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ARTICLE INFO ABSTRACT

Editor: Paola Verlicchi To investigate the possibility of phosphorus (P) recovery from marine sediment and explore the role of the
carbon: nitrogen ratio in affecting the internal P release under anaerobic conditions, we experimented with the

Keywords: external addition of carbon (acetic acid and glucose) and ammonia nitrogen (NH4-N) to expose P release

Phosphorus recovery
Eutrophic marine sediments
Ex-situ bioremediation study

mechanisms. The 24-day anaerobic incubations were conducted with four different carbon: nitrogen dosing
groups including no NH4-N addition and COD/N ratios of 100, 50, and 10. The P release showed that extra NHy-
Resource recovery N loading significantly suppressed the decomposition of P (p < 0.05) from the marine sediment, the maximum P
Carbon/nitrogen ratio release was 4.07 mg/L and 7.14 mg/L in acetic acid- and glucose-fed systems, respectively, without extra NH4-N
Microbial activities addition. Additionally, the results exhibited that the imbalance of carbon: nitrogen not only failed to induce the
production of organic P mineralization enzyme (alkaline phosphatase) in the sediment but also suppressed its
activity under anaerobic conditions. The highest enzyme activity was observed in the group without additional
NH4-N dosage, with rates of 1046.4 mg/(kgeh) in the acetic acid- and 967.8 mg/(kgeh) in the glucose-fed system,
respectively. Microbial data analysis indicated that a decrease in the abundance of P release-regulating bacteria,
including polyphosphate-accumulating organisms (Rhodobacteraceae) and sulfate-reducing bacteria
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(Desulfosarcinaceae), was observed in the high NH4-N addition groups. The observed reduction in enzyme activity
and suppression of microbial activity mentioned above could potentially account for the inhibited P decompo-
sition in the presence of high NH4-N addition under anaerobic conditions. The produced P-enriched solution from
the bioreactors may offer a promising source for future recovery endeavors.

1. Introduction

Phosphorus (P), an essential nutrient for living organisms, has been
industrially used for fertilizer production. Due to the limited availability
and high dependency on the import of P rock, phosphate rock was
identified as Critical Raw Materials in 2014 by the European Union (EU)
(European Commission, 2014). Meanwhile, marine eutrophication has
been a worldwide problem caused by the over-enrichment of nutrients
for decades, especially in the Baltic Sea region. 97 % of the region was
assessed to be below good eutrophication status, and the average total P
content in the sediment surface layer was reported 1750 + 780 mg P/kg
in the Baltic Sea archipelagos (Puttonen et al., 2014). Moreover, the
annual loads of P to the Baltic Sea for the period 1970-2010 were
estimated to be 18,000 tons (Savchuk, 2018), while the economic losses
triggered by eutrophication were estimated at € 3.8-4.4 billion/yr
(HELCOM, 2021).

Therefore, recycling P from eutrophic sediments could be a practi-
cable way for both marine remediation and resource recovery, while
processes for marine P recovery should be further developed and stud-
ied. If part of the P can be reclaimed from the marine sediment, it will
make a substantial contribution to global P recovery, especially in terms
of recovering P from the natural environment and closing the P loop.
However, there are currently few cases of P recovery from marine,
especially from deep eutrophic sediments. Meanwhile, technologies to
recover P from waste streams (e.g., wastewater, municipal sludge) have
already been extensively applied and well established.

Feeding carbon (C) could potentially serve as an approach to stim-
ulate P release under anaerobic conditions, drawing from previous
experience in the wastewater treatment field. For example, in a batch
experiment conducted by (Gerber et al, 1986), the 200 mg/L of
equivalent COD (chemical oxygen demand) short-chain C compounds
(including acetic acid, propionic acid, butyric acid) could effectively
induce POy-P release, resulting in eventual above 65 mg/L phosphate
released from around 4 g/L MLSS (mixed liquor suspended solids)
sludge system under anoxic-anaerobic conditions. More specifically,
anaerobic conditions promote P release from polyphosphate-
accumulating organisms (PAOs). Previous studies have demonstrated
that PAOs can utilize organic C sources and subsequently release or-
thophosphates into the environment by hydrolyzing stored poly-
phosphate (poly-P) (Rey-Martinez et al., 2019).

The concept of “Redfield ratio” has been established to understand
how organisms control the concentrations and distributions of nutrients
in marine environments, and the C: nitrogen (N): P of 106:16:1 has
served as the basis for biogeochemistry research (Steinberg et al., 2002).
Ammonia nitrogen (NH4-N) is an influential bioavailable N in sediments
(Alexandre et al., 2015), but relevant studies on its role in influencing P
internal release in anaerobic eutrophic environments are lacking. In the
mesocosm experiment conducted by Ma et al. (2018), an excessive
supply of NH4-N led to N:P imbalance and stimulation of the alkaline
phosphatase (AP) activity of the organism and hence, induced more P
decomposition. Similar results were also reported by the observation of
eutrophic lakes, with Li et al. (2016) finding that C and N enrichment
can stimulate bioavailable P release through AP production, while this
stimulation may accelerate lake eutrophication (Zhou et al., 2008).

However, there is a lack of relevant research on P recovery from the
eutrophic environment, not to mention the exploration of stimulating P
release through different C/N ratios. Meanwhile, gaining an under-
standing of the marine nutrient internal cycle under anaerobic condi-
tions can also contribute to marine science. As we know, excess nutrient

(including N and P) inputs are the main factors that trigger aquatic
eutrophication, while the internal cycles for nutrient transformation in
the sediment-water system show different pathways. For example, NO3-
N is capable of promoting P release from sediments by changing redox
conditions, the P-binding capacity of iron, and by degrading organic
matter under hypoxic conditions in nature (Ma et al., 2018).

Therefore, to clarify the overall influence of NH4-N loading on P
decomposition from sediments and reach the goal of P recycling
simultaneously, we conducted batch experiments under anaerobic
conditions with different feeding ratios of C/N (COD/NH4-N). Acetic
acid and glucose, as prevailing C sources studied in the conventional
biological P removal systems, were chosen and served as external C
sources. The PO4-P containing obtained after P release can potentially be
precipitated later with added NH4-N for future recovery in the form of
struvite (NH4MgPO4-6H20). Nevertheless, this experiment only focuses
on investigating the P-release responses and does not involve the pre-
cipitation process. We hypothesized that the NH4-N dosing would
impact P release by influencing C consumption and the relevant mi-
crobial/enzymatic activity of the sediments under anaerobic conditions.
Our study intends to: (1) investigate the P release capacity from marine
sediment by dosing different C/N ratios in both acetic acid- and glucose-
fed systems under anaerobic conditions; (2) clarify the NH4-N dosing
strategy for favorable P release from marine sediments; and (3) explore
the potential microbial mechanism of P release in different NH4-N
loading systems.

2. Materials and methods
2.1. Anaerobic batch experiments

The sediments were collected in the eutrophic Baltic Sea area on 30th
January 2022, Stockholm (58.476400 N, 17.456699 E). The character-
istics of sediments and pore water are shown in Table S1. A series of
batch experiments were conducted in 120-mL serum bottles in triplicate,
a total of 168 bottles were required for two C-fed systems. Acetic acid
and glucose were chosen as C sources, and the various of C/N experi-
mental groups were set up with no extra NH4-N addition (No NH4-N
group), low NHy4-N addition (C/N = 100 group), medium NHy4-N addi-
tion (C/N = 50 group), and high NH4-N addition (C/N = 10 group) for
investigating the influence of C/N on P release from sediment under
anaerobic conditions.

