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To study the influence of in situ biochar (BC) capping technique on the release of ammonia nitrogen (NH4-N)
from sediments, a field mesocosm experiment was conducted in Baiyangdian Lake (BYDL), a critical water body
often referred to as the "kidney of North China" where sediment pollution poses a significant threat to water
quality. This study also assessed the impact of BC on sediment microorganisms. The results showed that the NH4-
N concentration in the overlying water of the BC-treated mesocosms was the lowest among four treatments,
decreasing to 0.051 mg L~! by the 60th day. More importantly, the BC treatment showed the least increase in
NHj-N concentrations in sediments compared to other treatments. For sediments capped with a 4 cm layer of BC,
the potential release flux of NHf-N was reduced from 1.84 mg m™2 d ! to —0.76 mg m~2 d~!. This reduction is
likely due to the negatively charged surfaces of biochar, which enhance NH4-N adsorption through electrostatic
interactions. Additionally, BC modified the physical and chemical properties of the surface sediment, improving
pH and increasing both organic content and the carbon/nitrogen (C/N) ratio. These changes influenced the
microbial community structure within the sediments, enhancing NH4-N removal. After 60 days, a significant
alteration in the microbial community was observed in the BC-treated surface sediments. The addition of BC
significantly increased the abundance of Proteobacteria and Firmicutes of the phyla in the sediments. Furthermore,
BC enhanced the expression of functional genes including amoA, amoB, nirK, nirS, hzsB, nrfA and ureC, which are
likely the primary microbial mechanisms promoting NH4-N conversion in sediments for final removal.

2019). In 2018, the Chinese government implemented new water pro-
tection policies to control anthropogenic N inputs and improve water

1. Introduction

One major water quality issue in Chinese basins is the presence of
oxygen-consuming pollutants. In recent years, ammonia nitrogen (NH{ -
N) has overtaken chemical oxygen demand (COD) as the primary
oxygen-consuming pollutant. Most surface water in China has been
severely polluted by high concentrations of nitrogen (N). By the mid-
1980s, nitrogen levels in most surface waters across Chinese provinces
exceeded the water quality standard of 1.0 mg L™, Research indicates
that the current discharge rate of anthropogenic N into freshwater is
approximately 2.7 times higher than the estimated ‘safe’ nitrogen
discharge threshold of 5.2 + 0.7 megatonnes of N per year (Yu et al.,

quality (Bai et al., 2018). Despite these efforts, endogenous nitrogen
sources in river and lake sediments have become a significant nutrient
source, posing a threat to water quality. Nutrients are temporarily stored
in these sediments and can be released to the overlying water through
biological, physical, chemical, and mechanical processes, such as pH
reduction, oxygen depletion, sediment resuspension, and benthic
disturbance (Hu et al., 2001). The release of autochthonous N forms,
such as NH4-N and NO3-N, can significantly decrease water quality,
accelerating eutrophication, promoting phytoplankton/algal blooms
(Van Luijn et al., 1999), causing oxygen depletion (Mopper and Kieber,
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2002) and leading to fish kills. Additionally, excessive NH-N in the
water bodies can cause acidification (Grennfelt and Hultberg, 1986) and
produce toxic effects on aquatic organisms (Boyd, 2020).

To address the issue of NHJ-N pollution in lake and river sediments,
various remediation techniques have been proposed (Table S1). These
techniques are broadly categorized into two types: in situ and ex situ
remediation techniques (Reible, 2014). In situ remediation techniques
are superior to ex situ remediation methods. For instance, in situ methods
offer advantages such as practicality, cost-effectiveness, and rapid
implementation (Lofrano et al., 2017; Xu et al., 2022; Zhang et al.,
2016). Additionally, in situ techniques treat the sediments in place,
reducing the risk of further resuspension and release of contaminants
compared to dredging or excavation methods (Zhang et al., 2016). The
in situ approach encompasses several techniques, including natural re-
covery, capping, chemical treatment, and microbial treatment. Among
these, the in situ capping technique offers several benefits, including
significant reduction in pollutant fluxes from sediments through
adsorption and chelation by capping materials (Ding et al., 2018; Knox
et al., 2008; Talpur et al., 2024; Zimmerman et al., 2004), In addition,
the cost of capping technique is lower compared to other methods, and it
has been extensively used to mitigate nutrient pollution in sediments,
particularly nitrogen and phosphorus (Xia et al., 2016; Xiong et al.,
2018). Selecting an appropriate material for the capping layer is crucial.
Traditional capping materials such as soil (Xu et al., 2012), coal ash
(Kim et al., 2014), activated carbon (AC) (Gu et al., 2017), and natural
and modified zeolites (Gibbs and Ozkundakei, 2011a; Huang et al.,
2018) have been used to inhibit the release of NH4-N and other nutrients
from sediments. More recently, researchers have applied biochar (BC) to
remediate NH}-N contaminated sediments (Wei et al., 2023; Zhang
etal., 2021; Zhu et al., 2019b, 2019c¢). BC is a highly stable, carbon-rich
aromatized solid material produced by the high-temperature pyrolysis
(400-700 °C) of biomass (Ahmad et al., 2014). BC has demonstrated
outstanding performance in remediating various contaminants in water,
soil and sediments (Cao et al., 2011; De Rozari et al., 2018; Song et al.,
2024; Uchimiya et al., 2011). Many studies have focused on the reme-
diation effects and physicochemical mechanisms of BC capping
(Gomez-Eylesetal., 2013; Lou et al., 2011; Wang et al., 2019). However,
most of these studies mentioned were conducted under laboratory
conditions rather than in the field (Gibbs and Ozkundakci, 2011; Gu
et al.,, 2017; Wei et al., 2023; Zhang et al., 2021). Additionally, these
studies primarily focused on analyzing nutrient concentrations and
fluxes in overlying water samples, with limited attention given to sedi-
ment samples (Gibbs and Ozkundakei, 2011; Gu et al., 2017; Wei et al.,
2023; Zhang et al., 2021). Furthermore, there has been limited research
on the biological effects of BC on sediments, particularly studies that
focus on the effects of BC on benthic organisms (Clements et al., 2015;
Wei et al., 2023; Zhang et al., 2021) while often overlooking the impacts
on microbial communities within sediments. Research shows that the
addition of BC can influence the N-dependent microbes in the soil
(Prommer et al., 2014; Xu et al., 2014). Therefore, it is important to
investigate the impact of BC on N removal in both the overlying water
and sediment, as well as the microbial communities involved in N
cycling in contaminated sediments. This understanding could offer more
comprehensive insights into the mechanisms of microbial remediation
and aid in designing and implementing effective mitigation strategies for
N pollution in sediments.

The aim of this study was to 1) determine the influence of BC capping
on NHj-N release from sediments through field experiments at
Baiyangdian Lake (BYDL), the largest freshwater lake in North China; 2)
investigate the effect of BC addition on the microbial community in
sediments, and 3) understand the role of N-related functional genes and
microbial mechanisms in remediating N-contaminated sediments.
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2. Material and methods
2.1. Field site and in situ capping method

BYDL is located approximately 100 km south of Beijing, in the
Xiong’an District, China (115.99° E and 38.86° N). BYDL is the largest
freshwater shallow inland lake in North China (Zhu et al., 2019a) and is
part of the Daqing River system, a crucial water system within the Haihe
River Basin. Often referred to as the "kidney of North China", BYDL faces
significant water quality challenges due to sediment pollution (Mao
etal., 2011). The field site was located in the north portion of the Beitian
Village in the middle of BYDL. Water (n = 3) and sediment (n = 3)
samples were collected from the sampling site between June and
September 2019 (summer), during which the average temperature was
approximately 26.8 °C. The field experimental area and site are shown
in Fig. 1 and S2.

The field experiment was conducted using mesocosms which were
made from polyvinyl chloride (PVC) pipes, each with a diameter of 0.9
m and a length of 2.0 m. Eight PVC pipes were vertically inserted into
the sediment, extending approximately 50 cm above the water surface
and 30 cm below the sediment-water interface (SWI). The mesocosms
were positioned over 5 m from the shore to minimize anthropogenic
influences. Four treatments were applied in this study, including a
control (Treatment 1), sediments capped with 4 cm of BC (Treatment 2),
AC (Treatment 3) and mixed BC/soil (1:1, w/w, Treatment 4) (Fig. 1c).
Each treatment was conducted in two replicates. Water and sediment
quality parameters, including pH, temperature, oxidation-reduction
potential (ORP), and dissolved oxygen (DO), were monitored in one
mesocosm, while microbiological analysis was conducted in a separate
mesocosm to avoid any potential disturbance from the water and sedi-
ment quality measurements.

