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h i g h l i g h t s

" Nitrogen removal performance of anammox process increased with MnO2 powder addition.
" The crude enzyme activity of anammox biomass with MnO2 powder addition increased 78.2%.
" The T-Mn content of anammox biomass with MnO2 powder increased 50-fold.
" The filament-like structure and larger particles in anammox cell of the reactor with MnO2 powder were observed.
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a b s t r a c t

This study examined long-term effect of MnO2 powder (average diameter of 4–7 lm) on nitrogen
removal in anammox process. Two lab-scale up-flow anammox reactors were operated for 380 days,
one with and one without MnO2 powder addition. During the period when only substrate concentrations
varied, the maximum nitrogen removal rate in the reactor with MnO2 addition reached 920.9 g-N/m3/d.
This value was 2-folds higher than that (464.6 g-N/m3/d) of the reactor without MnO2 addition. The crude
enzyme activities of the anammox biomass from the two reactors was measured as 0.531 ± 0.019 and
0.298 ± 0.007 lmol cytochrome c reduced/mg protein/min, respectively. Transmission electron micros-
copy observation demonstrated more undefined particles existing inside anammox bacterial cell in the
reactor with MnO2 powder addition. Furthermore, filament-like structures inside anammoxosome were
observed, which formed a net-like structure with particles as the connecting nodes. The experiment
results demonstrated that MnO2 improved nitrogen removal performance of anammox process.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Anaerobic ammonium oxidation (anammox) process is now
recognized as a novel and important process in biological nitrogen
removal, which can directly convert NO2

�–N to N2 gas with NH4
+–

N as the electron donor under anaerobic conditions (Strous et al.,
1999). Compared with the conventional nitrification–denitrifica-
tion processes, anammox process offers significant advantages
such as no demand for oxygen and organic carbon, low sludge pro-
duction and reduced CO2 or N2O emissions (Schmid et al., 2003).
The first full-scale anammox reactor (75 m3) in the world was re-
ported to treat anaerobic sludge digester liquor with average N re-

moval rate of 750 kg-N/d (Van der Star et al., 2007). Recently, Tang
et al. (2010) reported a very high nitrogen removal rate of 74.3–
76.7 kg-N/m3/d in a lab-scale anammox UASB reactor, in which
the biomass concentration was as high as 42.0–57.7 g-VSS/L. These
results suggested high potential of anammox process in biological
nitrogen removal from wastewaters. However, extremely slowly
growth rate of anammox bacteria with a doubling time of 11 days
(Strous et al., 1999) causes the longer start-up period. Conse-
quently, enhancing the bacterial activity of anammox bacteria or
shortening the start-up period of anammox reactors is subject of
great interest and challenge.

Recently, a number of exciting studies have also been published,
which utilized external field energy such as magnetic field, electric
field and low intensity ultrasound to increase the activity of anam-
mox bacteria. For instance, Liu and Yang (2009) reported the max-
imum nitrogen removal rate of anammox biomassn increased by
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