In the acetic acid-fed system, 16 g of fresh sediments were dispensed
in 80 mL synthetic seawater prepared with NaCl (6.5 psu, which is the
average salinity of the water from the Baltic Sea). Later, acetate (1 g/L
acetic acid) and NH4Cl were added to the serum bottles, offering C and N
sources. The corresponding NH4-N concentrations within different C/N
ratio groups were around 0, 11, 22, and 110 mg/L, respectively. The
bioreactors were operated at 20 °C with daily manual mixing, where the
reactors were shaken and overturned to ensure thorough mixing of
water and sediment for at least 5 min. Sampling was conducted on days
0, 3,6,9,12,18, and 24. The experimental bottles were set up under an
initial pH of 7.1 + 0.1 and sealed with septa and aluminum caps. Each
bottle was flushed with Ny gas for at least 5 min to provide anaerobic
condition. At each sampling day, the flasks from each treatment were
analyzed (12 reactors on each day), PO4-P, NH4-N, pH, acetic acid/
glucose concentrations in the bioreactors, AP activity, and microbial
community structure of marine sediments were monitored during the
24-day bioreactor operation. We repeated the above batch operation for
the glucose-fed system using the same initial COD.
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2.2. Analytical methods

PO4-P and NH4-N in the supernatant were analyzed by the
Murphy-Riley method (Cho and Nielsen, 2017) and cuvette tests (LCK
303 Hach Lange, Germany) using DR 3900 Hach Lange spectropho-
tometer. The variations of pH were monitored by the pH meter
(Mettler Toledo FiveEasyTM pH bench meter, FE20). The concentra-
tions and compositions of volatile fatty acids (VFAs, e.g., acetic acid)
were measured with gas chromatography (GC) (Agilent Intuvo 9000)
equipped with CP-Sil 5 CB column (25 m x 0.32 mm X 5 pm, Agilent)
and a flame ionization detector as described by Khatami et al. (2021).
The reducing glucose in the supernatant was determined by the
dinitrosalicylic acid (DNS) method described by McKee (2017). The
measurement of AP activity stated by Sayler et al. (1979) is based on a
color change due to the production of p-nitrophenol through the
cleavage of p-nitrophenyl phosphate. Other analytical methods for the
characterization of marine sediments and pore water can be found in
the Supplementary Material.

2.3. Microbial community analysis

2.3.1. DNA extraction

The sediment samples from the batch reactors were centrifuged at
4000 rpm (Hermle Z 206 A, Wehingen, Germany) for 10 min and then,
stored at —20 °C. Microbial genomic DNA was isolated via DNeasy
PowerSoil Pro Kit (QIAGEN, Hilden, Germany) by following the in-
structions of the manual protocol.

2.3.2. 16S rRNA amplicon sequencing and data processing

For each sample, the V3-V4 hypervariable regions of the 16S rRNA
gene were amplified using primers 341F and 785R (Klindworth et al.,
2013) with Illumina overhang adapter sequences. PCR products were
purified using a magnetic bead-based clean-up system (Agencourt
AMPure XP; Beckman Coulter, Brea, CA, USA), indexed by limited-
cycle PCR using Nextera technology, and further cleaned up as
above. Final libraries were pooled at equimolar concentration (4 nM),
denatured with 0.2 N NaOH, and diluted to 5 pM prior to sequencing
on an Illumina MiSeq platform with a 2 x 250 bp paired-end protocol,
according to the manufacturer's instructions (Illumina, San Diego, CA,
USA).

Raw sequences were processed using a pipeline combining PAN-
DAseq (Masella et al., 2012) and QIIME 2 (Bolyen et al., 2019). After
length and quality filtering, reads were binned into amplicon sequence
variants (ASVs) using DADA2 (Callahan et al., 2016). Taxonomy was
assigned via the VSEARCH algorithm (Rognes et al., 2016), using the
SILVA database (138.1 SSURef NR99) as a reference. Alpha diversity
was measured using the number of observed ASVs, the Shannon index,
and Faith's phylogenetic diversity. The sequencing raw data have been
archived in the Sequence Read Archive (National Center for Biotech-
nology Information, US) under the BioProject accession number
PRJNA1030998.

2.4. Statistical analysis

The analysis of variance (ANOVA) was conducted to assess the sig-
nificance of the results (p < 0.05). Redundancy analysis (RDA) and
Pearson's correlation were used to ascertain the relationship between
bacterial relative abundance and several factors. To assess differences in
alpha diversity and relative taxon abundances among study groups (i.e.,
acetic acid- and glucose-fed systems over time under different COD/N
loading), the Kruskal-Wallis test followed by post-hoc Wilcoxon test
(paired or unpaired as needed) were used. A p-value <0.05 was
considered statistically significant, while a p-value <0.1 was considered
a trend.
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3. Results and discussion
3.1. Effects of carbon/nitrogen loading on phosphorus release

The dissolved PO4-P released from sediments in acetic acid- and
glucose-fed systems with different NH4-N loadings are shown in Fig. 1(a)
and (b). Collectively, glucose feeding performed significantly better
than acetic acid in stimulating P release. Maximum PO4-P was observed
in the supernatant of acetic acid- and glucose-fed systems as 4.07 mg/L
on day 24 and 7.14 mg/L on day 18 without extra NH4-N addition,
respectively. PO4-P concentration increased markedly during the first 6
days in both C-fed systems, with 3.41 mg/L and 6.55 mg/L of P solu-
bilization in acetic acid- and glucose-fed systems without extra NH4-N
addition, respectively. Although an increasing trend of P release was
observed in both systems with the extension of operation time, the final
P release increased by only 19.35 % and 8.26 %. Meanwhile, our results
showed that P decomposition was significantly inhibited when more
NH4-N was dosed in the anaerobic systems (p < 0.05). With the increase
of NH4-N level from low (COD/N = 100) to high (COD/N = 10), the
concentration of PO4-P in the supernatant of the acetic acid-fed system
decreased from 3.62 mg/L to 2.95 mg/L at the end of 24 days, while in
the supernatant of the glucose-fed system, it decreased from 6.32 mg/L
to 5.50 mg/L on day 18.

Fig. 1 also illustrates the profiles of pH variations. The pH in the
acetic acid-fed system remained overall stable during the 24-day ex-
periments, varying from 7.0 £ 0.1 at the beginning to 7.3 & 0.1. On the
contrary, the pH in the glucose-fed system decreased considerably from
7.0 £0.1to 5.1 + 0.1 at the beginning of day 3, followed by a very slight
increase until a final pH of 5.2 & 0.1 in all glucose-fed reactors on day
24. The drop of pH in the glucose-fed system may be related to anaerobic
fermentation; in the acid-producing stage, the bacteria converted the
soluble monomers into end-products, including VFAs (seen in Fig. 3(c)-
(f)), and the accumulated VFAs led to the pH decrease (Liang et al.,
2021).

