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A B S T R A C T

A sequencing batch reactor (SBR) was used to study nitrogen removal performance of marine anammox bacteria
(MAB) with Mn(II) and Ni(II) addition. The reactor was operated at 25 ± 0.5 °C with influent pH of 7.5 ± 0.1.
Optimal ammonium removal efficiencies (AREs) were 93.95% and 93.18% with 0.05mM Mn(II) and 0.025mM
Ni(II), respectively. Both Mn(II) and Ni(II) played key roles in treating nitrogen-rich saline wastewater. However,
the effect resulting from Ni(II) was far stronger than Mn(II). With optimal Ni(II) addition (0.025mM), maximal
nitrogen removal rate (NRR) and specific anammox activity (SAA) increased by 14.64% and 57.88%, respec-
tively. Modified Boltzmann model was appropriate to describe nitrogen removal at low Mn(II) and Ni(II) con-
centrations while remodified Logistic model could be used at high Mn(II) and Ni(II) concentrations. Mn(II) and
Ni(II) dosage should be controlled within 0.075mM to achieve good nitrogen removal in nitrogen-rich saline
wastewater treatment.

1. Introduction

Anaerobic ammonium oxidation (anammox) has been recognized as
the most promising biological nitrogen removal process for its cost-ef-
fectiveness and high efficiency (Shen et al., 2012). Marine anammox

bacteria (MAB), as the deepest branching genus of anammox bacteria
(Hong et al., 2011), occupies a dominant position in marine environ-
ment for its profound influence on marine nitrogen cycle (Wei et al.,
2016). Marine anammox is regarded as a significant expansion to
anammox process (Huang et al., 2014).
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Saline wastewater originated from many industries can result in cell
plasmolysis due to dramatic increase in osmotic pressure (Liu et al.,
2014). However, Awata et al. (2012) indicated that there was no ne-
gative effect on nitrogen removal performance of MAB at 0.875–3.5%
salinity, suggesting that MAB had good tolerance to salinity. As a result,
it seems reasonable to apply MAB to treat nitrogen-rich saline waste-
water.

Some metal ions such as Cu(II), Fe(III), Mn(II), and Ni(II) are the
essential trace elements for metabolism and growth of anammox bac-
teria (Leal et al., 2016; Wang et al., 2016). Zhang et al. (2016) reported
that Ca(II) played an important role in regulating cellular functions.
Appropriate Fe(II) content could be beneficial for key protein synthesis
inside anammoxosome, which would further improve the activity of
anammox bacteria (Qiao et al., 2013). Mn(II) was reported to be an
important participant for superoxide dismutase (Aklujkar et al., 2013).
Huang et al. (2014) reported that both ammonium removal efficiency
(ARE) and nitrite removal efficiency (NRE) increased by 8% with
0.05mM Mn(II) addition.

Many studies focused on the effect on freshwater-derived anammox
bacteria (FAB) resulting from ordinary metal ions. However, the impact
resulting from Mn(II) and Ni(II) on MAB was little investigated. In this
work, nitrogen removal performance of MAB treating nitrogen-rich
saline wastewater with Mn(II) and Ni(II) addition was evaluated.
Besides, comparison of nitrogen removal between Mn(II) and Ni(II)
addition was analyzed. Still, kinetic analysis was performed to study
nitrogen removal characteristics of MAB with Mn(II) and Ni(II) addi-
tion.

2. Materials and methods

2.1. Reactor configuration and operation

A sequencing batch reactor (SBR) made of polymethyl methacrylate
was used in this work (Fig. 1). The reactor was double-jacketed with an
effective volume of 7.0 L. Its temperature was controlled at 25 ± 0.5 °C
by a water bath with water recirculation through the outer chamber.
The reactor was covered with a black cloth to prevent the potential
growth of phototrophic micro-organisms. The operating mode of the
reactor consisted of 0.5 h influent feeding, 8 h anoxic stirring reaction,
0.5 h sludge settling and 0.5 h effluent discharging. Influent pH was
controlled around 7.5 ± 0.1 by adding 1M NaOH or HCl. Mn(II) or Ni
(II) added in the reactor gradually increased from 0 to 0.15mM.

2.2. Inoculation and wastewater characteristics

The inoculated sludge with red appearance and good settling
property was taken from another SBR which had been operated for
MAB enrichment. The mixed liquor suspended solids (MLSS) was
around 750mg/L. Synthetic feed was prepared with seawater which
was taken from Jiaozhou Bay of Qingdao City (Shandong Province,
China). The wastewater salinity was around 35 g/L, and influent NH4

+-
N and NO2

−-N were about 85 and 110mg/L, respectively. The com-
position of mineral medium was (g/L): KH2PO4 0.029; CaCl2·2H2O
0.136; MgSO4·7H2O 0.3; KHCO3 1.2. Trace element solutions Ⅰ and Ⅱ
(1 mL/L) were also added. The trace element solution Ⅰ contained (g/L):
FeSO4 7H2O 5; EDTA 5. The trace element solution Ⅱ contained (g/L):
EDTA 15; H3BO3 0.011; MnCl2·4H2O 0.99; CuSO4·5H2O 0.25;
ZnSO4·7H2O 0.43; NiCl2·6H2O 0.19; Na2MoO4·2H2O 0.22; CoCl2·6H2O
0.24; NaSeO4·10H2O 0.21.

