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The performance of anaerobic ammonium oxidation (anammox) granules were studied under long-term exposure to Fe3O4 NPs. The Fe3O4 NPs had no negative impacts on nitrogen removal performance with the addition
of 2−200 mg L−1. The speciﬁc anammox activity (SAA) slightly decreased from 287.0 ± 13.2 to –253.0 ± 9.2
mg TN g-1VSS d-1 with the increase in Fe3O4 NPs level from 2 to 60 mg L-1, and then signiﬁcantly enhanced to
381.8 ± 15.7 mg TN g-1VSS d-1 at 200 mg L-1 Fe3O4 NPs. And the change trends of the heme c content, extracellular polymeric substance amount and settling velocity were consistent with that of SAA. The
Candidatus_Kuenenia was the dominant species during the entire experiment and its relative abundance was up to
33.4 % at the end the experiment. The results provide some useful information for comprehending the impact of
Fe3O4 NPs on the performance of wastewater biological treatment systems.
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1. Introduction
Anaerobic ammonium oxidation (anammox) process was identiﬁed
as an energy-saving and eﬃcient nitrogen removal technology, because
of its excellent advantages of lower sludge production, carbon source
and oxygen in comparison with traditional biological nitrogen removal
processes (Kuenen, 2008; Zhang et al., 2019a,b). The autotrophic
anammox process is an identiﬁed short-cut method to directly transform ammonium (NH4+-N) to nitrogen gas using nitrite (NO2−-N) as an

⁎

electron acceptor under anoxic condition (Strous et al., 1998). Over 100
full-scale installations of anammox-based process have been increasingly applied to wastewater treatment all over the world (Lotti et al.,
2015). However, their applications were limited by several inhibitory
compounds (i.e. heavy mental, antibiotics and sulﬁde) existing in
wastewater because the anammox bacteria was sensitive to external
condition (Jin et al., 2012; Qu et al., 2019; Zhang et al., 2017).
Recently, engineering nanoparticles (NPs) have been used to various
common consumer products and high-end electronics due to their
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nanoscale-induced unique physical and chemical properties. The previous reports issued that NPs levels were in the range of μg L−1 to mg
L−1 in municipal wastewater (Musee et al., 2011) and the NPs inevitably released into domestic and industrial waste streams during
production, transportation consumption and disposal (Kiser et al.,
2009), and ultimately pose potential toxicities to biological wastewater
treatment systems. As the anammox-based technology provides a novel
idea for biological wastewater nitrogen removal in the main-stream
treatment and was occupied a rising market share of side-stream processing in the sewage treatment plant (Kartal et al., 2010), the impacts
of NPs on the anammox process have attracted more attention. The
studies revealed that the nitrogen removal performance, biomass activity and microbial communities in anammox system have diﬀerent
responds to various types of NPs (Li et al., 2019; Zhang et al., 2018a).
Ferroferric oxide (Fe3O4) NPs have been intensively applied in
various ﬁelds (e.g., catalysts, biomedicine and environmental remediation) due to their super paramagnetic, high biocompatibility and
low Curie temperature (Liu et al., 2009), and some researchers have
been concerned about its inﬂuences on biological wastewater treatment
processes. Abdelsalam et al. (2017) found that the productions of biogas
and methane were proportional to Fe3O4 NPs level and the highest
productions of biogas and methane were achieved at 20 mg L−1 in the
anaerobic digestion. Ma et al. (2017) reported that the NH4+-N removal of activated sludge did not signiﬁcantly change with addition of
0−60 mg L−1 Fe3O4 NPs, while the phosphorus removal was improved
at 10−60 mg L−1 Fe3O4 NPs, and Fe3O4 NPs also inﬂuenced the microbial community. Ni et al. (2013) analyzed that the nitrogen removal
eﬃciency (NRE) of activated sludge was obviously increased under
long-term addition of 50 mg L−1 magnetic NPs, whereas the NRE was
declined under short-term addition of 50−200 mg L−1. However, the
long-term impacts of Fe3O4 NPs on the anammox system in an up-ﬂow
anaerobic sludge blanket (UASB) reactor based on microbial investigations have not yet been clearly explored.
The primary objectives of this study were to (i) explore the responses of nitrogen removal performance and sludge characteristics on
anammox process to various levels of Fe3O4 NPs, (ii) study the evolution of microbial community characteristics, and (iii) assess the links
between performance and microbial community, and further elucidate
the potential mechanisms of the process.

