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Abstract

Anammox (anaerobic ammonium oxidation) is a promising technology to remove nitrogen from
wastewater, but the long start-up time limits its practical application. This study used an up-flow
anaerobic sludge bed (UASB) reactor, selected anaerobic granular sludge as inoculating sludge, and
maintained pH (7.8-8.2), temperature (30-35°C), and DO (<0.5 mg L") to start an anammox process.
The initial start-up process occurred in three stages: cell lysis phase, activity lag phase, activity elevation
phase. In the cell lysis (1-2 d) and activity lag (3-4 d) phases, denitrification was the main reaction
and TN removal rates were 36.72% and 52.34%, respectively. In the activity elevation phase (5-30 d),
denitrification weakened, anammox activity strengthened, NH,"-N removal rate was increased greatly,
NO,-N removal rate took on the trend of increasing at first and decreasing later, and the average removal
rate of TN rose to 74.33% and reached the maximum rate of 81.91%. The variations of sludge bed in the
cell lysis phase and activity lag phase were not obvious; but in the activity elevation phase, the sludge
bed gradually varied from the bottom to the top, and the color of the sludge changed from black to
brown, and a little sludge was red.
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Introduction

Anaerobic ammonium oxidation (anammox) refers
to the biological nitrogen removal process in which
anaerobic ammonium oxidation bacteria (AnAOB)

*e-mail: xuwenlai2012@cdut.cn
**e-mail: nie-hs@cc.tuat.ac.jp

oxidize NH," directly into N, with NO, as electron
acceptor in anaerobic conditions [1-2].

NH} + 1.32NO; + 0.066HCO3 + 0.13H*
- 1.02N, + 0.256N, + 0.066CH, 00 5N 15 + 2.03H,0

This technology is very promising, featuring
no need for aeration, no need for additional carbon
resources, high nitrogen removal efficiency, low sludge
yield and small floor area [3-4]. As reported, the cost
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of the technology to remove 1 kg of nitrogen was only
0.75 euro, which was far lower than that of the
traditional nitrification-denitrification process (the cost
of 1 kg nitrogen is 2-5 euros) [5].

However, the generation time (15-30 d) of AnAOB
is long [6], and AnAOB is sensitive to temperature [7],
pH [8], dissolved oxygen [9], substrate concentration
[10] and other environmental factors [11]. Therefore,
the start-up time of anammox technology is long, which
seriously limits the application of anammox [12]. Thus,
it is critical to study the fast start-up and mechanism of
anammox technology.

Researchers have made relevant research on reactor
type [13], inoculating sludge source [14], operation
parameters [15-16] and other aspects [17] for the fast
start-up of Anammox, and thus have achieved some
conclusions on the influential factors of the fast start-
up of Anammox, but the theoretical explanation is not
adequate, and researchers vary in their conclusions.
In conclusion, further study on the fast start-up of
Anammox is necessary.

The research showed that AnAOB exists universally
in natural [18-19] and artificial ecosystems [20-21].
Previous studies have used aerobic activated sludge [22],
nitrification sludge [23], denitrifying granular sludge [24]
and anaerobic granular sludge [25] used as inoculum.
These studies have reported that it consistently took
several months or longer to achieve satisfactory
anammox performance. Retaining anammox biomass is
critical for the stable operation of the anammox process
due to the slow growth rate of bacterial population [26].
Compared to flocs, granules have a higher biomass
density, higher settling velocities and a more regular
shape [27]. In addition, granular sludge provides a high
biofilm-specific surface area and the geometry and free
movement of granules limits external boundary layer
resistances, promoting mass transfer of substrate toward
the organisms [27]. Moreover, the growing conditions
of anaerobic granular sludge and anammox bacteria are
similar, so anaerobic granular sludge has more potential
anammox bacterial strains. Thus, anaerobic granular
sludge was selected as the inoculating sludge in this
experiment.

AnAOBs have long generation time and easily wash
out, so the sludge-holding capacity of the reactor is very
important. An up-flow anaerobic sludge bed (UASB)
can effectively reduce the loss of sludge by hydraulic
shear force and its special three-phase separator, which
can promote the fast start-up of an anammox reactor
[28]. Thus, a UASB reactor was selected in our study.