2.3. Analytical methods

Samples were withdrawn and centrifuged at 6000 rpm for 30min.
The supernatants were analyzed for NH4

+-N, NO2
−-N and NO3

−-N
concentrations according to the standard methods (APHA, 1999). Each
sample was analyzed in triplicate and the mean value was reported.
Oxidation-reduction potential (ORP) and pH were measured by using
relevant probes coupled with an S20K ORP meter and an FE20 pH
meter (Mettler Toledo), respectively. Biomass concentration was de-
termined after filtering the washed samples through 0.45 μmmembrane
filter and drying at 105 °C to constant weight (Zhu et al., 2017). Ni-
trogen removal rate (NRR) and inhibitory percentage (IP) were calcu-
lated by Eq. (1) and (2) below.

=
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×
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control (2)

where CTN(Inf) and CTN(Eff) represent influent and effluent total nitrogen
(TN) concentration; HRT represents reaction time; SAAcontrol represents
specific anammox activity without metal ions addition while SAA re-
presents specific anammox activity with metal ions addition. Half
maximal inhibitory concentration (IC50) corresponding to IP of 50%
could be acquired by linear regression analysis.

Fig. 1. Schematic diagram of the sequen-
cing batch reactor (SBR).
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2.4. Kinetic analysis

The remodified Logistic model (Eq. (3)) and modified Boltzmann
model (Eq. (4)) are suitable to describe nitrogen removal process of
anammox in an operating cycle. The remodified Logistic model was the
first to describe hydrogen production process in batch test (Wang et al.,
2016). The modified Boltzmann model could be used to indicate the
potential of anammox process (Jin et al., 2013) and describe the re-
covery performance (Yang et al., 2013).

The remodified Logistic model:

=

+ − +R λ t
NRE NRE

1 exp[4 ( )/NRE 2]
max

max max (3)

The modified Boltzmann model:

= +
−

+ −t t t
NRE NRE NRE NRE

1 exp[( )/ ]c d
max

min max

(4)

where NRE represents total nitrogen removal efficiency; NREmax

represents the maximum NRE; NREmin represents the minimum NRE;
Rmax represents the maximum NRR; λ represents lag time; t represents
reaction time; tc represents the time of half NREmax; td represents time
constant.

3. Results and discussion

3.1. Nitrogen removal performance with Mn(II) addition in a typical
operating cycle

Nitrogen removal process of MAB treating nitrogen-rich saline
wastewater with Mn(II) addition was presented in Fig. 2. When Mn(II)
was no more than 0.05mM, both effluent NH4

+-N and NO2
−-N de-

creased with increasing Mn(II) content. Optimal nitrogen removal
(93.95% NH4

+-N, 94.05% NO2
−-N) and SAA (48.1mg/(g·h)) were

achieved at 0.05mM Mn(II). ΔpH and ΔORP were 0.53 and 37mV,
respectively. This agreed with Huang et al. (2014) that low Mn(II)
concentration (≤0.05mM) could strengthen marine anammox process

Fig. 2. Nitrogen removal in a typical operation cycle of SBR at various Mn(II) concentrations: (a) NH4
+-N concentration; (b) NO2

−-N concentration; (c) NO3
−-N concentration; (d)

stoichiometric ratio; (e) substrate conversion rate; (f) SAA. The relative standard deviations of all measurement data were below 10%.

J. Li et al. Bioresource Technology 249 (2018) 1085–1091

1087



greatly. However, MAB activity was inhibited with Mn(II) > 0.05mM.
At 0.15mM Mn(II), effluent NH4

+-N increased to 39mg/L and SAA
decreased by 24.37%.

In the first 1 h, with low Mn(II) content, NO2
−-N decreased by

12.75, 12.5, and 11.3 mg/L, respectively. Meanwhile, the inhibiting
effect resulting from high Mn(II) concentration was also expressed
within 1 h, and maximum inhibition was acquired at 0.15mM Mn(II).
During the next 6 h, nitrogen removal was further promoted by low Mn
(II) content, and both NH4

+-N and NO2
−-N were removed almost

completely. In the last 1 h, independent of Mn(II) addition, both ARE
and NRE dropped greatly.