Table 1
Composition of the synthetic wastewater.
Composition

Concentration

(NH4)2SO4
NaNO2
MgSO4·7H2O
NaH2PO4
NaHCO3
CaCl2·2H2O
Trace element Ib
Trace element IIc

Add as requireda
Add as requireda
58.6 mg L−1
10 mg L−1
840 mg L−1
73.5 mg L−1
1.25 mL L−1d
1.25 mL L−1d

a

Equimolar ammonium and nitrite were supplied.
The composition of trace element solution I was 5 g L−1
EDTA and 9.14 g L L−1 FeSO4·7H2O.
c
The trace element solution II was composed of 15 g L−1
EDTA, 0.014 g L−1 H3BO4, 0.99 g L−1 MnCl2·4H2O, 0.25 g
L−1 CuSO4·5H2O, 0.43 g L−1 ZnSO4·7H2O, 0.21 g L-1
NiCl2·6H2O, 0.22 g L−1 NaMoO4·2H2O and 0.24 g L−1
CoCl2·6H2O.
d
1.25 mL of trace element solutions I and II were added
per liter of wastewater.
b

concentration of 18.3 gVSS L−1. The dissolved oxygen level in the reactor was lower than the detection limit of 0.1 mg L−1. The synthetic
wastewater was continuously pumped into the reactor and the speciﬁc
component were listed in the Table 1. Speciﬁcally, the NH4+-N and
NO2−-N with an equivalent molar ratio was both maintained at 280 mg
L−1, which were provided in the forms of (NH4)2SO4 and NaNO2, respectively. The hydraulic retention time (HRT) was set at 0.9 h and
inﬂuent pH was 7.7−7.8. The reactor was operated under the diﬀerent
concentrations of Fe3O4 NPs and were as follows: 0 (1–25 d), 2 (26–55
d), 10 (56–85 d), 30 (86–115 d), 60 (116–145 d) and 200 mg L−1 Fe3O4
NPs (146–175 d).

2.3. Analytical methods
The inﬂuent and eﬄuent concentrations of NH4+-N, NO2−-N and
nitrate (NO3−-N) were detected by spectrophotometrically with
phenol-hypochlorite, N-(1-naphthalene)-diaminoethane, and phenol
disulphonic acid methods, respectively. And the VSS (SS) and the settling velocity (VS) of the anammox biogranules were routinely measured based on the standard methods (APHA et al., 2005). The SAA was
determined using the method proposed by Xu et al. (2017). The heme c
content was monitored as depicted by Berry and Trumpower (1987).
The detailed procedures of SAA and heme c were described in Text S1.
The EPS were extracted using a ‘heating’ extraction method (Sheng
et al., 2008). The polysaccharose (PS) and proteins (PN) were detected
using the anthrone method with glucose as a standard and the modiﬁed
Lowry method with bovine serum albumin as a standard, respectively.
The Fe(II) and Fe(III) contents were detected using the method described by Ding et al. (2014).

2. Materials and methods
2.1. The origins of Fe3O4 NPs and inoculated sludge
Commercial product Fe3O4 NPs (99.5 % purity, 20 nm) were purchased from Aladdin Reagent (Shanghai, China). The Fe3O4 NPs stock
suspensions (pH 7.5) were produced by adding 2.0 g Fe3O4 NPs into 1.0
L NanoPure water (Chen et al., 2012), and sodium dodecylbenzene
sulfonate (0.1 mg L−1) was simultaneously supplemented, then the
sonication (25 °C, 40 kHz and 250 W,) of 1.0 h was further broken the
aggregation in the Fe3O4 NPs stock suspension.
The inoculated granules were collected from a laboratory-scale
UASB reactor that was stably operated with NRE of 89.5 ± 5.22 %
under the nitrogen loading rate (NLR) of 14.1 ± 0.8 kg N m−3 d−1. And
the volatile suspended solid (VSS) and suspended solids (SS) were 27.8
and 44.3 g L−1, respectively. Besides, the speciﬁc anammox activity
(SAA) of the inoculated granules was 245.2 ± 26.5 mg g−1 VSS d−1,
with the extracellular polymeric substance (EPS) of 136.8 ± 7.6 mg g−1
VSS and heme c content of 1.58 ± 0.03 μmol g−1 VSS.