The detailed procedure of preparing BC for this experiment was
described in our previous study (Zhu et al., 2019b). Briefly, the Phyl-
lostachys pubescens bamboo was pyrolyzed at 500 °C for 3 h. The pre-
pared BC was ground and sieved to 80 mesh, then rinsed with deionized
water to remove any grease and fine suspensions, and dried before use.
The AC (First grade, GB/T 13,803.2-1999), with the same particle size as
BC, was purchased from Zhejiang Rongxing Carbon Industry Co., LTD.
The clean soil was collected from the shore at the field site, subsequently
dried and sieved to 80 mesh. This soil was mixed with BC (1:1, w/w)
before being applied in the field.

2.2. Sampling and analysis

After the mesocosms were deployed, 100 mL of the overlying water
sample (n = 3) was collected from each treatment on days 0, 1, 3, 5, 10,
15, 30, 45 and 60. Water quality parameters, including pH, temperature,
ORP and DO, were recorded using a calibrated combined meter (YSI
ProPlus Multiparameter, the US). 70 mL of each water sample was
immediately filtered through membrane filters with a pore size of 0.45
pm (PVDF, Millipore). The filtered samples were kept at 4 °C during
transport and were stored at —20 °C upon returning to the laboratory.
On day 60, sediment cores were collected from the same mesocosm
using a gravity stainless steel sampler with a PVC pipe (12 cm diameter).
The top 20 cm of the sediments were selected, sliced into 1 cm intervals,
transferred into 50 mL centrifuge tubes, and centrifuged at 5000 r-min~!
to extract the pore water. The pore water was filtered (0.45 pm, PVDF,
Millipore) before analyzing the concentration of NH4-N and NO3-N in
the samples.

The concentrations of NH4-N and NO3-N in the water samples were
determined using a flow injection analyzer (Skalar Analytical, Breda,
Netherlands). The total nitrogen (TN) concentrations in unfiltered water
were measured using alkaline potassium persulfate digestion with an
ultraviolet spectrophotometry (HJ 636-2012). NHj-N concentrations in
the pore water were analyzed with a chemical analyzer (Smart Chem,
2000; AMS-WESTCO, Italy). All analysis was conducted in triplicate, and
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Fig. 1. (a) The location of Baiyangdian Lake. (b) The field mesocosms experiment site. (c) Schematic diagram of four mesocosms and sampling position.

the mean values were recorded.

To investigate the impact of different capping materials on the mi-
crobial community in sediments, surface sediments were collected from
the mesocosms of all treatments for microbial analysis. Approximately
10 cm surface sediment samples were collected using a Van Veen Grab
Sampler (Eijkelamp, Netherlands). To further examine the vertical dis-
tribution of microorganisms in sediments under BC capping, sediment
cores were obtained from the mesocosm of Treatment 2 using a gravity
stainless steel sampler equipped with a 9 cm diameter PVC pipe. For
microbiological analysis, three distinct layers were identified: the
capping layer (04 cm, sediment sample 5), the transition layer (4-6 cm,
sediment sample 6), and the deeper sediment layer (6-10 cm, sediment
sample 7). The samples were stored at —80 °C for DNA extraction.

2.3. DNA extraction, PCR amplification and sequencing

DNA was extracted from frozen sediments in duplicate using the
Powersoil®DNA Isolation kit for sediments (MoBio, USA) follwing the
manufacturer’s protocols. The duplicate DNA extracts were then com-
bined for PCR amplification. The V4-V5 region of the bacterial 16S
rRNA gene was amplified by PCR using the barcoded primer set 515F (5'-
GTGCCAGCMGCCGCGG-3") and 907R (5-CCGTCAATTCMTTTRAGTTT-

3") (Zhang et al., 2017). PCR amplification was conducted in triplicate
with each 20 pL reaction mixture containing 4 pL. 5 x FastPfu Buffer, 2
pL 2.5 mM dNTPs, 0.8 pL each Primer (5 pM), 0.4 pl FastPfu Polymerase,
0.2 pL Bovine SerumAlbumin (BSA) and 10 ng template DNA. The
thermocycling conditions were as follows: initial denaturation at 95 °C
for 3 min, followed by 35 cycles at 95 °C for 30 s (denaturation), 55 °C
for 30 s (annealing), 72 °C for 45 s (extension), and a final extension at
72 °C for 10 min.

The amplicons were purified using the AxyPrep DNA gel extraction
kit (Axygen Biosciences, Union City, CA, USA) and quantified using
QuantiFluor TM-ST (Promega, USA). After the purified amplicons were
pooled in equimolar amounts, they were paired and sequenced (2 x
250) on an Illumina MiSeq platform according to standard protocols
(Majorbio, Shanghai, China).

2.4. Real-time PCR

Real-time qPCR was carried out for the measurements of total bac-
teria (16S rRNA gene), anoA, amoB, nirK, nirS, hzsB, nrfA and ureC gene
copy abundance as described in previous studies (Mao et al., 2011;
Palmer et al., 2012; Song et al., 2015). Quantification of all the gene
transcripts was performed on a 9600 Plus QPCR system (Bioer,
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Hangzhou, China). PCR was performed at initial denaturation at 95 °C
for 3 min, followed by 35 cycles of denaturation at 95 °C for 30 s,
annealing at 55 °C for 30 s and extension at 72 °C for 45 s. Each 20 pL
reaction mixture contained 2 pL of template DNA, 16.5 pL of 2 x ChamQ
SYBR Color qPCR Master Mix and 0.8 pl of each primer at a concen-
tration of 5 pM. Each sample was measured in triplicate. PCR was per-
formed at initial denaturation at 95 °C for 3 min, followed by 40 cycles
of denaturation at 95 °C for 5 s, annealing at 56 °C (nrfA, 60 °C) for 30 s,
and extension at 72 °C for 40 s. Plasmid pMD18-T (2692 bp, Takara,
Dalian, China) was used in cloning gene fragments to establish standard
curves for quantitative PCR.

2.5. Biodiversity analysis and phylogenetic classification

Rarefaction curves were established using MOTHUR program with
an operational taxonomic unit (OUT) defined at 97% similarity. To
compare the microbial diversity and richness of the seven sediment
samples, the diversity indices of bacterial communities in sediment
samples were performed using the PAST 3.0 (Liu et al., 2015).

2.6. Statistical analysis

One-way ANOVA, Tukey’s post hoc test was performed to assess the
significance of differences between the various treatments. A significant
difference was considered to be present where p < 0.05. Statistical an-
alyses were conducted using IBM SPSS Statistics 29.

3. Results
3.1. Nitrogen concentrations in the overlying water

The NH4-N concentration in the overlying water displayed distinct
patterns across the different treatments, except for the BC and AC
treatments, which exhibited similar trends, as shown in Fig. 2a. Among
these, the control showed the highest NHf-N concentrations compared
to other treatments (p < 0.05, one-way ANOVA). In the control, NH;-N
concentration increased significantly during the first 10 days (p < 0.05,
one-way ANOVA), followed by a substantial decrease until day 20. After
day 20, the concentration gradually declined until the end of the study
period on day 60. In contrast, in the three capping treatments, NH;-N
concentration initially decreased within the first 3 days, with the most
pronounced reduction observed in the BC/soil capping treatment, before
the concentration began to rise. The overall pattern of changes in NHJ-N
concentration for the BC and AC capping treatments were similar
throughout the experiment. After day 10, the NH4-N concentrations in
these treatments continued to decline, with the BC capping treatment
recording the lowest concentration, reaching 0.05 mg L™} by day 60 (p
< 0.05, one-way ANOVA). However, for the BC/soil capping treatment,
NHZ-N concentration increased after day 3 and then fluctuated around
0.20 mg L~ ! until day 60.

The concentration of NO3-N in the overlying water of different
mesocosms showed fluctuations during the first 15 days, as shown in
Fig. 2b. After this period, the concentration of NO3-N in the capping
treatment mesocosms exhibited varying degrees of increase, followed by
a decrease after 30-40 days. By day 60, the concentration of NO3-N in
the1 control, BC and AC treatments ranging from 0.10 mg L ™! to 0.21 mg
L.