From what is analyzed above, this study used
anaerobic granular sludge as the inoculating sludge and
UASB reactor with excellent sludge-holding capacity
as an anammox start-up reactor to explore nitrogen
removal performance, sludge change and nitrogen
removal mechanism in the initial start-up period.
We aimed to provide references to the fast start-up of
anammox technology.

Material and Methods
Reactor Setup and Operation

An up-flow anaerobic sludge bed (UASB) was
selected to enrich anammox sludge in our study. The
reactor, shown in Fig. 1, is made of organic glass, with
the total height of 145 cm and work volume of 4.5 L.
The height in the reaction zone is 100 cm, the inner
diameter is 7 cm and the work volume is 2 L, and a
row of sampling ports are set every 25cm in the vertical
direction. The top of the reactor is covered and sealed
with bolt and adhesive tape. Gas is discharged by three-
phase separator pores. Water bath heating system with
thermostatic control is installed on the outer layer of
the reactor: the heater provides temperature, the diving
pump circulates water, and the temperature controller
controls temperature at 30+5°C. In addition, the reactor
is wrapped with silver paper to prevent the retarding
effect of AnAoB.

The reaction influent water was pumped in from
the bottom with a peristaltic pump, and the effluent
water was drained away from the upper outlet. The
pH of the influent water was adjusted to 7.5-8.0 with
0.1 mol! hydrochloric acid. AnAOB are sensitive to
oxygen, and can only exist in the condition of less than
5% (take the oxygen saturation in the air as 100%)
oxygen saturation of oxygen partial pressure. Once
the oxygen partial pressure is higher than 18% oxygen
saturation, the activity is restrained. Thus, synthetic
wastewater is purged with nitrogen for 15-20 min to
remove dissolved nitrogen and keep the concentration of
dissolved nitrogen less than 0.5 mg L.

In addition, if we increase the nitrogen load by
shortening HRT to increase the influent ammonium
and nitrite concentrations, the flow speed of the water
would increase, and thus more dissolved oxygen
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Fig. 1. Schematic diagram of the UASB reactor.
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Table 1. Constitution of simulated wastewater for anaerobic ammonium oxidation.

Constitution Concentration (g L) Constitution Concentration (g L)
Substrate Trace elements 1.25mLL"!
NH,Cl1 Add as needed H,BO, 0.014
NaNO, Add as needed MnCl,-4H,0 0.99
KHCO, 0.6 CuSO,-5H,0 0.025
Minerals ZnSO,7H,0 0.43
KH,PO, 0.01 NiCl-6H,0 0.19
CaCl,-2H,0 0.1 NaMoO,-2H,0 0.22
MgSO,-7H,0 0.3 NaSeO,-10H,0 0.123
Trace elements I 1.25mL L CoCL,-6H,0 0.3
EDTA 15 NaWO,-2H,0 0.664
FeSO,-7H,0 5
would enter the reactor. Thus, our research started up Analytical Methods

the UASB reactor by directly increasing the influent
nitrogen. The initial concentrations of NH,™-N, NO,-N
are respectively 30 mg L' and 40 mg L', and HRT is
24 h.

Synthetic Wastewater and Seed Sludge

This experiment adopted model wastewater. NH,"-N
and NO,-N are provided by NH,/Cl and NaNO,,
respectively, and are added according to needs. The
specific constitution is shown in Table 1.

The inoculated sludge was anaerobic granular
sludge (AGS) taken from a starch sewage treatment
works, wherein VSS is 13.57 g L, SS is 18.62 g L' and
VSS/SS is 72.8%. The color of the sludge is black, and
the granular diameter is 0.5-2 mm (Fig. 2a). Observed
from a microscope (Fig. 1b), the boundary of the sludge
is clear and the structure is compact. Before inoculation,
AGS were washed several times with buffer solution
(0.5 g L' KHCO,) to remove impurities and floating
sludge.

Fig. 2. Inoculated sludge: a) Observed from culture vessel; b)
Observed from microscope (x100).

UASB performance was monitored every day
by measuring the concentrations of NH,-N, NO,-N,
NO,-N, and TN in the influent and effluent, which
were determined according to standard methods (APHA
2005) [29]. Before chemical analysis, the samples were
filtered through 0.45 pm filters, and each sample was
conducted in quadruplication.

DO was measured using a dissolved oxygen meter
(WTW Company, Germany). Suspended solids (SS)
and volatile suspended solids (VSS) were measured
according to Standard Methods (APHA 2005) [29].