2.4. Microbial community analysis
The granules samples were taken from the reactor on days 25, 85,
145 and 175 (named S25, S85, S145 and S175), and the corresponding
added Fe3O4 NPs concentration was 0, 10, 60 and 200 mg L−1. And
then the four samples were stored at −80 °C for the subsequent analysis
of the microbial community structure of anammox system. Following
the instructions from the Power Soil DNA Kit (MoBio Laboratories,
Carlsbad, CA) to extract DNA. The sequencing procedure was implemented by Illumina Miseq platform. The detailed procedures were
described in Text S2.

2.2. Experiment design and operational strategy
The UASB reactor is made of Plexiglas with working volume of 1.0 L
and inner diameter of 60 mm, and incubated in a thermostatic room
(35 ± 1 °C) with black cloth wrapped. Brieﬂy, about 0.75 L anammox
granular sludge was seeded into the reactor to gain an initial sludge
2
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Fig. 1. Variations of the nitrogen removal performance of the anammox reactor at diﬀerent concentration of Fe3O4 NPs: (A) eﬄuent NH4+ concentrations; (B)
eﬄuent NO2− concentrations; (C) eﬄuent NO3− concentrations; (D) nitrogen loading rate (NLR); (E) nitrogen removal eﬃciency (NRE) and (F) nitrogen removal
rate (NRR).

92.1 ± 1.9 % and NRR of 12.81 ± 0.5 kg N m−3 d−1 under the NLR of
13.9 ± 0.5 kg N m−3 d−1 (Fig. 1). The eﬄuent levels of NH4+-N, NO2–
N and NO3–N were 38.5 ± 10.4, 5.5 ± 2.6, 42.3 ± 7.0 mg L-1, respectively, and the molar ratios RS (NO2–N conversion: NH4+-N depletion)
was 1.21 ± 0.08 and RP (NO3–N production: NH4+-N depletion) was
0.21 ± 0.03, which both closed to the theoretical values of the anammox reaction (RS = 1.32, RP = 0.26). The phenomenon suggested
that the anammox reactor at original phase possessed an excellent nitrogen remove performance (Xu et al., 2019). From Day 26, the Fe3O4
NPs was supplemented into the inﬂuent of the reactor to study the
impacts of Fe3O4 NPs on the anammox reactor. The eﬄuent NO2–N
levels were slightly increased, and NH4+-N and NO3–N concentrations
were respectively varied between 30–42 and 36−45 mg L−1 with the
Fe3O4 NPs concentration elevated from 2 to 200 mg L-1. Besides, the
NRE, NRR, RS and RP have no signiﬁcant diﬀerences in comparison with
the original phase (p > 0.05). The above results implied the presence of

2.5. Statistical analysis
The detections of anammox sludge characteristics were made in
triplicate and the results were presented as mean ± standard deviation.
Pearson's correlation and variance (ANOVA) analysis were applied to
assess statistically signiﬁcant diﬀerences by using SPSS 21.0 software
(Statistical Package for the Social Sciences, USA).