Regarding TN in the overlying water, the concentration in the con-
trol remained elevated, peaking at 2.90 mg L™ by day 60. In contrast,
TN concentrations in the capping treatment mesocosms were consis-
tently lower than those in the control, with relatively similar levels
among the three capped treatments as shown in Fig. 2c. The concen-
tration of TN in the three mesocosms fluctuated during the first 15 days
and then stabilized. At day 60 day, the concentration of TN in the
overlying water of mesocosms 2, 3, and 4 were 0.95, 1.35, and 1.48 mg
L1, respectively.
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Fig. 2. Concentrations of NHZ-N (a), NO3-N (b) and TN (c) in the overlying
water of different mesocosms. Each value represents the average + standard
deviation (n = 3).

3.2. Nitrogen concentrations in the sediments

The physical and chemical properties of the sediment samples from
the three mesocosms are detailed in Table 1. The surface sediments of
the field site displayed weak alkalinity, with a pH of 8.07. With the
addition of BC, the pH of surface sediments decreased slightly,
approaching neutrality. Conversely, the addition of AC resulted in a
higher pH value of the sediments. DO remained approximately 11 mg
L7! in the water until day 15, after which it declined sharply until day
20, eventually stabilizing between 4 and 8 mg L1, with the lowest DO
recorded in the control. Conversely, ORP gradually increased from —240
mV on day O to a range of —120 to —60 mV, with the highest ORP
observed in the BC treatment (Fig. S1). The introduction of capping

Table 1

The physical and chemical properties of different sediment samples (LOI: loss of
ignition, TC: total carbon, TN: total nitrogen, C/N: carbon to nitrogen ratio, TP:
total phosphorus).

1° 2° 3 4° 5 6 7
pH 807 7.89 826 7.63 748 791 7.94
LOI (%) 2.4 4.2 140 47 29.7 3.9 2.0
p (g-em™%) 1.23 1.33 1.25 1.32 1.30 1.34 1.36
Porosity (%) 60.2 534 502 554 51.8 567 613
TC (g-kg™ ") 18.1 4117 4519 3988 803.5 157.8 19.6
TN (g-kg™") 2.1 4.1 2.3 4.9 6.9 3.1 2.6
C/N 8.6 100.4 200.1 81.4 1164 508 7.5
NH{-N 254.8 200.2 2167 2139 365 1884 276.3
(mg-kg™")
NO®"-N 0.84  1.17 1.09  0.90 1.21 0.95  0.80
(mg-kg™ ")
TP (gkg™h) 08 069 072 075 061 0.71 0.78

# The mesocosms was designed with other field experiments at same time, this
part of the data has been published (Zhu et al., 2019b).
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materials also led to an increase in the organic content of the surface
sediments to varying extents. Being carbonaceous materials, both BC
and AC significantly increased the total carbon (TC) and carbon to ni-
trogen ratio (C/N) of the sediments. TC and C/N in the surface sediments
capped with AC reached 451.9 g kg™! and 200.1, respectively, whereas
those capped with BC were 411.7 gkg ™! and 100.4. After the application
of different capping materials, the releasing of NH4-N from the surface
sediments decreased from 254.8 mg kg™! to 200.2 mg kg™!, 216.7 mg
kg~ ! and 213.9 mg kg™, respectively. In the BC capped layer, NH-N
leaching was significantly reduced to a very low value of 36.5 mg kg .
Sediment samples were collected and analyzed to determine the
distribution of NHJ-N in pore water. In the control, AC, and BGC/soil
treatments, the concentrations of NH-N increased significantly from
the SWI to greater depths. In contrast, the BC treatment exhibited only a
slight increase in NHZ-N concentrations from 0 to 4 cm below the SWI,
aligning with the depth of the BC capping layer. For instance, NH;-N
concentrations in this layer ranged from 0.01 mg L™! to 1.20 mg L%,
whereas in the control, concentrations at the same depth ranged from
0.87 mg L™! to 2.12 mg L 1. In addition, the BC treatment exhibited the
smallest increase in NH4-N concentrations compared to other treat-
ments (p < 0.05, one-way ANOVA) (Fig. 3a and b). Furthermore, Fig. 3b
illustrates the potential release flux of NH-N on day 60. All treatments,
except for the BC capping, demonstrated a positive NH4*-N flux from the
sediments. No significant difference was observed between the control
and AC treatment (p > 0.05, one-way ANOVA), but a significant dif-
ference was found between the control and the BC/soil treatment (p <
0.05, one-way ANOVA). The control showed the highest positive NH-N
flux at 1.84 mg m~2 d}, followed by AC capping at 1.05 mg m ™2 d~!
and BC/soil capping at 0.74 mg m~2 d1. Conversely, the BC capping
demonstrated a negative flux of NHf-N of —0.76 mg m 2 d L.

3.3. Effects of BC on microbial community

A total of 37 phyla with a relative abundance ratio greater than 0.1%
were identified among the 7 sediment samples collected. For this study,
Fig. 4 presents 11 bacterial phyla with abundances exceeding 1%,
visualized using Circos (Krzywinski et al., 2009). Among these,

10
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'--’ —e—4cmBC
5 4cm AC
4 cm BC/soil
SWI
Capping layer
gl 5
© . 4
= Sediment 3
& 2
a ﬂ =
15- ‘ |
- S —~
e
=20 /H o
20 (a) e
T T T T T T
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Proteobacteria had the highest relative abundance, surpassing 31.5%,
followed by Chiorofiexi (18.3-24.9%), Bacteroidetes (9.7-11.6%), Firmi-
cutes (6.4-11.4%), Actinobacteria (2.5-6.9%) and Acidobacteria
(3.0-4.8%). Other phyla, including Planctomycetes and Aminicenantes,
ranged between 1.0% and 2.3%, while the remaining phyla were below
1%. Differences in microbial community composition were observed
across sediment samples, particularly in samples containing BC, which
showed more distinct community shifts. In the BC capping layer (S5),
the abundance of Proteobacteria increased to 44.0%, compared to
31.5-36.8% in other samples, while surface sediments with BC (S2) had
the highest Firmicutes abundance at 11.4%.

Additionally, several dominant bacterial families with relative
abundances above 1% were identified for further analysis. The family
Anaerolineaceae (within the Chloroflexi phylum) was consistently most
abundant across all samples, ranging from 12.7% to 20.0%. It is note-
worthy that Comamonadaceae from Proteobacteria phylum was signifi-
cantly more abundant in BC-capped sediment samples, with abundances
ranging from 6.2% to 10.6%, compared to 3.2%-3.5% in other samples.
The BC capping layer (S5) also showed distinct shifts in microbial family
composition relative to the control, with increased abundances of
Desulfobulbaceae (3.1%), Clostridiaceae (1.8%), Hydrogenophilaceae
(2.5%), Rhodocyclaceae (2.7%), Methylococcaceae (1.1%), Peptos-
treptococcaceae (1.2%), Cyanobacteria (1.2%), Methylophilaceae (1.5%),
and Saprospiraceae (1.0%), among others.

3.4. Transcript abundances of 16S rRNA and functional genes related to
nitrogen cycle

Fig. 5 presents different function gene transcript copies as deter-
mined by qPCR. The gene copy numbers in cDNA, produced from the
reverse transcription of RNA, were used to demonstrate the active ex-
pressions of total archaea, total bacteria, ammonia-oxidizing archaea,
ammonia-oxidizing bacteria and denitrifiers. Similarly, the transcripts of
amoA, amoB, nrfA, nirS, nirK, hzsB and ureC genes showed responses of
microorganisms to BC. Significant differences in the transcription of
amoA, nirK, and hzsB genes were observed in the BC treatment compared
to other treatments (p < 0.05, one-way ANOVA), while the AC treatment

a

ac
3 |
C
4 —
(b)
-0 05 00 05 1.0 15 20 25
F (mg.m-z.d-l)

Fig. 3. (a) Downcore distributions of NHJ-N in different sediment sections in four mesocosms. (b) The potential NH;-N release flux on day 60. Each value represents
the average + standard deviation (n = 3). Different letters (e.g., a, b, ¢) within each column in (b) indicate significant differences between treatments (p < 0.05, one-

way ANOVA).
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Fig. 4. (a) Distribution of microbial community for each sample at phylum level. (b) Relative abundance of the main families identified in the sediment samples.

recorded the lowest transcription levels of amoA, nirK, and hzsB. Addi-
tionally, the gene copy numbers in the BC/soil treatment sediment
sample were similar to those observed in the control (p > 0.05, one-way
ANOVA). In the surface sediment (S2) capped with BC, transcriptions of
different genes, except for nrfA, were 1.9-4.1 times that of the control.
Transcription copies in the BC capping layer (S5) were significantly
higher than those of other experimental samples (p < 0.05, one-way
ANOVA), reaching 7.0 x 10°, 2.9 x 10% 7.3 x 10°, 2.4 x 105, 1.6 x
108, 2.2 x 10°, 1.8 x 10° and 6.4 x 10° transcript copies per gram dry
sediment, respectively.