In this study, organic P (OP) constituted the predominant P frac-
tion in the initial sediments (Table S1), accounting for 58.3 % of the
total P, while the inorganic fraction represented 41.7 % of the total P
(1.27 mg/g). Notably, inorganic P (IP) is the primary source of
bioavailable P, with major contributions from Fe/Al-P and Ca-P to the
IP supply within the sediment (Wang et al., 2005). Previous research
has demonstrated a significant positive correlation between anaerobic
P-release rates and the initial Fe/Al-P fraction (Adhikari et al., 2015).
This suggests that anoxic sediments primarily release P bound within
the inorganic fraction associated with Fe. Despite the relatively small
contribution of the Fe/Al-P fraction, approximately 4 % of the total P,
it plays a crucial role in P regeneration under anaerobic conditions
(Adhikari et al., 2015). Moreover, the high-frequency monitoring data
of P release from sediments detected by Ma et al. (2023) also supports
the idea that the reduction of Fe-P in sediment leads to the simulta-
neous release of Fe and variable or mobile P. In summary, under
anaerobic conditions, the release of P is likely influenced by the
decomposition of Fe-P. To validate this, the release of Fe from sedi-
ment was monitored (seen in Fig. S1). As depicted, the Fe release in
the acetic acid- and glucose-fed systems were notably distinct. After
24-day anaerobic incubation episodes, only a minimal amount of Fe
(<1 mg/L) was released in the acetic acid-fed systems, suggesting that
the Fe-P decomposition process may not be predominant in the P
release when acetic acid is the carbon source. In contrast, a sub-
stantial increase was observed in the glucose-fed system, where Fe
release rose from an initial 0.038 mg/L to 18.4 mg/L in the group
without additional NH4-N. This could be one of the reasons why the
stimulating effect on P release is more pronounced when glucose is
fed as the carbon source. Although our research did not directly
investigate the variations in P fractions, it can be projected that the
inorganic component, Fe/Al-P, might also decompose and decrease
due to the increase in Fe release.
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Fig. 1. Variations of PO4-P and pH: (a) in the acetic acid-fed system; (b) in the glucose-fed system during the 24-day anaerobic operation under different COD/

N loading.

The P release from sediment under anaerobic conditions is not a
process driven by a singular mechanism, as other factors, including the
dissolution of Fe/Ca-P, anaerobic OM decomposition, and microbially
mediated P release, can all influence the P regeneration process.
Consequently, there is a need to optimize conditions and investigate
more parameters affecting P cycling in order to develop bioengineering
approaches for further P recovery. In addition to the above, we should
also take into account that the pH variations and sediment acidification
can also lead to an increase in P release. However, the additional NH4-N
introduced in the acetic acid-fed reactors did not significantly influence
pH variations (Fig. 1(a)). In contrast, the acidification induced by
glucose resulted in a noticeable pH drop (from 7 to 5.2), which might
potentially enhance the P release, partly attributed to the dissolution of
IP in the sediment (e.g., Ca-P: detrital apatite) (Ma et al., 2023).

3.2. Variations of ammonia nitrogen in the acetic acid/glucose-fed system

NH4-N concentration in the acetic acid-fed system showed a small
increasing trend. On day 24, 3.76 mg/L, 14.71 mg/L and 26.19 mg/L
NH4-N were measured in the group of no addition, COD/N = 100 and
COD/N = 50 (Fig. 2(a)), corresponding to an increase of 3.53 mg/L,
2.33 mg/L and 4.04 mg/L NH4-N, respectively. Meanwhile, a clear
depletion in NH4-N was observed in the group of COD/N = 100 and
COD/N = 50 within the first 6 days in the glucose-fed system (Fig. 2(b)).
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The concentration of NH4-N in the COD/N = 50 group decreased from
initial 20.73 mg/L to 8.32 mg/L on day 6, and the decrease of NH4-N in
the COD/N = 100 group was even more evident in the initial 3 days,
equal to 97 % (from initial 12.05 mg/L to 0.36 mg/L).

OM + 4aFe(OH);* + 4o y Fe — P* + 12aH" —»aCO, + bNH,*

1

+ (¢ + 4o y)-H;PO4 + 4aFe* + 13aH,0 =
OM +0.5aS0,*" 4+ aH"—aCO, + bNH, " + cH; f PO, + 0.5H,S + aH,0
2

OM—>0561C02 + bNH4+ -+ CH3PO4 + 05&CH4 (3)

The variations of NH4-N in the anaerobic reactors could partly be
attributable to the decomposition of OM in marine sediments, particularly
the release of NH4-N. Previous studies showed that P regeneration from
sediment is closely coupled with the C cycle and subsequently with N, S,
and Fe cycles (Biche et al., 2017), while N and P concentrations depend on
the decomposition of OM. When the environment lacks oxygen, NH4-N
can be released from sediments through the following processes Egs. (1)
(3) (Kraal et al., 2012). Therefore, in the acetic acid-fed system, the NH4-N
concentration can be increased with OM decomposition.

The OM is of the form (CH20),(NHZ)p(H3PO,). and x represents the
molar ratio between P and Fe in Fe (oxyhydr)oxides with adsorbed
phosphate.
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Fig. 2. Variations of NH4-N in two different carbon-fed systems during the 24-day anaerobic operation under different COD/N loading: (a) acetic acid-fed system; (b)

glucose-fed system.
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At the same time, the microbial anabolism may also take place. The
microbial synthesis process involves the consumption of a certain
amount of NHy4-N. This could potentially account for the initial decrease
in NH4-N concentration in glucose-fed bioreactors. For instance, Oli-
veira et al. (2017) developed a C and N feeding strategy for poly-
hydroxyalkanoate (PHA) production from cheese whey, and NH4-N
consumption was found to be coupled with C uptake; when C (50 g/L
COD) in the system was depleted, NH4-N was also almost completely
consumed from around 20 mg/L in 5 h. As a result of the higher energy
yield in the anaerobic complete oxidation of glucose compared to an
acetate-fed system (Kleerebezem and Van Loosdrecht, 2010), the prob-
ability of anabolism occurring in the glucose system is higher due to the
availability of energy supply. Thereafter, continuous decomposition of
OM (Egs. (1)-(3)) and anaerobic fermentation led to an increase of
soluble N from day 6, where solubilization of N from anaerobic
fermentation was potentially attributed to the hydrolysis of nitrogenous
OM (e.g., proteins) (Zou et al., 2018). The high concentration of NH4-N
dosing may inhibit OM decomposition redox reactions, since NH4-N
could act as a weak electron donor under anaerobic conditions, thereby
competing with carbon donor (Kleerebezem and Van Loosdrecht, 2010).
As illustrated in Egs. (1)-(3), the decomposition of OM also results in
phosphate release (in the form of Hs f PO4). Therefore, if the decom-
position of OM is hindered, it can potentially suppress P decomposition,
especially with extra NH4-N dosage compared to no extra NHy-N addi-
tion group.

Science of the Total Environment 914 (2024) 169902

3.3. Variations of carbon in the acetic acid/glucose-fed system

As illustrated in Fig. 3(a), the concentration of acetic acid remained
overall stable in all acetic acid-fed groups, with a slight decrease of 8.5 %
(from 1136 mg/L to 1039 mg/L) and 6.8 % (1160 mg/L to 1081 mg/L)
after 24 days, in the group of no extra NH4-N and COD/N = 100,
respectively. Unlike acetic acid, glucose rapidly decreased in the
glucose-fed system, with over 95 % of the glucose consumed in all re-
actors in the first 6 days.