3. Results and discussion
3.1. Eﬀects of Fe3O4 NPs on nitrogen removal performance
The entire experiment was operated approximately six months
under diﬀerent concentrations of Fe3O4 NPs. The reactor was steadily
run for 25 days before adding Fe3O4 NPs (named original phase). The
eﬃcient nitrogen removal performance was achieved with NRE of
3
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Fig. 2. The eﬀects of Fe3O4 NPs on the physiological characteristics of anammox biomass: (A) Speciﬁc anammox activity (SAA); (B) the amount of biomass; (C) Heme
c content and (D) Extracellular polymeric substance (EPS) amounts and compositions of the anammox biomass during diﬀerent phases. VSS: volatile suspended
solids; SS: suspended solids; PN: protein; PS: polysaccharide.

could generate magnetic ﬁeld in the anammox system, which were both
helpful for the activity of anammox biomass (Liu et al., 2008).
The levels of VSS and SS in the original phase (day 25) were 21.6
and 36.9 g L−1, respectively. When the Fe3O4 NPs was pumped into the
reactor, the levels of VSS and SS gradually rise and in the range of
23–36 and 38−43 g L−1, respectively, which were both higher than
that of the original phase (Fig. 2B). Correspondingly, the ratio of VSS to
SS (VSS/SS) increased from 58.6 % to 83.8 %, which was close to the
reported value of 85 % in a previous study (Tang et al., 2011). The VSS/
SS ratio expresses the amount of active biomass in the total sludge and
the higher VSS/SS ratio indicates higher percentage of biomass (Jin
et al., 2013a). The results suggested that the amount of biomass was
enhanced and the bacteria in the reactor were underwent stable growth
under the long-term exposure of 2−200 mg L−1 Fe3O4 NPs.

Fe3O4 NPs had no obvious impacts on the nitrogen removal performance, even if the Fe3O4 NPs concentration was up to 200 mg L−1. A
similar phenomenon was observed in the previous study of Zhang et al.
(2018c), who reported the long-term addition of maghemite NPs at
1−200 mg L−1 did not cause signiﬁcant ﬂuctuations in anammox
performance.
3.2. Eﬀects of Fe3O4 NPs on anammox sludge characteristics
3.2.1. Speciﬁc anammox activity and sludge concentration
SAA is a good indicator determining the performance of anammox
process. The SAAs of anammox sludge in the reactor under diﬀerent
concentrations of Fe3O4 NPs are depicted in Fig. 2A. During the initial
25 days of cultivation without Fe3O4 NPs supplement, the SAA was
239.0 ± 21.5 mg TN g−1 VSS d−1, showing a value approximated to
that of the seeding granules. However, the SAA was increased with the
increase of Fe3O4 NPs concentration and a signiﬁcant correlation of
inﬂuent Fe3O4 NPs level with SAA (p < 0.05) was observed (Table 2).
Speciﬁcally, the SAA was increased to 249.4 ± 20.6 mg TN g−1 VSS
d−1 with the addition of 2 mg L−1 Fe3O4 NPs, which was only 4.3 %
higher than that of the original phase. With the Fe3O4 NPs concentration elevated to 60 mg L−1, the SAA was stimulated by 28.3 % compared with the original phase. The SAA reached a maximum value of
307.0 ± 13.8 mg TN g−1 VSS d−1 under exposure of 200 mg L−1 Fe3O4
NPs, which was 1.6 folds that of the original phase. The possible explanations for the Fe3O4 NPs promoting the SAA were as follows. On the
one hand, the Fe3O4 NPs might enhance the mass transfer of nutrients,
and more substrates was ﬂowed into the anammox bacteria which were
beneﬁt for the SAA, which further improved the growth of anammox
biomass (as mentioned below) (Peng et al., 2019). And on the other
hand, the Fe3O4 NPs could be ionized into Fe(II) and Fe(III) and also