4. Discussion

4.1. The effect of in situ biochar capping on the release of ammonia
nitrogen from sediments

As shown in Fig. 2a, the concentrations of NH4-N in overlying water
of the capping mesocosms showed a significant decrease within the first
3 days. The results suggested that NH4 in the overlying water was
removed through absorption by BC. The surfaces of BC are often nega-
tively charged, which enhances this adsorption process through elec-
trostatic interactions (Huang et al., 2018; Nguyen et al., 2017).
Phyllostachys pubescens BC has been demonstrated to effectively adsorb
NHj-N from aqueous solution (Zhu et al., 2019¢). Initially, as the ma-
terial settled from the water column to the sediment surface, the
adsorption by BC and AC was the dominant factor influencing NH4-N in
the water. This decrease was not observed in the control. Similar find-
ings were observed in field experiments where biozeolite capping
inhibited the release of NHj-N from sediments (Huang et al., 2012; Zhou
etal., 2016). The increase in NHa*-N concentrations observed after day 3
is likely due to enhanced ammonification/mineralization within the
sediment, induced by the addition of capping materials. This finding
aligns with previous studies (Nguyen et al., 2017; Zhang et al., 2021)
and is further supported by the observed increase in ureC gene abun-
dance, which is associated with ammonification/mineralization pro-
cesses. However, the lower concentrations of NHJ-N in the water of the
mesocosms treated with three different capping layers suggest that the
capping significantly inhibited the release of NH4-N from the sediments.
After 10 days, the concentration of NHJ-N in the water of each meso-
cosm decreased and later stabilized, suggesting that the impact of mi-
crobial activity became more dominant, which will be explored further
in Section 4.2. Previous studies have demonstrated that incorporating
BC into the soil can enhance rates of denitrification (Castaldi et al.,
2011), nitrification (Prommer et al., 2014) and anaerobic ammonia
oxidation (Pan et al., 2017). Therefore, the addition of BC and AC likely

contributed to the enhancement of these processes in the sediments,
facilitating the removal of NHj-N.

The rise in NO3-N concentration observed during the first 3 days
across all four mesocosms (Fig. 2b) was primarily attributed to the rise in
ORP at the sediment-water interface (Figs. S1 and S2). The porous
capping materials contributed to this rise in ORP, shifting the environ-
ment from reducing to oxidizing conditions, which subsequently
enhanced nitrification (Gao et al., 2009). Similar effects were noted in
studies that used AC and nonwoven fabric mats as capping agents for the
remediation of lake sediments enriched with nitrogen (Gu et al., 2017).
Consequently, the NO3-N concentrations were higher in the mesocosms
with capping treatments. After 10 days, an increase in microbial activity
likely contributed to the further rise in NO3-N concentrations due to
nitrification, coinciding with changes in NH4-N concentrations. Over
time, NO3-N accumulated in the sediment. After 40 days, as oxygen was
depleted, denitrification became the dominant process, leading to a
reduction in NO3-N concentrations in the water.

NH4-N and NO3-N are important inorganic components of TN.
Therefore, fluctuations in NH4-N and NO3-N concentrations can influ-
ence the overall concentration of TN. The results indicated that all three
types of capping materials had some degree of effectiveness in reducing
TN concentrations in water. At the end of the field experiment, the TN
concentration was lowest in the water of the mesocosm capped with BC.
This mesocosm also recorded the lowest NH4-N concentration, sug-
gesting that among the capping materials, BC was the most effective in
inhibiting the autochthonous release of NH4-N from sediments.

The concentrations of NHj-N in the sediment pore water across four
mesocosms appeared to increase with depth. However, the concentra-
tions NH4-N in the pore water of mesocosms treated with BC capping
showed the smallest increase. This can be attributed to several factors.
Firstly, adsorbing NHJ4-N through electrostatic interactions by BC
limited the diffusion of NH4-N to the overlying water. Secondly, pre-
vious results showed a low resupply of NH4-N from the sediment after
BC capping (Zhu et al., 2019¢). Thirdly, the addition of carbon materials
influenced the activity of microorganisms in the surface sediments,
enhancing the processes of nitrification and denitrification, which will
be discussed further in Section 4.2. This enhancement tends to increase
the rate of NH4-N consumption, thereby reducing its concentration in
the pore water. Evidence of this effect is demonstrated by the change in
NHJ-N flux from positive in the control to negative under BC treatment.
This finding was consistent with our previous laboratory sediment core
incubation experiments (Zhu et al., 2019¢). In the other two capping
treatment mesocosms, the release flux of NH-N over the SWI was also
reduced, though the decrease was not as significant as with the pure BC
capping.
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Fig. 5. Quantitative analysis of genes related to the nitrogen cycle in 7 sediment samples. Each value represents the average + standard deviation (n = 3). Different
letters (e.g., a, b, ¢) within each column indicate significant differences between treatments (p < 0.05, one-way ANOVA).

4.2. The effect of in situ biochar capping on microbial community and
functional gene in sediments

The study shows that the Proteobacteria constituted the largest pro-
portion of bacterial phyla across the seven analyzed sediment samples.
Most ammonia-oxidizing bacteria were identified within the Betapro-
teobacteria and Gammaproteobacteria classes of the Proteobacteria
phylum. These bacteria can oxidize ammonia to nitrite (Arp and Stein,
2003). The proportion of Proteobacteria was highest in the BC capping
layer (S5), enhancing nitrification, which involves the conversion of
NHj-N into NO3-N or NO3-N. Additionally, the relative abundance of
the Proteobacteria in S2, treated with BC capping, was the highest among
all treatments. In addition, nitrite oxidation is a key biochemical
pathway dominated by aerobic nitrite-oxidizing bacteria, which belong
to the Proteobacteria, Chloroflexi, Nitrospinae and Nitrospirae phyla
(Daims et al., 2016; Zhang et al., 2021). These bacteria accounted for
57.5%-63.2% of the microbial communities in sediment samples con-
taining BC, with the highest percentage observed in S5, compared to
53.1% in the control. This indicates that BC significantly influences
microbial community composition and may suggest a potential impact

on nitrite oxidation. However, direct measurements of nitrite oxidation
rates would be necessary to confirm any enhancement. Bacteroidetes,
which were relatively abundance were high in each sample, had the
capability to reduce nitrite to nitric oxide (Maia and Moura, 2014).
Furthermore, the sediment samples containing BC, particulate S2,
exhibited a higher relative abundance of the Firmicutes compared to
other samples. This increase might be associated with the presence of
BC, as the relative abundance of Firmicutes has also been observed to
increase in soil following wildfires (Cobo-Diaz et al., 2015), a natural
process for producing BC. Additionally, many microorganisms involved
in nitrogen fixation processes are classified within the Firmicutes phylum
(Henson et al., 2004).

Additionally, this study showed the influence of BC capping material
on the microbial community structure in sediments, particularly
regarding nitrogen transformations within the nitrogen cycle. Predom-
inant bacterial families such as Anaerolineaceae and Comamonadaceae
have important roles to play. Anaerolineaceae could degrade macromo-
lecular organics via fermentation, providing readily available carbon
sources in anaerobic conditions favorable for denitrification processes
(Miao et al., 2016; Narihiro et al., 2012). Comamonadaceae, known for
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their physiological diversity, were involved in both the assimilation of
inorganic carbon autotrophically and the decomposition of organic
carbon compounds, thereby facilitating further microbial metabolic
activities and enhancing nitrogen removal (Kersters et al., 2006).
Additionally, Comamonadaceae included dominant denitrifying bacteria
that utilized poly (L-lactic acid) as a carbon source, enriching these
communities in the BC-treated sediments and promoting nitrogen con-
version (Takahashi et al., 2009). Similarly, Rhodocyclaceae contributed
to nitrite/nitrate reduction using fermented carbon sources. Alongside
Saprospiraceae, these families were integral to the fermentation coupled
with the denitrification process, showing higher relative abundance in
the BC capping layers (Guo et al., 2016b).