Meanwhile, an amount of biogas (data not available) and VFAs were
produced in the glucose-fed system (seen in Fig. 3(c)-(f)). All VFAs
accumulated over time, with acetic and butyric acids being the domi-
nant VFAs for all groups; 795.56 mg/L, 721.91 mg/L, 742.50 mg/L and
761.94 mg/L of the final VFAs were produced by the group of no NH4-N
addition, COD/N = 100, COD/N = 50 and COD/N = 10, respectively.
Although the highest production was measured in the no extra NH4-N
addition group, no significant differences were found between NH4-N
dosages (p = 0.153) in final VFA production. It has been confirmed that
an increase in the organic loading rate can stimulate the production of
total VFAs. For example, higher production of VFAs was observed with
increasing organic loading; when the organic loading rate was 15 kg
COD/m>.d, over 2 g/L VFAs could be generated in the thermophilic
anaerobic bioreactor (Wijekoon et al., 2011). Therefore, the VFA pro-
duction capacity was mainly influenced by C loading. P decomposition
correlated significantly with VFA yield (p <0.01), which demonstrated
that P release in the glucose-fed system may be partly driven by the
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fermentation process, and it has been reported that inorganic P can be
easily released during anaerobic fermentation (Yan et al., 2021).

Poly-P hydrolysis is driven by C catabolism, with the C source
contributing as an electron donor for anaerobic oxidation, and subse-
quently leads to anaerobic orthophosphate release (Cakmak et al.,
2022). In our experiments, acetic acid was the unlimited organic sub-
strate that should be utilized by the biological reduction process and
result in P release (Wu et al., 2012). However, only a small amount of
acetic acid (<9 %) was consumed after 24 days, indicating that acetic
acid is not a preferred C source for the bio-P bacteria of the sediments. In
this case, the bacteria are probably forced to utilize their internal C
sources for denitrification and drive the hydrolysis of poly-P (Hu et al.,
2003; Wang et al., 2002). In the glucose-fed system, through C balance
calculation, we found that the amount of C fed into the system was
greater than that of C produced (mainly VFAs) via fermentation con-
version, suggesting that part of the dosed C is probably stored or con-
verted through synthesis of other C compounds (i.e., PHAs and
glycogen) in the sediment cells.

3.4. Variations of alkaline phosphatase activity

AP as hydrolase has been identified as a key enzyme in organic P
mineralization (Chen et al., 2011). The variations of AP activity are
shown in Fig. 4. The AP activity in the acetic acid-fed system first
increased over time and subsequently decreased. The maximum activity
of 1046.97 mg/(kg-h) was reached on day 12 from an initial 885.90 mg/
(kg-h) in the group of no NH4-N addition group, and subsequently, this
value fell back to 860.66 mg/(kg-h) on day 24. The opposite phenom-
enon was observed in the glucose-fed system, where the AP activity
decreased from 838.11 mg/(kg-h) (day 0) to 490.67 mg/(kg-h), 447.86
mg/(kg-h), 584.45 mg/(kg-h) and 354.75 mg/(kg-h) on day 6 in the no
NH4-N addition, COD/N = 100, COD/N = 50, and COD/N = 10 group,
respectively. However, the enzyme activity of the no NH4-N addition
group increased up to 967.79 mg/(kg-h) on day 18, being higher than
the initial one.

Ammonia acts as an essential nutrient for the growth of microor-
ganisms and, therefore, it may promote/inhibit P release from sediment
by influencing metabolic processes/activity (Li et al., 2016; Ma et al.,
2018). Previous studies have reported that excessive loading of NH4-N
can induce N:P imbalance and consequently lead to AP production,
which accelerates the release of organic P in mesocosm experiments (Li
et al., 2016; Ma et al., 2018). However, this phenomenon was not found
in our experiment, where the highest enzymatic activities were
contributed by the no NH4-N addition group in both C-fed systems. Yu
et al. (2010) investigated the changes in the phosphatase activities of

(a) AP activity (mg-kg'-h")
1100

COD/N=10 1000
900.0

COD/N=50 - - 800.0
- 700.0

COD/N=100 - 600.0
- 500.0

No NH,-N

addition | 4000
300.0

Day 0 Day3 Day 6 Day9 Day 12 Day 18 Day 24
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excess sludge during anaerobic fermentation at pH 10 within 20 h, and
AP activities were significantly suppressed with fermentation time
(dropped from ~20 to ~1 pg/(mg-h)). Similarly, the enzyme activity of
waste-activated sludge was also reduced from ~47 pg/(mg-h) volatile
solid (VS) to ~2 pg/(mg-h) VS with 4 days of anaerobic fermentation at
pH 10 (Huang et al., 2014). Considering the P release results presented
in Fig. 1, the above case might help us infer that the biotic effect derived
from AP activity could play a role in influencing P decomposition, while
excess NH4-N loading to a certain extent suppressed the enzymatic ac-
tivity under anaerobic environments, and consequently, inhibited P
release from the sediment.

3.5. Analysis of microbial community structure

As illustrated in Fig. 5 (a) and (b), the initial sediment mainly
comprised of the following phyla: Proteobacteria (21.4 % in acetic acid-
fed and 32.0 % in glucose-fed system), Planctomycetota (16.0 % in
acetic acid-fed and 13.5 % in glucose-fed system) and Chloroflexi (9.9 %
in acetic acid-fed and 11.8 % in glucose-fed system). Proteobacteria
dominated the sediment microbial community in both systems. This
phylum comprises various species, which have been implicated in mi-
crobial C, N, and S cycling in a variety of water bodies (Wang et al.,
2021). Planctomycetota, another prevalent phylum widely present in
the sediment, has been found to be involved in many biological pro-
cesses such as ammonia and carbohydrate metabolism (Wang et al.,
2022). Chloroflexi has been reported to be abundant in organic-rich
sediments where it can contribute to OM degradation (Hug et al.,
2013). In our experiments, the abundance of Chloroflexi phyla in the
acetic acid-fed system without extra NH4-N addition increased from 9.9
% to 15.6 % on day 24. Meanwhile, the relative abundance of all three
phyla in the glucose-fed system declined over the 24 days of anaerobic
operation, from 32.0 % to 24.9 % for Proteobacteria, from 13.5 % to 8.4
% for Planctomycetota, and from 11.8 % to 6.3 % for Chloroflexi. Var-
iations in phylum proportions could be associated with organic C utili-
zation within the systems, the enrichment of Chloroflexi phylum was
favored in the system fed with acetic acid, where acetate consumption
was not significant (Fig. 3). Conversely, rapid glucose consumption is
detrimental to the proliferation of organic-decomposing phyla (e.g.,
Proteobacteria, Planctomycetota, and Chloroflexi).