The exterior condition of the granular sludge was
observed with an optical microscope (model Leica
DMLB) and shot with an Olympus digital camera.

Results and Discussion

Performance of Nitrogen Removal during
the Start-up of Anammox

The experiment lasted for 30 d. The transfer and
conversion performances of each nitrogen contaminant
are shown in Fig. 3. In the start-up process of anammox,
the consumption of the substrate takes on evident
features that can be divided into 4 stages [30], namely
cell lysis, activity lag, activity elevation and stationary.
As shown in Fig. 3, this experiment has experienced the
lysis and lag phases, and now is in the elevation phase.

The 1-2 d was in the cell lysis phase. In this phase,
the influent NH,-N and NO,-N were respectively
controlled around 30 mg L and 40 mg L. The effluent
NH,-N was a little higher than that of the influent,
and the average concentration was 35.61 mg L.
The effluent concentration of nitrite was low, and
the average concentration was 9.61 mg L', and there
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Fig. 3. Nitrogen removal performance during the start-up of UASB: a) Concentration variation and removal rate of NH4+-N;
b) Concentration variation and removal rate of NO,-N; ¢) Concentration variation and removal rate of NO,-N; d) Concentration variation

and removal rate of TN.

was no NO,-N in the effluent. The average removal rate
of TN was 36.72%. The 3-4 d was in the activity lag
phase. The NH,"-N concentration and nitrite influent
concentration were kept unchanged in this phase. In the
3 d, the effluent concentration of the NH,"-N began to
be lower than that of the influent, and the removal rate
was 1.89%. On the 4 d, the effluent concentration of the
NH,"-N was a little higher than that of the influent, and
the removal rate was negative again. Meanwhile, the
effluent concentration of the NO,-N continued to be
reduced to 3.07 mg L. The effluent concentration of
NO,-N was zero, and the average removal rate of TN
was 52.34%.

The 5-30 d was in the activity elevation phase.
In this phase, the concentrations of the NH,’-N and
NO,-N were respectively elevated to 40 mg L' and
50 mg L' on the 11 d, and elevated to 50 mg L' and
60 mg L' on the 21 d. The removal rate of NH,"-N rose
to 34.69% from 9%. The effluent concentration of nitrite
continued to reduce to 0 mg L. During the 11-20 d, the
NH,"-N removal rate gradually rose and rose rapidly
from 38.28% to 63.74% on the 18 d. The NO,-N effluent
concentration was slightly increasing and rose to
549 mg L. During the 21-30 d, the removal rate of
NH,"-N was slightly reduced after its load was increased,
and later gradually increased, its maximum proportion
being 85.49%; the effluent concentration of NO, -N kept

increasing and rose to the maximum of 9.28 mg L.
In addition, after 20 d, NH,"-N was discharged from
the effluent, with the amount being between
2.12-524 mg L*'. The nitrogen removal capacity of
the reactor in this phase was greatly elevated. The TN
removal rate was elevated to 74.33%, and the maximum
can be 81.91%.

Sludge Variation in the Reactor

In the cell lysis and activity lag phases, the sludge
color and granule diameter in the sludge bed showed
no obvious change. Evenly distributed minute bubbles
(Fig. 4a) existed among the granules in the sludge bed,
which showed that the sludge yield was high and the
activity was good.

During the activity elevation phase, the sludge bed
gradually changed from bottom up (Fig. 4b), with the
color gradually changing from black to brown, and a
small amount of red sludge was generated on the bottom
of the reactor. According to Tang et al. [31] and Ni et
al. [32], in the start-up process of the Anammox reactor,
the granular sludge color changed from black to brown
and then red. The variation was consistent with the
experiment. The characteristic red color due to heme ¢
[33] is always observed in enriched anammox biomass.
Heme c is a very important co-factor participating the
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Fig. 4. Sludge bed change in UASB reactor: a) Sludge bed-0d;
b) Sludge bed-13d; c) The substratum of the sludge bed-30d; d)
The middle layer of the sludge bed-30d; ) The superstratum of
the sludge bed-30d.

GAS

the main metabolic reactions with catalytic and electron-
transfer potential in the anammox bacteria, and it is
possible to be used as an indicator to evaluate anammox
performance [34]. The black sludge in the sludge bed
transferred to brown and red sludge was generated,
which indicated that the initial start-up of the anammox
reactor was successful.