Other families, such as Desulfobulbaceae, were involved in sulfur
hydrolysis and facilitated both denitrification and denitritation pro-
cesses (Kostrytsia et al., 2018). Clostridiaceae species were noted for their
nitrogen-fixing capabilities (Wiegel et al.,, 2006), while Hydro-
genophilaceae played a role in autotrophic
desulfurization-denitrification, demonstrating significant denitrification
capacity (Chen et al., 2016; Guo et al., 2016a). Methylococcaceae, active
aerobic methanotrophs, not only played a role in methane (CHy4)
oxidation but also were capable of nitrogen fixation, linking them to
nitrogen cycle dynamics in coastal marshes (Deng et al., 2019). Meth-
ylophilaceae connected methanol oxidation to denitrification in fresh-
water lake sediments, further supported by metagenomic analysis
showing potential denitrification capabilities within the Methylotenera
genus (Kalyuhznaya et al., 2009). Saprospiraceae members, including
Haliscomenobacter and an unclassified genus of Saprospiraceae were
identified as potentially capable of N, fixation, particularly under
nitrogen-deficient conditions (Li et al., 2017). Lastly, Cyanobacteria
played an important role in ammonium and organic nitrogen assimila-
tion, exemplified by species like Prochlorococcus marinus (Gruber, 2008).
The presence of these microorganisms in the BC capping layers high-
lights the potential of BC to enhance microbial processes essential for the
effective transformation and removal of NHj-N in sediment
environments.

BC remediation has been observed to alter microbial diversity and
the relative abundances of taxa within sediment environments, with
potential implications for nitrogen cycling processes such as nitrification
and denitrification (Zhang et al., 2021). This study showed that the
addition of BC led to significant increases in gene transcript copies
associated with the nitrogen cycle. A large increase in the number of 16S
rRNA gene copies in the BC layer suggests an increased microbial pop-
ulation. This attributed to its porous structure, which includes an
average pore diameter of 60 nm, total pore volume of 0.15 cm® g%, and
the large specific surface area with 260.7 m? kg~!, all of which enhance
microbial attachment and proliferation (Zhu et al., 2019b). In contrast,
AC, despite being a similarly porous material, did not show significant
microbial enrichment. This is likely because AC undergoes activation
processes involving high temperatures and various chemicals, which
make it less suitable for microbial propagation in sediments (Shan et al.,
2015). In addition, the presence of low molecular weight hydrocarbons
on BC surfaces may serve as a carbon source for microorganisms (Farrell
et al., 2013), and the NH4-N adsorbed on BC could be consumed by a
large number of bacteria attaching to BC, similar to the effect seen with
zeolite attaching biofilm (Huang et al., 2011).

Furthermore, an increase in microbial abundance does not auto-
matically enhance the conversion and removal of NH4-N in the sedi-
ments. To investigate further, seven functional genes crucial for the
nitrogen cycle were analyzed, showing significant increases in the BC
layer. For instance, amoA/B genes, facilitating the initial oxidation of
NHJ to NH,OH, were increased, thus promoting the nitrification process
(Van Zwieten et al., 2014). nrfA gene involved in reducing NO3 to NHZ
during dissimilatory nitrate reduction to ammonium (DNRA), showed
higher transcript copies, suggesting increased DNRA rates (Welsh et al.,
2014). Increased transcript copies of nirS and nirK genes, which encode
nitrite reductases, suggested enhanced denitrification capabilities. The
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hzsB which promotes anaerobic ammonium oxidation, was also signifi-
cantly higher, aiding in NH4 removal (Pan et al., 2017). The ureC gene,
encoding urease that converts urea to NHZ, showed higher abundance,
indicating increased ammonification (Bastida et al., 2017; Gresham
et al., 2007). Further analysis comparing transcript copies to 16S RNA
(as shown in Fig. 6) revealed increases in nirS and ureC in the BC layer
compared to other samples (p < 0.05, one-way ANOVA). This suggests
that BC not only supports an increase in microbial numbers but also
enhances their nitrogen-related metabolic activity, which is crucial for
the nitrogen cycle in sediments.

4.3. Benefits of using BC as the capping material for remediation

Compared to traditional capping materials, BC offer numerous ben-
efits. The comparison between BC, AC and zeolite is presented in
Table S2. BC has high adsorption capacities which effectively reduce
NHj4-N in sediments and have demonstrated significant remediation
effectiveness in reducing the bioavailability and bioaccumulation of
metals in sediments, as evidenced by our previous studies (Zhang et al.,
2018). BC, is a low-cost carbonaceous material and is emerging as an
economical alternative to AC for removing diverse organic and inor-
ganic contaminants (Oliveira et al., 2017). Distinct from other capping
materials like zeolite, BC increased the TC content and C/N of the sur-
face sediments. This alteration in the C/N ratio can influence microbial
communities in the sediments, which has been demonstrated in this
study.

Additionally, BC materials were generally weakly alkaline (Fidel
et al., 2017), providing a neutralizing effect on surface sediments. BC
also has a large surface area of 260 m? g™, which is higher than that of
zeolite (52.1 m> g’1 from Gu et al., 2017), and a relatively low density,
much lower than that of zeolite that are commonly used for the reme-
diation of NHZ-N contaminated sediments. In our field experiment, only
7.1 kg of BC was required to achieve a 4 cm thick capping layer per
square meter. In contrast, approximately 27 kg of zeolite would be
needed for the same coverage (Gu et al., 2017). Furthermore, China is
rich in Phyllostachys pubescens, providing an abundant resource for BC
production (Zhang, 2023). More importantly, compared to AC, which is
the most commonly used method for sediment remediation, biochar
exhibits fewer toxic effects on benthic organisms, making it a promising
material for ecological restoration (Clements et al., 2015; Libralato
et al., 2018). The application of a biochar layer creates a new benthic
environment with reduced toxicity, which is advantageous for the
long-term restoration of sediments. However, there are still some chal-
lenges and uncertainties that need to be addressed in future research.
For example, the potential influence of benthic organisms on the
structural integrity of the biochar layer is not yet fully understood,
necessitating further investigation. Additionally, determining the
optimal thickness of the biochar layer for effective nitrogen removal
requires more research. It will be important to measure the nitrification
and denitrification rate in the future to confirm he overall impact of
biochar on nitrification and denitrification within sediments. Given that
denitrification is a primary mechanism for nutrient removal in aquatic
environments, it is crucial to measure denitrification rates using '*N
isotope labeling in future studies. Addressing these issues will be
essential for enhancing the efficacy and sustainability of biochar-based
technologies for nutrient removal in sediments of Baiyangdian Lake.

5. Conclusion

The effectiveness of biochar (BC) capping in mitigating NH-N
contaminated sediments was assessed through a field mesocosm exper-
iment. Within 60 days, NH4-N concentrations in overlying water with
BC capping showed a significant reduction, achieving the lowest con-
centrations (0.051 mg L_l) compared to the control and other treat-
ments (activated carbon [AC] and BC/soil mixture). Additionally,
sediments capped with a 4 cm layer of BC achieved the greatest



Y. Zhao et al.

0.004
amoB b (a)
é
o 0.003
=
g
)
=]
“
~  0.002
-]
=}
g a a
P a
=
¢z 00014 a a a
s
“

Samples
0.0012
ureC b (c)
0.0009
a a a
a a
0.0006 a

0.0003 1

copies of ureC / copies of 16s

Samples

Journal of Environmental Management 373 (2025) 123524

0.0012
nirS C (b)
§
-
=]
£ 0.0008
=3
[=]
N b b
@ ab ab a
= ab
=
K
2 0.0004
'E- a
b1
0.0000 -
1 2 3 4 S5 6 7
Samples

Fig. 6. Relative abundance of function genes related to nitrogen cycle. Each value represents the average =+ standard deviation (n = 3). Different letters (e.g., a, b, ¢)
within each column indicate significant differences between treatments (p < 0.05, one-way ANOVA).

reduction in NHZ-N release, with the flux reduced from 1.84 mg m-2 d-!
to —0.76 mg m2 d-!. This reduction can be attributed to changes in the
physical and chemical properties of the sediment surface due to the
addition of BC. Furthermore, BC altered the microbial community
structure within the sediments, enhancing the removal of NHJ-N. The
study indicated the increased abundance of Proteobacteria and Firmicutes
from phylum in the sediments. The abundances of microorganisms in
many families also increased, such as Comamonadaceae, Desulfobulba-
ceae and Clostridiaceae. The addition of BC was associated with a rise in
functional microbial genes, including amoA, amoB, nirK, nirS, and hzsB,
which are crucial for the microbial conversion processes that facilitate
the effective removal of NH4-N from the sediments.