The most abundant family was initially Pirellulaceae with relative
abundances of 12.2 % and 8.2 % in sediment from the acetic acid- and
glucose-fed system, respectively (seen in Fig. 6(c) and (d)). In the
glucose-fed system, the Clostridiaceae family (the most represented of
Firmicutes) increased up to 57.4 % on day 9 (p < 0.001). A parallel

decrease in Desulfosarcinaceae (from Desulfobacterota) and

b AP activity (mg-kg'-h™)
(b) 1100
COD/N=10 1000
900.0
COD/N=50 - 800.0
~ 700.0
COD/N=100 + ~ 600.0
~ 500.0
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Fig. 4. Variations of alkaline phosphatase activity of marine sediment during the 24-day anaerobic operation under different COD/N loading: (a) acetic acid-fed

system; (b) glucose-fed system.
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Anaerolineaceae (from Chloroflexi, p < 0.01) was observed during the
anaerobic culture. The alpha diversity of glucose-fed groups tended to be
higher overall with no extra NH4-N addition until about day 12 of the
experiment (p < 0.08) (Fig. S2). When looking at the compositional
changes over time under different COD/N loading, we found that in the
glucose-fed system, the group with no extra NH4-N addition differed
from the others, being discriminated by specific taxa (at specific time
points) (Fig. S3). In particular, on day 3, this group was characterized by
an overabundance of Desulfocapsaceae compared to the COD/N = 50 and
COD/N = 10 groups (p < 0.08).

The Clostridiaceae family comprises a significant proportion of
anaerobic fermentative bacteria (Zhang et al., 2018). In the glucose-fed
system, the rapid increase in the relative abundance of the Clostridiaceae
family can be observed (Fig. 5(d)); especially on day 9, the proportions
rose from an initial around 0 % to 32.7 %, 43.6 %, 56.6 % and 57,4 % for
the groups of no extra NH4-N addition, COD/N = 100, COD/N = 50 and
COD/N = 10, respectively. Another family that showed significant
enrichment in the glucose-fed system, with the highest relative abun-
dance on day 9, is Leptotrichiaceae, which also includes anaerobic or-
ganisms that can metabolize in anoxic environments (Lory, 2014;
Thompson and Pikis, 2012). The proportions of Leptotrichiaceae
increased from almost 0 % initially to 7.5 %, 8.6 %, 12.5 %, and 9.4 %
for the groups with no extra NH4-N addition, COD/N = 100, COD/N =
50, and COD/N = 10 on day 9, respectively. As glucose in the system was
depleted after day 9 (Fig. 5(b)), the relative abundance of Lepto-
trichiaceae gradually declined. However, the abundance of these two
mentioned families has consistently remained low in the acetic acid-fed
system. The diverse variations in microbial communities in sediments
from both acetic acid- and glucose-fed systems indicate a significant
influence of the predominant carbon source on the composition of mi-
crobial communities.

Fig. 6(a) and (b) show the RDA results for the relationship between
family-level microbial community composition and environmental fac-
tors on day 24. The interpretation rates of the two RDA axes were 51.17
% and 26.36 % in the acetic acid-fed system, 51.47 % and 33.19 % in the
glucose-fed system, and the cumulative explanation rate was 77.53 %
and 84.66 %, respectively. In both systems, the relative abundance of
Desulfocapsaceae was significantly correlated with the no extra NH4-N
group, which also showed better P release. This family includes sulfate-
reducing bacteria (SRB), which have already been previously identified
in marine sediments. P release from sediment is closely associated with
SRB since these bacteria can facilitate P release in sediment through
anaerobic respiration, thereby promoting the formation of FeS, the
reduction of Fe(Ill), and indirectly triggering the release of Fe-P in
sediment (Yang et al., 2021). As illustrated in Fig. 5, the addition of extra
NH4-N led to the reduction in the proportions of the phylum Desulfo-
bacterota, and the families Desulfosarcinaceae and Desulfocapsaceae,
especially during the first 9 days. The reduction of SRB may potentially
inhibit sulfate reduction under anaerobic conditions, leading to the
suppression of the binding of Fe and S (Yang et al., 2021). Consequently,
this led to a decrease of P decomposition from Fe-P which could be
another potential reason for inhibiting P release, especially in the
presence of high NH4-N addition. This result is consistent with the
previously discussed results of Fe release, as illustrated in Fig. S1, where
the highest release of Fe (possible Fe-P dissolution) was from the no
additional NH4-N dosing group.

Additionally, the family Rhodobacteraceae, functioning as typical
PAOs, and participating in C and sulfur metabolism bioprocesses, de-
serves more investigation concerning their fluctuations within anaer-
obic reactors (Zhang et al., 2020). As illustrated in Fig. 5, there is a slight
increase in the abundance in both systems. The abundance of Rhodo-
bacteraceae got increased from 1.5 % and 1.3 % to the maximum of 4.8 %
and 3.7 % in acetic acid and glucose-fed, respectively. The two-way
ANOVA analysis demonstrates a significantly higher abundance in the
no extra NH4-N addition group compared to the groups with COD/N
ratios of 50 and 10 (p < 0.05) during the 24-day operation. It is worth

Science of the Total Environment 914 (2024) 169902

noting that the family Rhodobacteraceae and Desulfosarcinaceae exhibi-
ted similar behavior in the RDA analysis, particularly within the glucose-
fed system. Indeed, the family Rhodobacteraceae plays a crucial role in
the transformation and release of P as PAO under anaerobic conditions.
Therefore, the addition of NH4-N might potentially lead to a reduction in
bio-P release through influencing the activities of PAO.

The analysis indicated a significant correlation (p < 0.01) between P-
release and acetic acid consumption (Fig. 6a). While in the glucose-fed
system, P release was directly correlated with the VFA production (p
< 0.01), and relative abundance of families Anaerolineaceae and San-
daracinaceae (p < 0.01) (seen in Fig. 6d). The Anaerolineaceae family,
primarily composed of anaerobic fermenters, has been demonstrated to
play a key role in the mineralization and hydrolysis of OM, displaying
high biodegradation efficiency (Zhang et al., 2022); Sandaracinaceae
members are heterotrophic consumers of organic compounds, such as
ethanol, hydrogen, and acetate (Probandt et al., 2017). This indicates
that these families that consume organic compounds play a crucial role
in influencing the release of P from sediment.

Overall, in the acetic acid-fed system, organisms capable of miner-
alizing organic compounds were not significantly enriched in the
anaerobic environment, resulting in only a slight consumption of ace-
tate. Conversely, glucose dosing could promote the enrichment of or-
ganisms, which could rapidly assimilate organic C, produce acids and
decompose P from marine sediments. The analysis indicates that the
addition of NH4-N reduced the abundance of PAO and SRB thereby
inhibiting P release. The potential processes and mechanisms influ-
encing P release, as discussed in the previous sections, along with rele-
vant microbial activities, have been summarized in Fig. 7.

3.6. The implication of the study

Our experiment aims to assess the feasibility of P mining from the Baltic
Sea sediments, while concurrently addressing the eutrophication pollution
stemming from excess P. Inspired by resource recovery techniques from
waste streams, anaerobic C stimulation with different C/N ratios was
conducted with batch reactors. The results indicate that no extra NH4-N
allows higher P release under the anaerobic bioreactors, when fed with
glucose, the system is also accompanied by organic acid production.
Meanwhile, the released P and NH4-N in the system can be potentially
recovered through struvite precipitation, along with the magnesium
released from the marine sediment (>10 mM detected in the pore water).