As shown in Fig. 2d, stoichiometric ratio was irregular within first
1 h. Independent of Mn(II) addition, there was a delay during marine
anammox process (Zhu et al., 2017). Compared to ΔNO3

−-N/ΔNH4
+-N,

ΔNO2
−-N/ΔNH4

+-N varied more seriously. Then both ΔNO2
−-N/

ΔNH4
+-N and ΔNO3

−-N/ΔNH4
+-N were stable and got close to the

theoretical values (1.32 and 0.26). However, the stoichiometric ratio

was disordered again within the last 1 h and both ΔNO2
−-N/ΔNH4

+-N
and ΔNO3

−-N/ΔNH4
+-N were deviated from the theoretical values.

With regard to substrate conversion rate, in general, it first in-
creased with reaction time and then decreased at the end of reaction. At
low Mn(II) concentrations (0.0125–0.05mM Mn(II)), maximal sub-
strate conversion rates were 0.81, 0.86 and 0.79 kg/(m3·d) after 1 h
while the corresponding values at high Mn(II) concentrations
(0.075–0.15mM Mn(II)) were 0.14, 0.26, and 0.22. Proper Mn(II) ad-
dition could improve substrate conversion rate within shorter reaction
time.

3.2. Nitrogen removal performance with Ni(II) addition in a typical
operating cycle

Nitrogen removal process of MAB treating nitrogen-rich saline
wastewater with Ni(II) addition was presented in Fig. 3. When Ni(II)
content was no more than 0.025mM, both effluent NH4

+-N and NO2
−-

Fig. 3. Nitrogen removal in a typical operation cycle of SBR at various Ni(II) concentrations: (a) NH4
+-N concentration; (b) NO2

−-N concentration; (c) NO3
−-N concentration; (d)

stoichiometric ratio; (e) substrate conversion rate; (f) SAA. The relative standard deviations of all measurement data were below 10%.
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N decreased with increasing Ni(II) content. Optimal nitrogen removal
(93.18% NH4

+-N, 95.32% NO2
−-N) and SAA (59.5 mg/(g·h)) were

achieved at 0.025mM Ni(II). This agreed with Chen et al. (2014) that
0.019mM Ni(II) was the optimal dose for FAB. ΔpH and ΔORP were
0.59 and 34mV, respectively. However, MAB activity was inhibited
with Ni(II) > 0.05mM. At 0.15mM Ni(II), effluent NH4

+-N increased
to 46.5 mg/L and SAA decreased by 25.16%.

When Ni(II) was no more than 0.05mM, effluent NH4
+-N and

NO2
−-N slightly decreased in the first 2 h. Low Ni(II) addition had little

promotion on nitrogen removal within short reaction time. Nitrogen
removal performance was enhanced with lengthening reaction time,
and effluent NH4

+-N and NO2
−-N were lower than those without Ni(II)

addition. The maximal ARE and NRE were achieved at 0.025mM Ni(II).
However, high Ni(II) content (> 0.05mM) inhibited MAB and effluent
NH4

+-N and NO2
−-N were higher than those without Ni(II) addition.

With regard to stoichiometric ratio, ΔNO2
−-N/ΔNH4

+-N fluctuated
greatly while ΔNO3

−-N/ΔNH4
+-N was stable at 0.26 in the first 7 h.

After 8 h’s operation, when Ni(II) was 0.075mM, ΔNO2
−-N/ΔNH4

+-N
and ΔNO3

−-N/ΔNH4
+-N were 1.24 and 0.19, respectively. Both were

lower than theoretical value. It was concluded that Ni(II), instead of
NO2

−-N, might be another potential electron acceptor. Further study
was needed.

Similar to Mn(II), substrate conversion rate first increased and then
decreased. When Ni(II) were 0.025 and 0.05mM, the maximal substrate
conversion rates were 1.07 and 1.00 kg/(m3·d), respectively. Both were
higher than the optimal value with Mn(II) addition (0.86 kg/(m3·d) at
0.025mM Mn(II)). However, the reaction time to the maximum value
(3 h) was longer than that with Mn(II) addition (1 h).

3.3. Nitrogen removal comparison between Mn(II) and Ni(II) addition

Comparison of nitrogen removal performance between Mn(II) and
Ni(II) addition was presented in Fig. 4. Both Mn(II) and Ni(II) played
key roles in treating nitrogen-rich saline wastewater. However, the role

resulting from Ni(II) was far stronger than that resulting from Mn(II).
With optimal Ni(II) addition (0.025mM), the maximal ARE, NRE, NRR,
and SAA increased by 14.52%, 14.90%, 14.64% and 57.88%, respec-
tively. They were higher than those with optimal Mn(II) addition
(0.05 mM). Nitrogen removal was enhanced better by Ni(II), and the
optimal Ni(II) content was less than Mn(II).