3.2.2. Heme c content
Heme c is a good indicator to express the anammox performance
and the metabolic state of the anammox bacteria (Kartal et al., 2010).
The heme c content elevated from 1.59 ± 0.01 to 1.72 ± 0.00 μmol g−1
VSS at 2 mg L−1 Fe3O4 NPs, while its content slightly decreased to
1.65 ± 0.06 μmol g-1 VSS at 10 mg L-1 Fe3O4 NPs (Fig. 2C). Subsequently, the heme c content was raised with the increase of Fe3O4 NPs
concentration and reached the maximum of 2.67 ± 0.05 μmol g−1 VSS
at 200 mg L−1 Fe3O4 NPs, which was 66.9 % higher than that of the
original phase. It was noteworthy that there was a signiﬁcant correlation of inﬂuent Fe3O4 NPs level with heme c content was noted
(p < 0.01) (Table 2). The results implied that Fe3O4 NPs might improve
the heme c concentration, which might related to Fe(II) and Fe(III)
released from Fe3O4 NPs, and the released Fe ion further take part in
anammox process (Qiao et al., 2013). Heme c is an extremely signiﬁcant cofactor for the functional proteins referred in the metabolism
4
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Table 2
Pearson correlation analysis showing the relationships between operational conditions and sludge characteristics in the reactor. Red represents a positive correlation,
and green represents a negative correlation. A deeper color with asterisks indicates a signiﬁcant correlation (*p < 0.05 **p < 0.01). (For interpretation of the
references to colour in this table legend, the reader is referred to the web version of this article.)

previous study of Tang et al. (2011), who reported that the anammox
sludges possessed a good settling property with the VS of 77−78 m h−1.
The Vs was increased might be attributed to the production of Fe3O4
NPs-anammox granule and the similar phenomenon was observed in
Gao et al. (2014) who reported that the addition of Fe3O4 was beneﬁcial
for the formation of Fe3O4-anammox biogranules which could obviously improve the settleability of the biomass. Negatively charged
anammox bacteria could gather around Fe ions and then the anammox
bacteria were aggregated into zoogloea by the salt bridge impact (Yu
et al., 2000).

of the anammox bacteria, which can directly express the nitrogen removal capacity of the anammox process (Kang et al., 2018). The higher
NRR, the higher heme c content (Zhang et al., 2018b), while the tendency of NRRs variations was not consistent with the heme c content in
this study. However, previous study has reported that measuring the
apparent nitrogen removal capacity of anammox bacteria could not
accurately evaluate the actual nitrogen removal capacity of anammox
bacteria under certain conditions (Ma et al., 2019). The similar phenomenon was observed in Xing et al. (2015) who found the heme c
content obviously increased under the same NRR condition at ambient
temperature. Therefore, the relationship between heme c content and
nitrogen removal capacity of the anammox reactor needs further conﬁrmation.

3.3. Microbial community analysis
The 16S rRNA-based high-throughput sequencing technique was
employed to evaluate the microbial community evolutions under longterm exposure of Fe3O4 NPs. The larger indices of the ACE and Chao can
denote the greater the bacterial richness. And the higher the Shannon
index and the lower the Simpson index can indicate the richer the
bacterial diversity (Xu et al., 2018). As presented in Table 3, the anammox bacterial richness was increased with the Fe3O4 NPs level elevated, while the bacterial diversity increased ﬁrst at 10 mg L−1 Fe3O4
NPs and then decreased when the inﬂuent Fe3O4 NPs concentration was
gradually elevated to 200 mg L−1.
At the phylum level (Fig. 3A), thirteen main microbial phyla (relative abundance ≥0.1 %) were detected in the four sludge samples,
containing Planctomycetes, Chloroﬂexi, Proteobacteria, Acidobacteria,
Armatimonadetes, Ignavibacteriae, Bacteroidetes, Actinobacteria, Firmicutes, Verrucomicrobia, Deinococcus-Thermus, Poribacteria and
Hydrogenedentes which accounted for more than 95 %. The relative
abundance of Planctomycetes phylum which consists of anammox
bacteria was ﬁrst decreased from 36.5% to 34.8 with the Fe3O4 NPs
level raised from 0 to 10 mg L−1, and then increased to 43.5 % when
the Fe3O4 NPs concentration was reached 200 mg L−1, which was
higher 19.2 % than the sample S25. Chloroﬂexi is universally observed
in the autotrophic nitrogen removal systems (eg., anammox,