Concerning P recovery, future research should be adopted for P
precipitation. Although the P concentration that we obtained from the P-
containing solution in our research is only 7.14 mg/L with the total solid
(TS) content of 4 % sediment. However, obtaining a higher concentra-
tion of P solution is essential for a more effective P harvest from liquids.
Achieving this can be explored by increasing the TS content of the
sediment, scaling up the reactor, or implementing alternative ap-
proaches such as membrane separation. Additionally, it is crucial to
prioritize and enhance P release from sediments to improve recovery
efficiency. The release of P under anaerobic conditions is a complex
process influenced by various factors (i.e., decomposition of OM and
dissolution of IP). Hence, further research, especially concerning vari-
ations OM and P fraction of sediment, should be undertaken to gain a
more comprehensive understanding. The microbial activities in this
study evidenced that the abundance of key functional bacteria related to
P release, such as PAOs and SRBs, are relatively low. Therefore, if these
functional organisms could be enriched in the innovation-designed
larger-scale bioreactors to improve the organic P release, the
enhanced strategy could be widely spread for practical P recovery from
the sediment.

Our results also offer insights into the internal cycling of C, N, and P
within marine sediments, particularly in the deep-sea anoxic/anaerobic
environment. This contributes to a more comprehensive understanding
of the dynamic balance of nutrients in marine systems. Additionally, our
experiment revealed that under anaerobic conditions, the presence of
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Fig. 7. The potential processes and mechanisms of the P release from sediment in response to NH4-N loading strategies.

NH4-N inhibits the release of P from sediment, consequently reducing
the amount of P discharged into the water. Actively supporting the
alleviation of issues associated with eutrophication by curbing marine P
release. This information is crucial for developing precise nutrient
management plans and approaches, thereby contributing to marine
nutrient control, especially in mitigating eutrophication triggered by P
and sustaining the health of ecosystems.

4. Conclusion

The strategy of C/N feeding can be crucial in affecting the P dy-
namics of eutrophic sediments since it can influence the growth of mi-
croorganisms and their metabolic activity, and subsequently P
decomposition. Our study investigated the influence of different COD/
NH4-N dosing on P release for future P recycling simultaneously by
anaerobic batch reactors. The results suggest that additional NH4-N
loading can significantly inhibit P decomposition under anaerobic con-
ditions in both acetic acid- and glucose-fed systems, with the release of
27.5 % and 22.8 % less P, respectively, compared to the no extra NH4-N
loading group. Under anaerobic operation, the imbalance of C and NH,-
N did not stimulate the enzymatic AP activity, leading to an increase in P
decomposition; instead, the enzyme activity decreased, which could be
the potential inhibitory reason for OP release.

The glucose-fed system performed better than the acetate-fed system,
with up to 7.12 mg/L P obtained through 18-day anaerobic batch re-
actors compared to only 4.07 mg/L in the acetic acid-fed system.
Additionally, microbial community analysis demonstrated the families
Rhodobacteraceae and Desulfosarcinaceae, as typical PAO and SRB,
showed higher relative abundance with no extra NH4-N addition, which
might further elucidate the inhibition mechanism under high-
concentration NH4-N addition.

CRediT authorship contribution statement

Fengyi Zhu: Data curation, Investigation, Methodology, Visualiza-
tion, Writing — original draft. Ece Kendir Cakmak: Project adminis-
tration, Writing — review & editing. Federica D'Amico: Formal analysis,
Investigation. Marco Candela: Formal analysis. Silvia Turroni: Formal
analysis, Writing — review & editing. Zeynep Cetecioglu: Conceptual-
ization, Funding acquisition, Supervision, Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgments

The authors would like to appreciate the help from Brita Sundelin
and Anna Sobek from Stockholm University for the sediments sampling
and the Ion Chromatography support from Maria Cuartero Botia and
Chen Chen for the sediments characterization work. Fengyi Zhu would
like to thank the financial support from China Scholarship Council. This
research was funded by Nordlander Family Foundation and Initiative
Uto (C2021-0328) and the European Union's Horizon Europe (SYM-
BIOREM Grant agreement ID: 101060361). Funded by the European
Union. Views and opinions expressed are however those of the author(s)
only and do not necessarily reflect those of the European Union or the
European Research Executive Agency (REA). Neither the European
Union nor the granting authority can be held responsible for them.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2024.169902.

References

Adhikari, P.L., White, J.R., Maiti, K., Nguyen, N., 2015. Phosphorus speciation and
sedimentary phosphorus release from the Gulf of Mexico sediments: implication for
hypoxia. Estuar. Coast. Shelf Sci. 164, 77-85.

Alexandre, A., Hill, P.W., Jones, D.L., Santos, R., 2015. Dissolved organic nitrogen: a
relevant, complementary source of nitrogen for the seagrass Zostera marina. Limnol.
Oceanogr. 60 (5), 1477-1483.

Biche, S.U., Das, A., Mascarenhas-Pereira, M.B.L., Nath, B.N., Naik, S.S., Helekar, S.P.,
Sharma, R., Valsangkar, A.B., Bharathi, P.A.L., 2017. Alkaline phosphatase: an
appraisal of its critical role in C-limited deep-sea sediments of central Indian Basin.
Geomicrobiol J. 34 (3), 274-288.

Bolyen, E., Rideout, J.R., Dillon, M.R., Bokulich, N., Abnet, C.C., Al-Ghalith, G.A.,
Alexander, H., Alm, E.J., Arumugam, M., Asnicar, F., Bai, Y., Bisanz, J.E.,
Bittinger, K., Brejnrod, A., Brislawn, C.J., Brown, C.T., Callahan, B.J., Caraballo-
Rodriguez, A.M., Chase, J., Cope, E.K., Da Silva, R., Diener, C., Dorrestein, P.C.,
Douglas, G.M., Durall, D.M., Duvallet, C., Edwardson, C.F., Ernst, M., Estaki, M.,
Fouquier, J., Gauglitz, J.M., Gibbons, S.M., Gibson, D.L., Gonzalez, A., Gorlick, K.,
Guo, J.R., Hillmann, B., Holmes, S., Holste, H., Huttenhower, C., Huttley, G.A.,
Janssen, S., Jarmusch, A.K., Jiang, L.J., Kaehler, B.D., Bin Kang, K., Keefe, C.R.,
Keim, P., Kelley, S.T., Knights, D., Koester, L., Kosciolek, T., Kreps, J., Langille, M.G.
I, Lee, J., Ley, R., Liu, Y.X., Loftfield, E., Lozupone, C., Maher, M., Marotz, C.,
Martin, B.D., McDonald, D., Mclver, L.J., Melnik, A.V., Metcalf, J.L., Morgan, S.C.,
Morton, J.T., Naimey, A.T., Navas-Molina, J.A., Nothias, L.F., Orchanian, S.B.,
Pearson, T., Peoples, S.L., Petras, D., Preuss, M.L., Pruesse, E., Rasmussen, L.B.,
Rivers, A., Robeson, M.S., Rosenthal, P., Segata, N., Shaffer, M., Shiffer, A., Sinha, R.,
Song, S.J., Spear, J.R., Swafford, A.D., Thompson, L.R., Torres, P.J., Trinh, P.,
Tripathi, A., Turnbaugh, P.J., Ul-Hasan, S., vander Hooft, J.J.J., Vargas, F., Vazquez-
Baeza, Y., Vogtmann, E., von Hippel, M., Walters, W., Wan, Y.H., Wang, M.X.,


https://doi.org/10.1016/j.scitotenv.2024.169902
https://doi.org/10.1016/j.scitotenv.2024.169902
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0005
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0005
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0005
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0010
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0010
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0010
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0015
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0015
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0015
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0015
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0020
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0020
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0020
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0020
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0020
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0020
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0020
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0020
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0020
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0020
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0020
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0020
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0020
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0020
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0020
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0020
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0020

F. Zhu et al.

Warren, J., Weber, K.C., Williamson, C.H.D., Willis, A.D., Xu, Z.Z., Zaneveld, J.R.,
Zhang, Y.L., Zhu, Q.Y., Knight, R., Caporaso, J.G., 2019. Reproducible, interactive,
scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 37
(8), 852-857.