In addition, the sludge in the reactor had obvious
stratifications. The granular diameter of the sludge
gradually increased from top down. Narnoli et al. [35]
had made the UASB reactor granule sludge distribution
model diagram (Fig. 5) according to the difference
in sedimentation rate, and the distribution law was
consistent with this experiment. The unique structure
of UASB was influenced by hydraulic shear force and
ascending water flow. The hydraulic shear force in the
substratum of the UASB was larger than that in the
superstratum. The mechanism of sludge nucleation held
that [27] high hydraulic conditions can increase the
meeting rate of bacteria or the meeting rate between
bacteria and inert particles, and thus the nucleation rate
can improve and mass transfer can be strengthened,
and microorganisms can be promoted to grow. Thus,
the granular diameter of the granule sludge in the
substratum is larger. Besides, under the sorting action of
the ascending water flow, different densities of granule
sludge are in graded distribution, and the granular
diameter is gradually reduced from the bottom up.

We removed the brown sludge and the red sludge
from the reactor for observation (Fig. 6) and found that
the structures of the brown sludge and the red sludge
are quite loose. Some colonies in the brown sludge
and the red sludge were black, which was mainly due

Fig. 5. Schematic diagram of granular sludge distribution in UASB reactor.
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Fig. 6. The microstructure of granule sludge: a) Brown sludge
(40x); b) Brown sludge (100x); c¢) Red sludge (40x); d) Red
granule sludge (100x%).

to the substrate transfer in the wastewater processing
that initially happened on the outer layer of the granule
sludge and later gradually spread to the inner layer, and
hence the variation of the granular sludge was from
outside to inside and blended slowly. Moreover, we
observed that the red granule sludge consisted mainly
of coccus. Zhu et al. [36] believed that AnAOB were
mainly in irregular globular shape, and 0.5-0.9 mm
anammox granules drive better performance in low-
strength wastewater treatment.

Nitrogen Removal Mechanism in the Initial Start-up
Anammox Process

Cell Lysis Phase

1-2 d after the start-up of the reactor was the cell
lysis phase. In this phase, the sludge was transferred to
current organic-lean condition from original organic-
rich state. Autolysis happened to some of the bacteria in
the inoculated materials as these bacteria could not adapt
to the change of environment, which caused the effluent
NH,"-N to be higher than that of the influent NH,"-N.
In addition, as cell autolysis in the reactor provided an
adequate carbon source for denitrification, nitrite and
nitrate were removed in the form of denitrification.
Yang et al. [37] utilized activated sludge and started
up the anammox reactor in the influent mode of low
concentration of nitrogen. The cell autolysis phase lasted
for 59 d. Yu et al. [38] started up the SBBR reactor by
inoculating anaerobic biofilm sludge, and this phase
took 27 d. In this research, the cell lysis phase only took
two days, which was superior to an ordinary reactor.

The cell lysis phase was comparatively shorter than
those in other reports, which could be attributed to three
reasons: the first was starting up the reactor with low

load, which can make the microorganism adapt to the
environment faster and reduce the inhibitory toxic effect
caused by the redundancy of nitrous concentrations.
Wang et al. [39] took low-concentration nitrogen influent
mode (the concentrations of the NH,"-N and NO,-N
were respectively 30 mg L' and 40 mg L) to start up
the reactor successfully. Saleem et al. [40], Yin et al.
[41], and Zhang et al. [23] all believed that the anammox
process should be started up under low loads.

Secondly, repeatedly rinsing the inoculated sludge
with buffer solution can effectively reduce nitrogenous
organic substance. Yu et al. [38] believed that the
organic carbon brought in from the inoculated sludge
can lengthen the start-up time. Tang et al. [30] held that
the residual organic matter in the inoculated material
should be eliminated in the cell lysis phase. Third,
anaerobic granule sludge was selected as the inoculated
sludge, for this type of sludge consisted of many
denitrifying bacteria that can more rapidly utilize the
nitrogenous organic compound in the reactor. Moreover,
the biodegradability of the sludge from the starch
industry was better than other sludge.

