of these functional genera
indicates that KMPS plays a positive role in the bioremediation of
organic matter in sediments. Additionally, it is worth noting that the
a-diversity measurements indicated that KMPS addition did not signif-
icantly affect the microbial community’s a-diversity in the sediments.
This is consistent with the findings of Hung et al. (Hung et al., 2022),
when using PMS to restore marine sediments, suggesting that, on a
macroscopic level, KMPS did not cause significant changes in the species
richness and evenness of the sediment microbial community. Previous
studies have shown that shifts in sediment microbial communities are
typically linked to abiotic factors such as temperature, pH, TOC, and
S0.2~ (Badhai et al., 2015; Huang et al., 2017; Konduri et al., 2024). In
this study, we believe that KMPS dominated these changes, as its addi-
tion greatly altered the physical and chemical properties of the sedi-
ment, potentially introducing more SO+2~. The reshuffling of the
microbial community highlights KMPS’s significant role in promoting
material cycling in sediments and enhancing the degradation potential
of organic pollutants.

The Mantel test revealed that changes in the microbial community
were significantly correlated not only with environmental factors such
as pH, D50, and IEF-NH4*, but also with DOM, including four key pa-
rameters that characterize DOM properties: DOC, Ez/Es, Sz7s-205, and
HIX. This result is consistent with the findings of Li et al. (Li et al., 2022),
further confirming the close relationship between DOM and microbial
communities (Muscarella et al., 2019). DOM is the most active organic
matter component in sediments and serves as a carbon source influ-
encing microbial activity, directly or indirectly affecting the
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composition and development of microbial communities (Li et al., 2020;
Zhang et al., 2016b). Additionally, the composition and functional
groups of DOM can influence microbial community diversity (Yu et al.,
2020). Photochemical processes can promote the abundance and
instability of DOM, as well as enhance the microbial community’s ability
to metabolize DOM through light-induced alterations (Ward et al.,
2017). Unstable DOM can serve as both a material and energy source for
various microorganisms, with some functional microbes potentially
preferring certain DOM components. Thus, changes in DOM chemical
composition are considered an important factor affecting the abundance
of microbial communities (Li et al., 2023b). In this study, we hypothe-
size that KMPS substitutes for similar photochemical processes, pro-
moting changes in DOM abundance and structure, which in turn led to
different responses within the sediment microbial community. Overall,
this suggests that KMPS can indirectly optimize microbial ecological
functions by regulating sediment environmental conditions. However,
the mechanisms underlying the formation of DOM chemical diversity
under the influence of KMPS, and the role of microbes in driving the
biogeochemical cycling of DOM in aquatic ecosystems, require further
in-depth investigation.

5. Conclusion

This study highlights the significant role of KMPS in sediment
remediation, demonstrating its great potential in environmental resto-
ration by optimizing the physicochemical properties of sediments,
regulating the structure of DOM, enhancing enzyme activity, and opti-
mizing microbial communities. However, its application must be care-
fully optimized to balance its high remediation efficiency with potential
environmental risks.
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