Cakmak, E., Hartl, M., Kisser, J., Cetecioglu, Z., 2022. Phosphorus mining from eutrophic
marine environment towards a blue economy: the role of bio-based applications.
Water Res. 219, 118505.

Callahan, B.J., McMurdie, P.J., Rosen, M.J., Han, A.W., Johnson, A.J.A., Holmes, S.P.,
2016. DADAZ2: high-resolution sample inference from Illumina amplicon data. Nat.
Methods 13 (7), 581-583.

Chen, J.J., Lu, S.Y., Zhao, Y.K., Wang, W., Huang, M.S., 2011. Effects of overlying water
aeration on phosphorus fractions and alkaline phosphatase activity in surface
sediment. J. Environ. Manag. 23 (2), 206-211.

Cho, Y.-H., Nielsen, S.S., 2017. Food Analysis Laboratory Manual. Springer International
Publishing, Cham, pp. 153-156.

European Commission, 2014. On the review of the list of critical raw materials for the EU
and the implementation of the Raw Materials Initiative [WWW Document]. https://e
ur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52014DC0297 (Accessed 26
May 2014).

Gerber, A., Mostert, E.S., Winter, C.T., Devilliers, R.H., 1986. The effect of acetate and
other short-chain carbon compounds on the kinetics of biological nutrient removal.
Water SA. 12 (1), 7-12.

HELCOM, 2021. Economic and social analyses in the Baltic Sea region. [WWW
Document]. http://stateofthebalticsea.helcom.fi/humans-and-the-ecosystem/use
-of-baltic-marine-waters/ (Accessed 1 Feb 2021).

Hu, J.Y., Ong, S.L., Ng, W.J., Lu, F., Fan, X.J., 2003. A new method for characterizing
denitrifying phosphorus removal bacteria by using three different types of electron
acceptors. Water Res. 37 (14), 3463-3471.

Huang, L., Chen, B., Pistolozzi, M., Wu, Z.Q., Wang, J.F., 2014. Inoculation and alkali
coeffect in volatile fatty acids production and microbial community shift in the
anaerobic fermentation of waste activated sludge. Bioresour. Technol. 153, 87-94.

Hug, L.A., Castelle, C.J., Wrighton, K.C., Thomas, B.C., Sharon, 1., Frischkorn, K.R.,
Williams, K.H., Tringe, S.G., Banfield, J.F., 2013. Community genomic analyses
constrain the distribution of metabolic traits across the Chloroflexi phylum and
indicate roles in sediment carbon cycling. Microbiome. 1 (1), 1-17.

Khatami, K., Atasoy, M., Ludtke, M., Baresel, C., Eyice, O., Cetecioglu, Z., 2021.
Bioconversion of food waste to volatile fatty acids: impact of microbial community,
pH and retention time. Chemosphere 275, 129981.

Kleerebezem, R., Van Loosdrecht, M.C.M., 2010. A generalized method for
thermodynamic state analysis of environmental systems. Crit. Rev. Environ. Sci.
Technol. 40 (1), 1-54.

Klindworth, A., Pruesse, E., Schweer, T., Peplies, J., Quast, C., Horn, M., Glockner, F.O.,
2013. Evaluation of general 16S ribosomal RNA gene PCR primers for classical and
next-generation sequencing-based diversity studies. Nucleic Acids Res. 41 (1), el.

Kraal, P., Slomp, C.P., Reed, D.C., Reichart, G.J., Poulton, S.W., 2012. Sedimentary
phosphorus and iron cycling in and below the oxygen minimum zone of the northern
Arabian Sea. Biogeosciences 9 (7), 2603-2624.

Li, H., Song, C.L., Cao, X.Y., Zhou, Y.Y., 2016. The phosphorus release pathways and
their mechanisms driven by organic carbon and nitrogen in sediments of eutrophic
shallow lakes. Sci. Total Environ. 572, 280-288.

Liang, T., Elmaadawy, K., Liu, B.C., Hu, J.P., Hou, H.J., Yang, J.K., 2021. Anaerobic
fermentation of waste activated sludge for volatile fatty acid production: recent
updates of pretreatment methods and the potential effect of humic and nutrients
substances. Process. Saf. Environ. 145, 321-339.

Lory, S., 2014. In: Rosenberg, E., DeLong, E.F., Lory, S., Stackebrandt, E., Thompson, F.
(Eds.), The Prokaryotes: Firmicutes and Tenericutes. Springer, Berlin Heidelberg,
Berlin, Heidelberg, pp. 213-214.

Ma, S.N., Wang, H.J., Wang, H.Z., Li, Y., Liu, M., Liang, X.M., Yu, Q., Jeppesen, E.,
Sondergaard, M., 2018. High ammonium loading can increase alkaline phosphatase
activity and promote sediment phosphorus release: a two-month mesocosm
experiment. Water Res. 145, 388-397.

Ma, S.-N., Xu, Y.-F., Wang, H.-J., Wang, H.-Z,, Li, Y., Dong, X.-M., Xu, J.-L., Yu, Q.,
Sgndergaard, M., Jeppesen, E., 2023. Mechanisms of high ammonium loading
promoted phosphorus release from shallow lake sediments: a five-year large-scale
experiment. Water Res. 245, 120580.

Masella, A.P., Bartram, A.K., Truszkowski, J.M., Brown, D.G., Neufeld, J.D., 2012.
PANDAseq: PAired-eND Assembler for Illumina sequences. BMC Bioinformatics 13.

McKee, L.S., 2017. In: Abbott, D.W., Lammerts van Bueren, A. (Eds.), Protein-
Carbohydrate Interactions: Methods and Protocols. Springer, New York, NY,
pp. 27-36.

Oliveira, C.S.S., Silva, C.E., Carvalho, G., Reis, M.A., 2017. Strategies for efficiently
selecting PHA producing mixed microbial cultures using complex feedstocks: feast

10

Science of the Total Environment 914 (2024) 169902

and famine regime and uncoupled carbon and nitrogen availabilities. New
Biotechnol. 37, 69-79.

Probandt, D., Knittel, K., Tegetmeyer, H.E., Ahmerkamp, S., Holtappels, M., Amann, R.,
2017. Permeability shapes bacterial communities in sublittoral surface sediments.
Environ. Microbiol. 19 (4), 1584-1599.

Puttonen, 1., Mattila, J., Jonsson, P., Karlsson, O.M., Kohonen, T., Kotilainen, A.,
Lukkari, K., Malmaeus, J.M., Rydin, E., 2014. Distribution and estimated release of
sediment phosphorus in the northern Baltic Sea archipelagos. Estuar. Coast. Shelf
Sci. 145, 9-21.

Rey-Martinez, N., Badia-Fabregat, M., Guisasola, A., Baeza, J.A., 2019. Glutamate as sole
carbon source for enhanced biological phosphorus removal. Sci. Total Environ. 657,
1398-1408.

Rognes, T., Flouri, T., Nichols, B., Quince, C., Mahe, F., 2016. VSEARCH: a versatile open
source tool for metagenomics. PeerJ 4, e2584.