CRediT authorship contribution statement

Yu Zhao: Writing - review & editing, Formal analysis. Yaoyao Zhu:
Writing — original draft, Methodology, Investigation, Formal analysis,
Data curation. Jianyin Huang: Writing — original draft, Conceptuali-
zation. Zhixin Song: Writing — review & editing, Methodology, Inves-
tigation. Wenzhong Tang: Writing — review & editing, Methodology,
Investigation.

Data availability

The datasets used or analyzed during the current study are available
from the corresponding author on reasonable request.

Funding

This work was supported by the National Natural Science Foundation

of China (No0.42007356), Henan National Programs for Science and
Technology Development (N0.222102320023), the High-end Foreign
Experts Introduction Program (No. G2022026015L), the Key Promotion
Project of Henan Province (No. 232102321060).

Declaration of competing interest

We declare that we have no financial and personal relationships with
other people or organizations that can inappropriately influence our
work, there is no professional or other personal interest of any nature or
kind in any product, service and/or company that could be construed as
influencing the position presented in, or the review of, the manuscript
entitled“The effect of in situ biochar capping on microorganisms during
inhibiting the release of ammonia nitrogen from sediments”.

Acknowledgements

This study was supported by the National Natural Science Founda-
tion of China awarded to Zhixin Song. The authors would like to thank
the graduate student from North China University of Water Resources
and Electric Power for their assistance in sampling, such as Xuan Ma,
Hanging Wang and Yuting Cao.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jenvman.2024.123524.


https://doi.org/10.1016/j.jenvman.2024.123524
https://doi.org/10.1016/j.jenvman.2024.123524

Y. Zhao et al.
Data availability
Data will be made available on request.

References

Ahmad, M., Rajapaksha, A.U., Lim, J.E., Zhang, M., Bolan, N., Mohan, D., Vithanage, M.,
Lee, S.S., Ok, Y.S., 2014. Biochar as a sorbent for contaminant management in soil
and water: a review. Chemosphere 99, 19-33.

Arp, D.J., Stein, L.Y., 2003. Metabolism of inorganic N compounds by ammonia-
oxidizing bacteria. Crit. Rev. Biochem. Mol. Biol. 38, 471-495.

Bai, Z., Lu, J., Zhao, H., Velthof, G.L., Oenema, O., Chadwick, D., Williams, J.R., Jin, S.,
Liu, H., Wang, M., 2018. Designing vulnerable zones of nitrogen and phosphorus
transfers to control water pollution in China. Environ. Sci. Technol. 52 (16),
8987-8988.

Bastida, F., Torres, 1., Romero-Trigueros, C., Baldrian, P., Vétrovsky, T., Bayona, J.,
Alarcén, J., Hernandez, T., Garcia, C., Nicolds, E., 2017. Combined effects of reduced
irrigation and water quality on the soil microbial community of a citrus orchard
under semi-arid conditions. Soil Biol. Biochem. 104, 226-237.

Boyd, C.E., 2020. Nitrogen. Water Quality: an Introduction. Springer, pp. 269-290.

Cao, X., Ma, L., Liang, Y., Gao, B., Harris, W., 2011. Simultaneous immobilization of lead
and atrazine in contaminated soils using dairy-manure biochar. Environ. Sci.
Technol. 45, 4884-4889.

Castaldi, S., Riondino, M., Baronti, S., Esposito, F., Marzaioli, R., Rutigliano, F.A.,
Vaccari, F., Miglietta, F., 2011. Impact of biochar application to a Mediterranean
wheat crop on soil microbial activity and greenhouse gas fluxes. Chemosphere 85,
1464-1471.

Chen, Y., Zhao, Z., Peng, Y., Li, J., Xiao, L., Yang, L., 2016. Performance of a full-scale
modified anaerobic/anoxic/oxic process: high-throughput sequence analysis of its
microbial structures and their community functions. Bioresour. Technol. 220,
225-232.

Clements, W.H., Stahl Jr, R.G., Landis, R.C., 2015. Ecological effects of biochar on the
structure and function of stream benthic communities. Environ. Sci. Technol. 49,
14649-14654.

Cobo-Diaz, J.F., Fernandez-Gonzalez, A.J., Villadas, P.J., Robles, A.B., Toro, N.,
Fernandez-Lopez, M., 2015. Metagenomic assessment of the potential microbial
nitrogen pathways in the rhizosphere of a Mediterranean forest after a wildfire.
Microb. Ecol. 69, 895-904.

Daims, H., Liicker, S., Wagner, M., 2016. A new perspective on microbes formerly known
as nitrite-oxidizing bacteria. Trends Microbiol. 24, 699-712.

De Rozari, P., Greenway, M., El Hanandeh, A., 2018. Nitrogen removal from sewage and
septage in constructed wetland mesocosms using sand media amended with biochar.
Ecol. Eng. 111, 1-10.

Deng, Y., Gui, Q., Dumont, M., Han, C., Deng, H., Yun, J., Zhong, W., 2019.
Methylococcaceae are the dominant active aerobic methanotrophs in a Chinese tidal
marsh. Environ. Sci. Pollut. Res. 26, 636-646.

Ding, S., Chen, M., Cui, J., Wang, D., Lin, J., Zhang, C., Tsang, D.C., 2018. Reactivation of
phosphorus in sediments after calcium-rich mineral capping: implication for revising
the laboratory testing scheme for immobilization efficiency. Chem. Eng. J. 331,
720-728.

Farrell, M., Kuhn, T.K., Macdonald, L.M., Maddern, T.M., Murphy, D.V., Hall, P.A.,
Singh, B.P., Baumann, K., Krull, E.S., Baldock, J.A., 2013. Microbial utilisation of
biochar-derived carbon. Sci. Total Environ. 465, 288-297.

Fidel, R.B., Laird, D.A., Thompson, M.L., Lawrinenko, M., 2017. Characterization and
quantification of biochar alkalinity. Chemosphere 167, 367-373.

Gibbs, M., Ozkundakei, D., 2011. Effects of a modified zeolite on P and N processes and
fluxes across the lake sediment-water interface using core incubations.
Hydrobiologia 661, 21-35.

Gomez-Eyles, J.L., Yupanqui, C., Beckingham, B., Riedel, G., Gilmour, C., Ghosh, U.,
2013. Evaluation of biochars and activated carbons for in situ remediation of
sediments impacted with organics, mercury, and methylmercury. Environ. Sci.
Technol. 47, 13721-13729.

Grennfelt, P., Hultberg, H., 1986. Effects of nitrogen deposition on the acidification of
terrestrial and aquatic ecosystems. Water Air Soil Pollut. 30, 945-963.

Gresham, T.L., Sheridan, P.P., Watwood, M.E., Fujita, Y., Colwell, F.S., 2007. Design and
validation of ure C-based primers for groundwater detection of urea-hydrolyzing
bacteria. Geomicrobiol. J. 24, 353-364.

Gruber, N., 2008. The marine nitrogen cycle: overview and challenges. Nitrogen in the
mar. environ. 2, 1-50.

Gu, B., Lee, C., Lee, T., Park, S., 2017. Evaluation of sediment capping with activated
carbon and nonwoven fabric mat to interrupt nutrient release from lake sediments.
Sci. Total Environ. 599, 413-421.

Guo, Q., Hu, H,, Shi, Z., Yang, C., Li, P., Huang, M., Ni, W., Shi, M., Jin, R., 2016a.
Towards simultaneously removing nitrogen and sulfur by a novel process: anammox
and autotrophic desulfurization—denitrification (AADD). Chem. Eng. J. 297,
207-216.

Guo, Y., Peng, Y., Wang, B., Li, B., Zhao, M., 2016b. Achieving simultaneous nitrogen
removal of low C/N wastewater and external sludge reutilization in a sequencing
batch reactor. Chem. Eng. J. 306, 925-932.

Henson, B.J., Watson, L.E., Barnum, S.R., 2004. The evolutionary history of nitrogen
fixation, as assessed by NifD. J. Mol. Evol. 58, 390-399.

Hu, W., Lo, W., Chua, H., Sin, S., Yu, P., 2001. Nutrient release and sediment oxygen
demand in a eutrophic land-locked embayment in Hong Kong. Environ. Int. 26,
369-375.