Activity Lag Phase

3-4 d after the start-up of the reactor was the activity
lag phase, in which the bacteria did not hydrolyze any
more. The influent NH,*-N is basically equal to that
of the influent. The organic matter generated in the
initial period of bacteriolysis provided an electron
donor and carbon source for denitrifying bacteria [42].
The concentration of nitrite effluent kept reducing,
and the effluent concentration of NH,"-N is zero, and
denitrification was the main reaction in this phase. The
content of AnAOB was low in this phase and the activity
lagged, as the autolysis role of bacteria in the initial
start-up period caused high content of organic matter
in the water. The organic matter promoted the growth
of denitrifying bacteria and restrained the growth and
reproduction of AnAOB.

Some scholars have classified the cell lysis and
cell lag phases into one phase called the cell adaptive
phase. The adaptive phase of the first productive
anammox reactor [43] in the world was 800 d. In the
first 800 d, the nitrogen removal rate of the reactor was
0.025 kg-N/m’/d, while the removal of NH,"-N and the
generation of NO,-N were not found. However, the cell
adaptive phase of this experiment was only 4 d — far
less than the cell adaptive phase of the first productive
anammox reactor in the world. The reasons were not
only ascribed to the start-up mode, sludge inoculation
mode and sludge inoculation source, but also were
relevant to the size of the reactor. The device of this
experiment was a small setup, in which it was easier to
control each parameter. Lv et al. [44] believed that the
start-up process of Anammox is essentially the process
of survival of the fittest bacteria. Adopt the culture
environment fit for the enrichment of anammox, and
anammox bacteria can eliminate weak bacteria and
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change the weak bacteria into dominant bacteria. Thus,
strictly controlling the PH, DO, T and other operational
parameters is the key to starting up an anammox reactor.

Activity Elevation Phase

5-30 d after the start-up of the reactor is the activity
elevation phase. In this phase, the removal rate of NH,*-N
first increased gradually and then increased rapidly on
18 d, as the anammox phenomenon [45] only appears
when the cell concentration of AnAOB reaches a certain
proportion. The removal rate of the nitrite took on the
trend of increasing first and decreasing later. Substrate
competition-nitrite was found between anammox and
denitrification, as the large amount of decrement of
standard Gibbs free energy can lead to ecasier gains
of nitrite. Moreover, the cell yield (Y) of denitrifying
bacteria is 0.27-0.30 [46], while the cell yield of AnAOB
was only 0.066 [47], so denitrifying bacteria can take up
the effective space of granule sludge and cause survival
space competition [48]. As the increase of the cultivation
time, the effluent concentration of NO,-N began to
increase, which was mainly because the organic matter
generated in the bacteria lysis in stage | had gradually
been consumed, and the activity of denitrifying bacteria
began to weaken due to the loss of adequate electron
donors. This showed that the denitrifying role in the
process was weakening, and the denitrifying bacteria
were eliminated gradually in washing,.

In the first 20 d of the reaction, NO,-N was
not detected in the effluent water, which was mainly
caused by two reasons [49]. The first reason was that the
NO,-N in the effluent may be reduced to nitrogen by
the denitrifying bacteria, and the organic matter needed
in the process was gained from the endogenous decay
of the microorganism. The second reason was because
catabolic nitrate reduction reaction may exist. From the
21 d of the reaction, when NO,-N can be detected in
the effluent, that indicated that the anammox reaction
gradually took advantage in the reactor. This was
because every 1 mol of NH," utilized by AnAOB can
generate 0.26 mol NO,. When AnAOB took up more
ecological niches, the reduction of denitrifying bacteria
leads to the NO,” generated by AnAOB not being fully
utilized.

Conclusions

(1) Inoculated anaerobic granular sludge with a UASB
reactor started up the anammox process by gradually
increasing the load of nitrogen volume. After
30 d of enrichment, the removal rate of the TN rose
from 31.79% to the maximum of 81.91%. The start-
up anammox process was actually the process of
survival of the fittest, and AnAOB gradually took up
a niche advantage.

(2) The duration of cell lysis phase and activity lag
phase were comparatively shorter than that of other

reports, which was mainly due to the selection of
start-up mode, the selection of sludge source, the pre-
processing of inoculated sludge and strict control of
the operational parameters.

(3) The sludge bed had obvious stratifications: the
granular diameter increases from top down; the
color of the sludge changed from black to brown,
and a small amount of red sludge was generated at
the bottom of the reactor. The sludge can be observed
with a microscope, and its color gradually changed
from outside to inside, showing the process of
gradual blending from black to brown and then to
red.
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