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a b s t r a c t

The performance, microbial community and enzymatic activity of a sequencing batch reactor (SBR) were
evaluated under silver nanoparticles (Ag NPs) stress. Over 5 mg/L Ag NPs inhibited the COD and phos-
phorus removals, whereas the NH4

þ removal kept stable during the whole operational period. The organic
matter, nitrogen and phosphorus removal rates were obviously inhibited under Ag NPs stress, which
showed similar varying trends with the corresponding microbial enzymatic activities. The change of Ag
content in the activated sludge indicated that some Ag NPs were absorbed by the sludge. The presence of
Ag NPs promoted the increase of reactive oxygen species (ROS) and lactate dehydrogenase (LDH) of
microorganism due to the microbial response to the Ag NPs toxicity, which could impact on the microbial
morphology and physiological functions. The presence of Ag NPs could produce some evident changes in
the microbial community.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Silver nanoparticles (Ag NPs) have been applied in room fresh-
eners, food production, shampoos, bioengineering, biomedical
products, laundry products and textiles (Lombi et al., 2013; Cushen
et al., 2014). Ag NPs unavoidably enter the terrestrial and aquatic
environment due to their increasing production and extensive
applications. The presence of Ag NPs in the environment has
recently attracted public concerns regarding their potential effects
on the biota and human health. Some researches reported that Ag
NPs had obvious ecotoxicity to microorganisms and aquatic or-
ganisms, such as bacteria (Sheng and Liu, 2017), algae (Oukarroum
et al., 2012) and fish (Chen et al., 2017). Ag NPs are also reported to
have adverse effects on human health (Sthijns et al., 2017;
Marambio-Jones and Hoek, 2010).

The Ag NPs release during the production, transport and utili-
zation will end up in biological wastewater treatment systems. Ag
NPs content in municipal sewage is the microgram level owing to

the mixture of domestic sewage and industrial wastewater
(Gottschalk et al., 2009). Nevertheless, high Ag NPs-containing in-
dustrial wastewater will result in Ag NPs at the milligram grade
(Zhang et al., 2014). Considering the biotoxicity of Ag NPs, it is
essential to evaluate the Ag NPs effect on bioreactors treating
wastewater. Ag NPs could obviously inhibit the activity of Nitro-
somonas europaea (Yuan et al., 2013) and denitrifying bacteria
(Chen et al., 2014), indicating that Ag NPs could impact on the
processes of nitrification and denitrification. Qiu et al. (2016) re-
ported that less than 5 mg/L Ag NPs did not affect the COD removal,
nitrification and denitrification of a sequencing batch reactor (SBR),
whereas the presence of Ag NPs caused significant shifts in mi-
crobial community of SBR. Gu et al. (2014) demonstrated that Ag
NPs at over 50 mg/L could significantly inhibit the biological ni-
trogen removal. Ag NPs concentration at less than 5 mg/L did not
adversely affect biological phosphorus removal (Chen et al., 2012).
Giao et al. (2017) evaluated the inhibition impacts of Ag NPs on
ammonia oxidation kinetics andmechanism of nitrifying sludge. As
is known to all, the bioreactor performances treating wastewater
are closely associated with the microbial community and enzy-
matic activity. Therefore, it is interesting to investigate the micro-
bial community and enzymatic activity of SBR under Ag NPs stress.

In this study, the SBR performance and its pollutant removal
rates were evaluated under Ag NPs stress. The key microbial
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enzymatic activity relating to the organic matter, nitrogen and
phosphorous removals were compared at 0e30 mg/L Ag NPs. The
Ag NPs toxicity to activated sludge was analyzed under Ag NPs
stress. The variation of microbial community under Ag NPs stress
was explored at the phylum and genus levels.

2. Materials and methods

2.1. Apparatus setup and influent composition

A lab-scale SBRwas applied in the present study, which had 7.7 L
effective volume. The influent and air were introduced into the SBR
by an influent pump and aeration pump, respectively. The solid
retention time was approximately 20 d during the whole experi-
mental period. Each cycle consisted of 6 min influent, 144 min
anoxic stage, 240 min aerobic stage, 78 min settling and 12 min
discharge, which was controlled by a time controller. The dissolved
oxygen concentration was maintained above 2 mg/L and less than
0.5 mg/L during the aerobic stage and anoxic stage, respectively.
Prior to the addition of Ag NPs, the SBR had operated for 117 d
without Ag NPs addition and the SBR performance had reached a
steady state. Ag NPs in the present study was approximately 30 nm
particle diameter and 99.9% purity. 500 mg/L Ag NPs stock sus-
pensionwas prepared in the light of Keller et al. (2010). The influent
composition was similar to our previous research (Ma et al., 2017).
The influent COD, soluble orthophosphate (SOP) and NH4

þ-N were
414.3 ± 8.3, 22.4 ± 0.7 and 9.9 ± 0.3 mg/L during the operational
period, respectively.

2.2. Analytical methods

COD, NH4
þ, NO3

�, NO2
�, SOP and mixed liquor volatile suspended

solids (MLVSS) were measured in light of standard methods (APHA,
1998). The specific ammonia oxidation rate (SAOR), specific nitrite
oxidation rate (SNOR), specific oxygen utilization rate (SOUR),
specific nitrate reduction rate (SNRR), specific nitrite reduction rate
(SNIRR), specific phosphorus release rate (SPRR), and specific
phosphorus uptake rate (SPUR) were analyzed as described in
previous research (Wang et al., 2016). Reactive oxygen species
(ROS) and lactate dehydrogenase (LDH) were measured according
to Wang et al. (2017). Nitrite oxidoreductase (NOR), dehydrogenase
(DHA), nitrite reductase (NIR), nitrate reductase (NR), poly-
phosphate kinase (PPK), ammonia monooxygenase (AMO), and
exopolyphosphatase (PPX) activities were determined in the light
of Wang et al. (2016). High throughput sequencing was applied to
analyze the microbial community (Gao et al., 2014).

3. Results and discussion

3.1. SBR performance evaluation under Ag NPs stress

Fig. 1 shows the COD, nitrogen and phosphorus removals under
Ag NPs stress. The COD removal retained steady under less than
2 mg/L Ag NPs (Fig. 1a), suggesting that low Ag NPs concentration
displayed a negligible inhibition influence on the activities of het-
erotrophic microorganisms owing to their tolerance ability to Ag
NPs toxicity (Liang et al., 2010). Previous researches also illustrated
that low Ag NPs concentration had no adverse effect on the COD
removal in some bioreactors (Hou et al., 2012; Qiu et al., 2016).
However, the COD removal efficiency in the present study reduced
from 91.70 ± 0.84% to 87.76 ± 0.66% with the increase of Ag NPs
concentration from 2 to 30 mg/L, illustrating that high Ag NPs
concentration exerted a slight inhibition impact on COD removal.

The NH4
þ removal efficiencies were 98.28 ± 1.19% during the

Fig. 1. Impact of Ag NPs on the SBR performance. (a) COD, (b) NH4
þ-N, (c) NO2

�-N and NO3
�-N, and (d) SOP.
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