10

1 M

Journal of Enviro 373 (2025) 123524

Huang, J., Kankanamge, N.R., Chow, C., Welsh, D.T., Li, T., Teasdale, P.R., 2018.
Removing ammonium from water and wastewater using cost-effective adsorbents: a
review. J. Environ. Sci. 63, 174-197.

Huang, T., Xu, J., Cai, D., 2011. Efficiency of active barriers attaching biofilm as
sediment capping to eliminate the internal nitrogen in eutrophic lake and canal.

J. Environ. Sci. 23, 738-743.

Huang, T., Zhou, Z., Xu, J., Dong, Y., Wang, G., 2012. Biozeolite capping for reducing
nitrogen load of the ancient canal in Yangzhou City. Water Sci. Technol. 66,
336-344.

Kalyuhznaya, M.G., Martens-Habbena, W., Wang, T., Hackett, M., Stolyar, S.M., Stahl, D.
A., Lidstrom, M.E., Chistoserdova, L., 2009. Methylophilaceae link methanol
oxidation to denitrification in freshwater lake sediment as suggested by stable
isotope probing and pure culture analysis. Environ. Microbiol. Rep. 1, 385-392.

Kersters, K., De Vos, P., Gillis, M., Swings, J., Vandamme, P., Stackebrandt, E., 2006.
Introduction to the Proteobacteria. The Prokaryotes 5, 3-37. Proteobacteria: Alpha
and Beta Subclasses.

Kim, K., Hibino, T., Yamamoto, T., Hayakawa, S., Mito, Y., Nakamoto, K., Lee, L.-C.,
2014. Field experiments on remediation of coastal sediments using granulated coal
ash. Mar. Pollut. Bull. 83, 132-137.

Knox, A.S., Paller, M.H., Reible, D.D., Ma, X., Petrisor, I.G., 2008. Sequestering agents for
active caps—remediation of metals and organics.Soil Sed. Contam 17, 516-532.

Kostrytsia, A., Papirio, S., Frunzo, L., Mattei, M.R., Porca, E., Collins, G., Lens, P.N.,
Esposito, G., 2018. Elemental sulfur-based autotrophic denitrification and
denitritation: microbially catalyzed sulfur hydrolysis and nitrogen conversions.

J. Environ. Manag. 211, 313-322.

Krzywinski, M., Schein, J., Birol, I., Connors, J., Gascoyne, R., Horsman, D., Jones, S.J.,
Marra, M.A., 2009. Circos: an information aesthetic for comparative genomics.
Genome Res. 19, 1639-1645.

Li, S., Peng, C., Wang, C., Zheng, J., Hu, Y., Li, D., 2017. Microbial succession and
nitrogen cycling in cultured biofilms as affected by the inorganic nitrogen
availability. Microb. Ecol. 73, 1-15.

Liu, S., Ren, H., Shen, L., Lou, L., Tian, G., Zheng, P., Hu, B., 2015. pH levels drive
bacterial community structure in sediments of the Qiantang River as determined by
454 pyrosequencing. Front. Microbiol. 6, 285.

Lofrano, G., Libralato, G., Minetto, D., De Gisi, S., Todaro, F., Conte, B., Calabro, D.,
Quatraro, L., Notarnicola, M., 2017. In situ remediation of contaminated
marinesediment: an overview. Environ. Sci. Pollut. Res. 24, 5189-5206.

Lou, L., Wu, B., Wang, L., Luo, L., Xu, X., Hou, J., Xun, B., Hu, B., Chen, Y., 2011.
Sorption and ecotoxicity of pentachlorophenol polluted sediment amended with
rice-straw derived biochar. Bioresour. Technol. 102, 4036-4041.

Maia, L.B., Moura, J.J.G., 2014. How biology handles nitrite. Chem. Rev. 114,
5273-5357.

Mao, Y., Yannarell, A.C., Mackie, R.I., 2011. Changes in N-transforming archaea and
bacteria in soil during the establishment of bioenergy crops. PLoS One 6, €24750.

Miao, L., Wang, S., Li, B, Cao, T., Zhang, F., Wang, Z., Peng, Y., 2016. Effect of carbon
source type on intracellular stored polymers during endogenous denitritation (ED)
treating landfill leachate. Water Res. 100, 405-412.

Mopper, K., Kieber, D.J., 2002. Photochemistry and the cycling of carbon, sulfur,
nitrogen and phosphorus. In: Hansell, Hansell, D.A., Carlson, C.A. (Eds.),
Biogeochemistry of Marine Dissolved Organic Matter. Academic Press, San Diego,
2014.

Narihiro, T., Terada, T., Ohashi, A., Kamagata, Y., Nakamura, K., Sekiguchi, Y., 2012.
Quantitative detection of previously characterized syntrophic bacteria in anaerobic
wastewater treatment systems by sequence-specific rRNA cleavage method. Water
Res. 46, 2167-2175.

Oliveira, F.R., Patel, A.K., Jaisi, D.P., Adhikari, S., Lu, H., Khanal, S.K., 2017.
Environmental application of biochar: current status and perspectives. Bioresour.
Technol. 246, 110-122.

Palmer, K., Biasi, C., Horn, M.A., 2012. Contrasting denitrifier communities relate to
contrasting NoO emission patterns from acidic peat soils in arctic tundra. ISME J. 6,
1058.

Pan, F., Chapman, S.J., Li, Y., Yao, H., 2017. Straw amendment to paddy soil stimulates
denitrification but biochar amendment promotes anaerobic ammonia oxidation.

J. Soils Sediments 17, 2428-2437.

Prommer, J., Wanek, W., Hofhansl, F., Trojan, D., Offre, P., Urich, T., Schleper, C.,
Sassmann, S., Kitzler, B., Soja, G., 2014. Biochar decelerates soil organic nitrogen
cycling but stimulates soil nitrification in a temperate arable field trial. PLoS One 9,
e86388.

Reible, D.D. (Ed.), 2014. Processes, Assessment and Remediation of Contaminated
Sediments. Springer, New York, USA, pp. 365-391.

Shan, J., Ji, R., Yu, Y., Xie, Z., Yan, X., 2015. Biochar, activated carbon and carbon
nanotubes have different effects on fate of 14C-catechol and microbial community in
soil. Sci. Rep. 5, 16000.

Song, H., Lv, X., Yang, J., Liu, W., Yang, H., Xi, T., Xing, Y., 2015. A novel chimeric
flagellum fused with the multi-epitope vaccine CTB-UE prevents Helicobacter pylori-
induced gastric cancer in a BALB/c mouse model. Appl. Microbiol. Biotechnol. 99,
9495-9502.

Song, Q., Kong, F., Liu, B., Song, X., Ren, H., 2024. Biochar-based composites for
removing chlorinated organic pollutants: applications, mechanisms, and
perspectives. Environ. Sci. Ecotech, 100420.

Takahashi, M., Yamada, T., Tanno, M., Tsuji, H., Hiraishi, A., 2009. Nitrate removal
efficiency and bacterial community dynamics in a denitrification process using poly
(L-lactic acid) as the solid substrate. Microb. Environ. 1105090301-1105090301.

Uchimiya, M., Klasson, K.T., Wartelle, L.H., Lima, .M., 2011. Influence of soil properties
on heavy metal sequestration by biochar amendment: 1. Copper sorption isotherms
and the release of cations. Chemosphere 82, 1431-1437.


http://refhub.elsevier.com/S0301-4797(24)03510-2/sref1
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref1
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref1
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref2
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref2
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref3
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref3
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref3
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref3
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref4
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref4
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref4
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref4
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref5
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref6
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref6
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref6
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref7
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref7
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref7
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref7
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref8
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref8
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref8
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref8
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref9
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref9
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref9
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref10
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref10
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref10
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref10
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref11
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref11
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref12
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref12
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref12
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref13
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref13
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref13
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref14
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref14
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref14
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref14
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref15
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref15
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref15
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref16
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref16
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref17
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref17
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref17
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref18
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref18
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref18
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref18
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref19
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref19
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref20
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref20
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref20
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref21
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref21
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref22
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref22
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref22
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref23
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref23
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref23
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref23
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref24
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref24
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref24
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref25
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref25
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref26
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref26
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref26
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref27
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref27
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref27
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref28
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref28
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref28
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref29
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref29
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref29
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref30
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref30
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref30
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref30
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref31
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref31
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref31
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref32
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref32
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref32
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref33
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref33
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref34
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref34
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref34
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref34
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref35
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref35
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref35
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref36
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref36
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref36
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref37
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref37
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref37
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref38
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref38
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref38
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref39
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref39
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref39
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref40
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref40
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref41
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref41
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref42
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref42
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref42
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref43
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref43
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref43
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref43
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref44
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref44
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref44
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref44
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref45
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref45
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref45
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref46
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref46
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref46
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref47
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref47
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref47
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref48
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref48
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref48
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref48
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref49
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref49
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref50
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref50
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref50
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref51
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref51
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref51
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref51
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref52
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref52
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref52
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref53
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref53
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref53
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref54
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref54
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref54