3.2.3. Extracellular polymeric substance amount
EPS is regarded as a vital factor for enriching anammox biomass and
acted as an important role in energy storage during cell metabolism
(Sheng et al., 2008). The PS and PN are the primary components in the
extracted EPS, which determine the biomass physicochemical and
biological properties (Zhang et al., 2019a,b). The EPS level of the
anammox granules was 134.4 ± 8.1 mg g−1 VSS after 25 days of cultivation. After Fe3O4 NPs was added, the EPS amount was ﬁrst showed a
slight ﬂuctuation, and it was decreased from 148.2 ± 11.6 to
140.2 ± 8.8 mg g−1 VSS with the Fe3O4 NPs concentration raised from
2 to 10 mg L-1 (Fig. 2D). Subsequently, the EPS amount was increasingly increased as the Fe3O4 NPs concentration increased, and it was
increased by 72.7 % at 200 mg L−1 in comparison with that of the
original phase. The tendency of EPS amount ultimately was increased
throughout the experiment owing to preventing Fe3O4 NPs from diffusion into the microbial communities (Ma et al., 2018). Several studies
also found that the EPS amount can be enhanced on the anammox
system by some metal (Fe2O3, TiO2, Al2O3, SiO2 and CeO2) NPs (Zhang
et al., 2018c,d).
Notably, the contents of PN and PS on anammox sludge was ﬂuctuated with Fe3O4 NPs level elevated, and the PN concentration was
greater than PS, suggesting the great contribution towards the biomass
aggregation. Moreover, the ratio of PN/PS has been proposed as a ﬁne
index reﬂecting the sedimentation property of the sludge, and the lower
the PN/PS ratio could indirectly reﬂect the anammox sludge possessed
the better stability (Xu et al., 2019). Throughout the whole experimental operation, the tendency of PN/PS ratio was also variable in a
wide range of 6.3–8.0, speciﬁcally, it was gradually decreased and then
increased, reaching maximum at 60 mg L−1 Fe3O4 NPs, then decreased
at 200 mg L−1 Fe3O4 NPs. The results implied that the anammox sludge
possessed better settleability with the maximal Vs of 78.8 ± 15 m h-1 at
the end of the experiment (Fig. S1), which was consistent with the

Table 3
Bacterial diversity indices of sludge samples on Days 25, 85, 145 and 175.
Samples

S25
S85
S145
S175

5

Community richness

Community diversity

Chao1

Ace

Simpson

Shannon

282
294
318
346

507
510
515
523

0.10
0.07
0.09
0.14

3.23
3.38
3.30
3.14
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Fig. 3. Microbial community structure of anammox sludge at (A) the phylum level and (B) Principal component analysis (PCA) of the composition of the phylum
microbial communities.