Low metal ion content could stimulate the activity of MAB.
However, the promoting effect resulting from 0.0125mM Mn(II) was
not significant. When Mn(II) and Ni(II) were more than 0.025mM, IPs
increased with growing metal ion concentrations. Both minimal in-
hibition concentrations resulting from Mn(II) and Ni(II) in this work
were 0.075mM. At 0.15mM, IP of Mn(II) and Ni(II) peaked at 37.22%
and 41.81%, respectively. The half maximal inhibitory concentration
(IC50) of Mn(II) was 0.18mM through linear regression analysis, which
was higher than that of Ni(II). The inhibiting effect resulting from Ni(II)
was stronger than Mn(II).

When MAB was used to treat nitrogen-rich saline wastewater, ni-
trogen removal could be enhanced through proper Mn(II) and Ni(II)
addition (< 0.05mM). Mn(II) and Ni(II) might stimulate the activity of
key enzymes associated with ammonium oxidation in MAB cell. Mn(II)
was regarded as important participant of electron transfer (Aklujkar
et al., 2013). Besides, Qiao et al. (2012) demonstrated MnOx could
improve the activity of crude enzyme in anammox sludge. Ni(II) was
beneficial to synthesize dehydrogenation coenzyme, which could
strengthen anaerobic reaction (Fermoso et al., 2009). Therefore, the
enhanced nitrogen removal resulting from Mn(II) and Ni(II) addition
was mainly realized by increasing enzyme activity in MAB cell.

3.4. Kinetic analysis

Nitrogen removal processes with Mn(II) and Ni(II) addition were
described by remodified Logistic model (Eq. (3)) and modified Boltz-
mann model (Eq. (4)). Kinetic parameters (TNREmax, TNREmin, Rm, tc
and λ) were deserved from both Kinetic models. The fitted TNREmax

Fig. 4. Comparison of nitrogen removal performance between Mn(II) and Ni(II) addition: (a) ARE; (b) NRE; (c) NRR; (d) IP.
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achieved by remodified Logistic model (at low Mn(II) and Ni(II) con-
tent) and by modified Boltzmann model (at high Mn(II) and Ni(II)
content) were inconsistent with the experimental values. However,
nitrogen removal process described by remodified logistic model (at
high Mn(II) and Ni(II) content) and by modified Boltzmann model (at
low Mn(II) and Ni(II) content) had high R2 (Fig. 5). Besides, TNREmax,
Rm and λ could also be predicted well. As a result, the modified
Boltzmann model was appropriate to describe nitrogen removal at low
Mn(II) and Ni(II) concentrations while the remodified Logistic model
could be used to analyze nitrogen removal at high Mn(II) and Ni(II)
concentrations.

Maximal fitted TNREmax values were achieved at 0.05mM Mn(II)
and 0.025mM Ni(II), which were in accordance with experimental
results. Zhu et al. (2017) indicated that there was a lag phase during the
nitrogen removal process. In this work, appropriate Mn(II) and Ni(II)
addition could shorten the lag phase greatly. However, the fitted λ
values were lengthened to 2.32 and 2.16 h when Mn(II) and Ni(II) were
0.15mM. High Mn(II) and Ni(II) concentrations not only led to low
MAB activity, but also lengthened lag time.

Minimum tc values (1.70 and 2.98 h) were acquired at 0.05mM Mn
(II) and 0.025mM Ni(II), respectively. In this work, TNRE were 40.08%
at 2 h with 0.05mM Mn(II) and 42.11% at 3 h with 0.025mM Ni(II),
which were almost half of TNREmax (82.92% and 85.23%). At high
concentrations, predicted Rm declined with increasing Mn(II) and Ni
(II). It was in line with experimental result that NRRmax declined with
metal ions increasing from 0.075 to 0.15mM. Mn(II) and Ni(II) dosage
should be controlled within 0.075mM to achieve good nitrogen re-
moval in nitrogen-rich saline wastewater treatment.

4. Conclusions

Nitrogen removal of MAB was studied with Mn(II) and Ni(II) ad-
dition. Optimal AREs were 93.95% and 93.18% with 0.05mM Mn(II)
and 0.025mM Ni(II), respectively. The promoting effect resulting from
Ni(II) was stronger than Mn(II). With 0.025mM Ni(II), maximal ARE,
NRE, NRR, and SAA increased by 14.52%, 14.90%, 14.64% and
57.88%, respectively. Modified Boltzmann model was appropriate to
describe nitrogen removal at low Mn(II) and Ni(II) concentrations while

Fig. 5. Kinetic analysis of nitrogen removal at various Mn(II) and Ni(II) concentrations: (a) 0.0125mM; (b) 0.025mM; (c) 0.05mM; (d) 0.075mM; (e) 0.1mM; (f) 0.15mM.
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remodified Logistic model could be used to analyze nitrogen removal at
high Mn(II) and Ni(II) concentrations. Appropriate Mn(II) and Ni(II)
addition could shorten lag phase greatly.
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