Y. Zhao et al.

Van Luijn, F., Boers, P., Lijklema, L., Sweerts, J.-P., 1999. Nitrogen fluxes and processes
in sandy and muddy sediments from a shallow eutrophic lake. Water Res. 33, 33-42.

Van Zwieten, L., Singh, B., Kimber, S., Murphy, D., Macdonald, L., Rust, J., Morris, S.,
2014. An incubation study investigating the mechanisms that impact N2O flux from
soil following biochar application. Agric. Ecosyst. Environ. 191, 53-62.

Wang, A.O., Ptacek, C.J., Blowes, D.W., Gibson, B.D., Landis, R.C., Dyer, J.A., Ma, J.,
2019. Application of hardwood biochar as a reactive capping mat to stabilize
mercury derived from contaminated floodplain soil and riverbank sediments. Sci.
Total Environ. 652, 549-561.

Wei, L., Zhang, Y., Han, Y., Zheng, J., Xu, X., Zhu, L., 2023. Effective abatement of
ammonium and nitrate release from sediments by biochar coverage. Sci. Total
Environ. 899, 165710.

Welsh, A., Chee-Sanford, J.C., Connor, L.M., Loffler, F.E., Sanford, R.A., 2014. Refined
NrfA phylogeny improves PCR-based nrfA gene detection. Appl. Environ. Microbiol.
80, 2110-2119.

Wiegel, J., Tanner, R., Rainey, F.A., 2006. An introduction to the family Clostridiaceae.
The prokaryotes 4, 654-678 bacteria: Firmicutes, Cyanobacteria.

Xia, L., Liu, G., Chen, C., Wen, M., Gao, Y., 2016. Red soil for sediment capping to control
the internal nutrient release under flow conditions. Front. Environ. Sci. Eng. 10, 14.

Xiong, C., Wang, D., Tam, N.F., Dai, Y., Zhang, X., Tang, X., Yang, Y., 2018. Enhancement
of active thin-layer capping with natural zeolite to simultaneously inhibit nutrient
and heavy metal release from sediments. Ecol. Eng. 119, 64-72.

Xu, D., Ding, S., Sun, Q., Zhong, J., Wu, W., Jia, F., 2012. Evaluation of in situ capping
with clean soils to control phosphate release from sediments. Sci. Total Environ. 438,
334-341.

Xu, H., Wang, X., Li, H., Yao, H., Su, J., Zhu, Y., 2014. Biochar impacts soil microbial
community composition and nitrogen cycling in an acidic soil planted with rape.
Environ. Sci. Technol. 48, 9391-9399.

Xu, Q., Wu, B., Chai, X., 2022. In situ remediation technology for heavy metal
contaminated sediment: a review. Int. J. Environ. Res. Publ. Health 19, 16767.

11

1 M

Journal of Enviro 373 (2025) 123524

Yu, C., Huang, X., Chen, H., Godfray, H.C.J., Wright, J.S., Hall, J.W., Gong, P., Ni, S.,
Qiao, S., Huang, G., 2019. Managing nitrogen to restore water quality in China.
Nature 567, 516.

Zhang, C., Shan, B., Zhu, Y., Tang, W., 2018. Remediation effectiveness of Phyllostachys
pubescens biochar in reducing the bioavailability and bioaccumulation of metals in
sediments. Environ. Pollut. 242, 1768-1776.

Zhang, C., Zhu, M., Zeng, G., Yu, Z., Cui, F., Yang, Z., Shen, L., 2016. Active capping
technology: a new environmental remediation of contaminated sediment. Environ.
Sci. Pollut. Res. 23, 4370-4386.

Zhang, L., 2023. Bamboo Expansion into Adjacent Ecosystems, Bamboo Expansion:
Processes, Impacts, and Management. Springer Nature, Singapore, pp. 19-37.
Zhang, M., Wang, W., Zhang, Y., Teng, Y., Xu, Z., 2017. Effects of fungicide iprodione
and nitrification inhibitor 3, 4-dimethylpyrazole phosphate on soil enzyme and

bacterial properties. Sci. Total Environ. 599, 254-263.

Zhang, W., Lu, Y., Li, X, Li, Y., Wang, L., Niu, L., Zhang, H., 2021. Effects of black
carbon-based thin-layer capping for nitrogen-overloaded sediment remediation on
microbial community assembly. Sci. Total Environ. 788, 147888.

Zhou, Z., Huang, T., Yuan, B., Liao, X., 2016. Remediation of nitrogen-contaminated
sediment using bioreactive, thin-layer capping with biozeolite. J. Soil Contam. 25,
89-100.

Zhu, Y., Jin, X., Tang, W., Meng, X., Shan, B., 2019a. Comprehensive analysis of nitrogen
distributions and ammonia nitrogen release fluxes in the sediments of Baiyangdian
Lake, China. J. Environ. Sci. 76, 319-328.

Zhu, Y., Shan, B., Huang, J., Teasdale, P.R., Tang, W., 2019b. In situ biochar capping is
feasible to control ammonia nitrogen release from sediments evaluated by DGT.
Chem. Eng. J. 374, 811-821.

Zhu, Y., Tang, W., Jin, X., Shan, B., 2019c. Using biochar capping to reduce nitrogen
release from sediments in eutrophic lakes. Sci. Total Environ. 646, 93-104.

Zimmerman, J.R., Ghosh, U., Millward, R.N., Bridges, T.S., Luthy, R.G., 2004. Addition
of carbon sorbents to reduce PCB and PAH bioavailability in marine sediments:
physicochemical tests. Environ. Sci. Technol. 38, 5458-5464.


http://refhub.elsevier.com/S0301-4797(24)03510-2/sref55
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref55
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref56
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref56
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref56
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref57
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref57
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref57
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref57
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref58
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref58
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref58
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref59
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref59
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref59
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref60
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref60
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref61
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref61
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref63
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref63
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref63
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref64
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref64
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref64
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref65
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref65
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref65
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref66
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref66
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref67
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref67
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref67
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref68
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref68
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref68
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref69
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref69
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref69
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref70
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref70
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref71
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref71
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref71
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref72
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref72
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref72
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref74
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref74
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref74
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref75
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref75
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref75
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref76
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref76
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref76
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref77
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref77
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref78
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref78
http://refhub.elsevier.com/S0301-4797(24)03510-2/sref78

	Influence of in situ biochar capping on microbial dynamics and ammonia nitrogen release in sediment
	1 Introduction
	2 Material and methods
	2.1 Field site and in situ capping method
	2.2 Sampling and analysis
	2.3 DNA extraction, PCR amplification and sequencing
	2.4 Real-time PCR
	2.5 Biodiversity analysis and phylogenetic classification
	2.6 Statistical analysis

	3 Results
	3.1 Nitrogen concentrations in the overlying water
	3.2 Nitrogen concentrations in the sediments
	3.3 Effects of BC on microbial community
	3.4 Transcript abundances of 16S rRNA and functional genes related to nitrogen cycle

	4 Discussion
	4.1 The effect of in situ biochar capping on the release of ammonia nitrogen from sediments
	4.2 The effect of in situ biochar capping on microbial community and functional gene in sediments
	4.3 Benefits of using BC as the capping material for remediation

	5 Conclusion
	CRediT authorship contribution statement
	Data availability
	Funding
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	datalink5
	References