3.4. The correlations between operational conditions and sludge
characteristics

denitriﬁcation and nitriﬁcation) and should degrade the dead bacteria
and improve the cell aggregation (Wang et al., 2017), and its relative
abundance was decreased to 13.5 % at the end of the experiment.
Proteobacteria and Bacteroidete were crucial in NH4+ removal and
NO3- formation (Xu et al., 2019), and variations in their relative
abundance were eventually increased relative to the sample S25. The
PCA analysis explains the microbial communities with the addition of
Fe3O4 NPs (S85, S145 and S175) were obviously diﬀerent from the
sample of the original phase (S25) (Fig. 3B). The PC2 vector, which
accounts for 19.8 % of the variance of the microﬂora, divided the four
sludge samples into two groups: a Fe3O4 NPs-abundant cluster (S85,
S145) and a Fe3O4 NPs-poor cluster (S25, S175). Therefore, the addition of Fe3O4 NPs changed the microbial communities.
At the genus level (Fig. 4), nineteen dominant genus (abundance
≥0.1 %) were found in the four samples, including Candidatus_Kuenenia, Candidatus_Hydrogenedens, Armatimonadetes_gp5, Caldilinea, Ignavibacterium, Chiayiivirga, Gp10, Phaselicystis, Gp6, Hyphomicrobium,
Nitrosomonas, Oceanibaculum, Gaiella, Litorilinea, Phycisphaera, Gp16,
Ornatilinea, Mesorhizobium, Conexibacter, with a total relative abundance of approximately 40.0 %. Candidatus_Kuenenia was the dominant
functional bacteria concerned with nitrogen removal capacity of anammox system which was a representative in Planctomycetes (Zhang
et al., 2018c). Changes in its relative abundance were similar to that of
Planctomycetes, and also consistent with the variations in the sludge
characteristics of heme c and EPS amount. Speciﬁcally, the relative
abundance of Candidatus_Kuenenia was slightly decreased from 25.1%
to 22.9% with the increase in Fe3O4 NPs from 0 to 10 mg L−1, and
ultimately up to 33.4 % at 200 mg L−1 Fe3O4 NPs, which was increased
by 32.9 % in comparison with that of S25. Candidatus_Kuenenia was the
most abundant genus in the entire reactor operation which was responsible for the anammox system. The results implied that the addition of Fe3O4 NPs was eventually enhanced the relative abundance of
dominant bacteria and a signiﬁcant correlation of inﬂuent Fe3O4 NPs
level with relative abundance of Candidatus_Kuenenia (p < 0.05) was
observed (Table 2). Oceanibaculum has been reported could anaerobically oxidize Fe(II) and reduced NO3- to N2 (Sorokina et al., 2012) and
its relative abundance was gradually decreased with the Fe3O4 NPs
concentration increased. The aerobic ammonia-oxidizing bacteria
(AOB) in the reactor was mainly included Candidatus_Hydrogenedens,
Armatimonadetes_gp5 and Ignavibacterium (Antwi et al., 2019), and their
relative abundance were both decreased with the Fe3O4 NPs concentration increased. AOB were frequently detected and proved to have
activity in oxygen-limited environments (Schmidt and Bock, 1997). The
variations of AOB richness demonstrated the Fe3O4 NPs might have
negative eﬀect on the growth of AOB and further facilitate the substrate
utilization by anammox bacteria, improving the reactor performance in
anammox system.

The correlation coeﬃcients of Pearson correlations between operational conditions and sludge properties are presented in Table 2. The
results implied that the Fe3O4 NPs could enhance the SAA and further
enhanced the relative abundance of dominant bacteria (detailed in
Sections 3.2.1 and 3.3), and the similar phenomenon was observed in
the previous study (Gao et al., 2014). The possible explanation was that
the Fe(II) / Fe(III) released from Fe3O4 NPs was is a signiﬁcant element
for the growth of anammox biomass and was presented in anammoxosome, which are vital for anammox catabolism. The anammoxosome can not only generate energy, but also act as an iron storage equipment for heme-containing enzymes in their metabolism (van
Niftrik et al., 2008). Thus, Fe(II) / Fe(III) might be potential factors to
inﬂuence the growth and activity of anammox biomass.
A strongly signiﬁcant positive correlation was also observed between the SAA and heme c (p < 0.01). The heme c can supply catalytic
and electron transfer operations, also play a crucial role in the assembly
of the main enzyme complexes for anammox bacteria. Besides, suﬃcient Fe iron can support production of heme c, thereby further ensuring hemoglobin synthesis and make them become more active (Bi
et al., 2014; Erdim et al., 2019). Finally, the growth rate of anammox
biomass was improved and the anammox reactor possessed the excellent performance. Signiﬁcant correlations existed between VSS and
Vs (p < 0.05) and strongly signiﬁcant positive correlations were also
noted for VSS/SS and Vs (p < 0.01). An increase of the anammox biomass concentrations in the reactor can improve the Vs of anammox
sludge, and the higher VSS/SS ratio indicates a larger percentage of
biomass and less inorganic substances (Wang et al., 2020). This corresponded to an increase in the Vs (from 66.2 to 78.8 m h−1). Notably, a
signiﬁcant positive correlation was noted between the heme c content
and the relative abundance of Candidatus_Kuenenia (p < 0.01). The
previous studies have reported that the heme c content per unit biomass
could indirectly reﬂect the abundance of anammox bacteria (Ganesan
and Vadivelu, 2020; Jin et al., 2013b). One signiﬁcant function of iron
is involved in the synthesis of heme c, which is indispensable to energy
metabolism of anammox biomass (Chen et al., 2014).
3.5. Mechanism analysis of the eﬀects of Fe3O4 NPs
Long-term addition of Fe3O4 NPs will have a beneﬁcial eﬀect on
anammox reactor, so the possible mechanism needs to be further explained. Fe3O4 NPs might react as follows (Eqs. (1)–(3)) in the anammox reactor. The concentration of Fe(II) released by Fe3O4 NPs in the
inﬂuent was ranged from 0.3-2.1 mg L−1, and the corresponding Fe(III)
level was 1.1–5.9 mg L−1 (Fig. 5) with the Fe3O4 NPs concentration
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Fig. 4. Heatmap showing the relative abundance of the functional species at the genus level.