Savchuk, O.P., 2018. Large-scale nutrient dynamics in the Baltic Sea, 1970-2010. Front.
Mar. Sci. 5, 285-303.

Sayler, G.S., Puziss, M., Silver, M., 1979. Alkaline-phosphatase assay for freshwater
sediments - application to perturbed sediment systems. Appl. Environ. Microbiol. 38
(5), 922-927.

Steinberg, D.K., Goldthwait, S.A., Hansell, D.A., 2002. Zooplankton vertical migration
and the active transport of dissolved organic and inorganic nitrogen in the Sargasso
Sea. Deep Sea Res. Part I Oceanogr. Res. Pap. 49 (8), 1445-1461.

Thompson, J., Pikis, A., 2012. Metabolism of sugars by genetically diverse species of oral
Leptotrichia. Mol Oral Microbiol 27 (1), 34-44.

Wang, L., Ye, X.M., Hu, H.W., Dy, J., Xi, Y.L., Shen, Z.Z., Lin, J., Chen, D.L., 2022. Soil
bacterial communities triggered by organic matter inputs associates with a high-
yielding pear production. Soil 8 (1), 337-348.

Wang, N.D., Peng, J., Hill, G., 2002. Biochemical model of glucose induced enhanced
biological phosphorus removal under anaerobic condition. Water Res. 36 (1), 49-58.

Wang, S.G., Jin, X.C., Pang, Y., Zhao, H.C., Zhou, X.N., Wu, F.C., 2005. Phosphorus
fractions and phosphate sorption characteristics in relation to the sediment
compositions of shallow lakes in the middle and lower reaches of Yangtze River
region, China. J. Colloid Interface Sci. 289 (2), 339-346.

Wang, X.J., Kong, F.L., Li, Y., Li, Q.H., Wang, C.R., Zhang, J.L., Xi, M., 2021. Effect of
simulated tidal cycle on DOM, nitrogen and phosphorus release from sediment in
Dagu River-Jiaozhou Bay estuary. Sci. Total Environ. 783, 147158.

Wijekoon, K.C., Visvanathan, C., Abeynayaka, A., 2011. Effect of organic loading rate on
VFA production, organic matter removal and microbial activity of a two-stage
thermophilic anaerobic membrane bioreactor. Bioresour. Technol. 102 (9),
5353-5360.

Wu, D., Hao, T., Lu, H., Chui, H.K., van Loosdrecht, M.C.M., Chen, G.H., 2012.
Phosphorus release and uptake during start-up of a covered and non-aerated
sequencing batch reactor with separate feeding of VFA and sulfate. Water Sci.
Technol. 65 (5), 840-844.

Yan, W., Chen, Y., Shen, N., Wang, G.X., Wan, J.F., Huang, J.J., 2021. The influence of a
stepwise pH increase on volatile fatty acids production and phosphorus release
during Al-waste activated sludge fermentation. Bioresour. Technol. 320, 124276.

Yang, X.H., Zhang, R.X., Wang, J.F., He, K.K., Chen, J.G., 2021. Fluxes and mechanisms
of phosphorus release from sediments in seasonal hypoxic reservoirs: a simulation-
based experimental study. J. Soils Sediments 21 (10), 3246-3258.

Yu, G.H., He, P.J., Shao, L.M., 2010. Reconsideration of anaerobic fermentation from
excess sludge at pH 10.0 as an eco-friendly process. J. Hazard. Mater. 175 (1-3),
510-517.

Zhang, J., Hu, J.X., Zhang, X.B., Zeng, X., 2018. Draft genome sequence of anaerobic
fermentative bacterium Anaeromicrobium sediminis DY2726D. Genome Announc. 6
(6).

Zhang, L., Sun, Q.X., Dou, Q.H., Lan, S., Peng, Y.Z., Yang, J.C., 2022. The molecular
characteristics of dissolved organic matter in urbanized river sediments and their
environmental impact under the action of microorganisms. Sci. Total Environ. 827,
154289.

Zhang, M., Wang, Y.X., Fan, Y.J,, Liu, Y.Z., Yu, M., He, C.D., Wu, J., 2020.
Bioaugmentation of low C/N ratio wastewater: Effect of acetate and propionate on
nutrient removal, substrate transformation, and microbial community behavior.
Bioresour. Technol. 306, 122465.

Zhou, Y., Song, C., Cao, X., Li, J., Chen, G., Xia, Z., Jiang, P., 2008. Phosphorus fractions
and alkaline phosphatase activity in sediments of a large eutrophic Chinese lake
(Lake Taihu). Hydrobiologia 599 (1), 119-125.

Zou, J.T., Pan, J.Y., He, H.T., Wy, S.Y., Xiao, N.D., Ni, Y.J,, Li, J., 2018. Nitrifying aerobic
granular sludge fermentation for releases of carbon source and phosphorus: the role
of fermentation pH. Bioresour. Technol. 260, 30-37.


http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0020
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0020
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0020
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0020
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0025
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0025
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0025
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0030
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0030
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0030
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0035
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0035
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0035
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0040
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0040
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52014DC0297
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52014DC0297
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0050
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0050
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0050
http://stateofthebalticsea.helcom.fi/humans-and-the-ecosystem/use-of-baltic-marine-waters/
http://stateofthebalticsea.helcom.fi/humans-and-the-ecosystem/use-of-baltic-marine-waters/
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0060
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0060
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0060
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0065
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0065
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0065
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0070
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0070
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0070
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0070
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0075
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0075
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0075
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0080
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0080
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0080
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0085
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0085
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0085
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0090
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0090
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0090
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0095
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0095
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0095
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0100
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0100
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0100
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0100
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0105
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0105
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0105
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0110
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0110
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0110
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0110
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0115
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0115
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0115
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0115
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0120
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0120
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0125
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0125
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0125
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0130
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0130
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0130
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0130
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0135
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0135
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0135
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0140
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0140
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0140
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0140
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0145
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0145
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0145
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0150
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0150
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0155
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0155
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0160
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0160
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0160
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0165
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0165
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0165
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0170
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0170
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0175
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0175
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0175
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0180
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0180
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0185
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0185
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0185
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0185
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0190
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0190
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0190
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0195
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0195
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0195
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0195
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0200
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0200
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0200
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0200
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0205
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0205
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0205
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0210
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0210
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0210
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0215
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0215
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0215
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0220
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0220
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0220
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0225
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0225
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0225
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0225
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0230
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0230
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0230
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0230
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0235
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0235
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0235
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0240
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0240
http://refhub.elsevier.com/S0048-9697(24)00036-6/rf0240

	Phosphorus mining from marine sediments adopting different carbon/nitrogen strategies driven by anaerobic reactors: The exp ...
	1 Introduction
	2 Materials and methods
	2.1 Anaerobic batch experiments
	2.2 Analytical methods
	2.3 Microbial community analysis
	2.3.1 DNA extraction
	2.3.2 16S rRNA amplicon sequencing and data processing

	2.4 Statistical analysis

	3 Results and discussion
	3.1 Effects of carbon/nitrogen loading on phosphorus release
	3.2 Variations of ammonia nitrogen in the acetic acid/glucose-fed system
	3.3 Variations of carbon in the acetic acid/glucose-fed system
	3.4 Variations of alkaline phosphatase activity
	3.5 Analysis of microbial community structure
	3.6 The implication of the study

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