and previous studies. On the one hand, this might be the anammoxome
membrane contains high-density ladderane lipids and have low permeability, resulting in the bioavailable ion concentration gradient or
diﬀusion restriction into the anammoxome membrane. And on the
other hand, the application frequency of the nanoparticles was limited
under higher Fe3O4 NPs levels (Erdim et al., 2019). Although the anammox nitrogen removal performance was not increased, the sludge
properties and the relative abundance Candidatus_Kuenenia were enhanced under long-term exposure of Fe3O4 NPs, suggesting the functional redundancy of anammox reactor.
Fe3O4 NPs + 8 H+ → 2 Fe2+ + Fe3+ +4 H2O
6 Fe

3+

2 Fe

2+

+

NH4+

+2H

+

+2 H2O → 6 Fe
+

NO3−

→

2+

NO2−

+ NO2

+ 2 Fe

−

3+

+8H

(1)
+

+ H2O

(2)
(3)

Notably, the sludge characteristics were signiﬁcantly increased at
the end of the experiment. There were strongly signiﬁcant correlations
of Fe(II) level with VSS(SS) and with VSS/SS (p < 0.01). And a signiﬁcantly positive correlation between Fe(III) level and VSS (SS)
(p < 0.05) was also observed. Thus, the Fe(II) / Fe(III) released by
Fe3O4 NPs improved the proliferation of anammox biomass under the
long-term reactor operation. The positive correlation between Fe(III)
level and SAA were signiﬁcant (p < 0.05). Fe is an essential micronutrient and component for many proteins in anammox cells, eg. the
heme c and the assembly of Fe-S clusters. An appropriate level of Fe(III)
has positive eﬀect on the activity and granulation of anammox biomass
by keeping high oxidation–reduction potential and aggregating acylhomoserine lactones (Gao et al., 2014). Although no signiﬁcant correlation was noted between Fe(II) / Fe(III) level and the relative

Fig. 5. The concentration of Fe ion released by Fe3O4 NPs in the inﬂuent: Fe (II)
(left) and Fe (III) (right).

raised from 2 to 200 mg L−1. The presence of Fe ion in the inﬂuent at
such concentrations might enhance the nitrogen removal on the anammox based on the previous reports (Chen et al., 2014; Gao et al.,
2014). However, the addition of Fe3O4 NPs did not signiﬁcantly promote the nitrogen removal performance in the present study. There
were several factors that illustrate the diﬀerence between our results
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abundance Candidatus_Kuenenia (p＞0.05), Fe3O4 NPs had a signiﬁcant
correlation with dominant bacteria (p < 0.05). Overall, the Fe(II) / Fe
(III) release was the main reason for the enhancement of Fe3O4 NPs on
anammox reactor, but the positive eﬀect of Fe3O4 NPs itself could not
be neglected. Fe3O4 NPs as a kind of magnetic NPs might produce the
internal magnetic biological eﬀects, thereby accelerating the growth
and activity of microorganisms (Li et al., 2018).
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4. Conclusions
The nitrogen removal performance was not obviously inﬂuenced
under long-term exposure of 2−200 mg L−1 Fe3O4 NPs. Interestingly,
the changes of SAA, heme c content, EPS content and Vs were generally
showed an upward trend with the Fe3O4 NPs concentration increased.
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