
ORIGINAL PAPER

Start-up and inhibition analysis of the Anammox process seeded
with anaerobic granular sludge

Chong-jian Tang Æ Ping Zheng Æ Qaisar Mahmood Æ
Jian-wei Chen

Received: 15 February 2009 / Accepted: 11 May 2009 / Published online: 29 May 2009

� Society for Industrial Microbiology 2009

Abstract The longer start-up period of the Anammox

process is due to the very low cellular yield and growth

rates of Anammox bacteria. Nitrite inhibition is considered

to be the key factor in the instability of the Anammox

process during the operation. However, little attention was

paid to the inhibitory effect of pH and free ammonia. This

paper presents start-up and inhibition analysis of an

Anammox biofilm reactor seeded with anaerobic granular

sludge. Results showed that the start-up period could be

divided into the sludge lysis phase, lag phase, propagation

phase, stationary phase and inhibition phase. Optimization

control could be implemented correspondingly to acceler-

ate the start-up of Anammox bioreactors. Effluent pH

increased to 8.7–9.1 when the nitrogen removal rate

was higher than 1,200 mg l-1 day-1. The free ammonia

concentration was accompanied with a higher level of

64–73 mg l-1. Inhibitory effects of high pH and free

ammonia on Anammox bacteria contributed to the desta-

bilization of the Anammox bioreactor during the first

125 days with influent KHCO3 of 0.5 g l-1. Increasing the

suffering capacity in the inlet by dosing 1.25 g KHCO3 l-1

effectively reduced the pH variation, and the nitrogen

removal performance of the reactor was further developed.

Keywords Anammox � Start-up � Anaerobic granular

sludge � pH variation � Free ammonia

Introduction

Anaerobic ammonium oxidation (Anammox) is a new

promising biotechnology that was initially discovered in a

denitrifying reactor in Delft, The Netherlands [1]. During

this process, Planctomycete-like bacteria consumed

ammonium and nitrite to produce nitrogen gas under anoxic

conditions [2]. The Anammox process combined with a

preceding nitrification system called as SHARON (single

reactor high activity ammonium removal over nitrite) was

successfully applied in Rotterdam, The Netherlands, to treat

the centrifuged digestate [3, 4]. The nitrogen removal rate

(NRR) achieved was as high as 9.5 kg m-3 day-1 with a

significant reduction in operational costs of aeration and

exogenous electron donor, leading to a decrease to

€0.75 kg-1 N as compared to the conventional nitrification–

denitrification process (€2–5 kg-1 N) [4]. To date, the

maximum NRR reported by Tsushima et al. [5] is

26.0 kg m-3 day-1. The NRRs of the Anammox process

described above have largely surpassed the conventional

nitrification–denitrification process. Therefore, many

researchers all over the world are paying increased attention

to this novel and cost-effective nitrogen removal technol-

ogy. The biochemical reactions of anaerobic ammonium

oxidation can be represented as follows [6].

NHþ4 þ 1:32NO�2 þ 0:066HCO�3 þ 0:13Hþ

! 1:02N2 þ 0:26NO�3 þ 0:066CH2O0:5N0:15

þ 2:03H2O ð1Þ

However, a limitation in the application of this process

is its longer start-up period due to low cellular yield and
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growth rates of Anammox bacteria (the doubling time

reported by Strous et al. [6] is approximately 11 days)

[3, 7, 8]. Furthermore, the working of Anammox

bioreactors is not stable, mainly due to the substrate

inhibition when high nitrogen loading rates (NLR) are

applied [9, 10]. Nitrite inhibition is considered to be the

key factor [6, 10]. However, little attention has been paid to

the pH effect and the accompanying inhibition caused by

free ammonia in the Anammox process.

It has been demonstrated that anaerobic granular sludge

contains Planctomycete genes and has been successfully

applied for the start-up of Anammox bioreactors [11–16].

In this study, we used this conventional seed sludge to start

up the Anammox bioreactor, and then inhibition analysis

was carried out in order to optimize the operational con-

dition for achieving high nitrogen removal performance

afterwards.

Materials and methods

The Anammox bioreactor

The upflow biofilm reactor (UBF) had an inner diameter of

50 mm, height of 750 mm and working volume of 1.1 l

(Fig. 1). It was covered with black cloth to avoid light

inhibition and was operated at 35 ± 1�C. The influent was

flushed with argon in order to maintain anoxic conditions.

Influent pH was controlled to maintain the influent pH in

the range of 6.8–7.0. The UBF was packed with string-

shaped three-dimensional plastic media (Yixing, China) as

support materials for biofilms and was operated continu-

ously [10]. The specific area of the strings was about

400 m2 m-3.

The reactor was stated at fixed HRT, i.e., 9.1 h. When

Anammox activity occurred with continuous removal of

ammonium and nitrite in the bioreactor, the nitrogen

loading rate (NLR) was increased stepwise by raising

approximately equimolar concentrations of NH4
?–N and

NO2
-–N after every 2–4 days.

Inoculation

The reactor was inoculated with anaerobic granular sludge

taken from a full-scale UASB reactor for treatment of

paper mill wastewater. The characteristics of the seed

sludge are illustrated in Table 1.

Synthetic wastewater

Ammonium and nitrite were supplemented to mineral

medium as required in the form of (NH4)2SO4 and NaNO2,

respectively. The composition of the mineral medium was

(g l-1 except for trace element solution): NaH2PO4-0.05,

CaCl2 2H2O-0.3, MgSO4 7H2O-0.3, KHCO3-0.5 (it was

changed to 1.25 during days 126–152), FeSO4-0.00625,

EDTA-0.00625 and 1.25 ml l-1 of trace element solution.

The trace element solution contained (g l-1) (adapted from

van de Graaf et al. [2]): EDTA-15, H3BO4-0.014, MnCl2
4H2O-0.99, CuSO4 5H2O-0.25, ZnSO4 7H2O-0.43, NiCl2
6H2O-0.19, NaSeO4 10H2O-0.21, NaMoO4 2H2O-0.22 and

NaWO4 2H2O-0.050.

Specific Anammox activity assays

Completely closed vials with a total volume of 120 ml with

100 ml of liquid volume were used to perform the

Anammox batch assays in the dark. Biomass concentration

(VSS) at the beginning of the experiment was about

1 g l-1. The pH value was fixed at 7.5 and temperature at

35 ± 1�C. Gas and liquid phases were purged with argon

to remove O2. The serum bottles were sealed tightly with

butyl rubber caps. Initial concentrations of substrates were

70 mg l-1 of NH4
?–N and 70 mg l-1 of NO2

-–N. The

concentrations of NH4
?–N, NO2

-–N and NO3
-–N were

periodically monitored during the incubation. Maximum

specific Anammox activity (MSAA) was estimated from

the maximum slope of the curve described by the decrease

Fig. 1 Schematic drawing of an Anammox upflow biofilm reactor

Table 1 Some physical and chemical characteristics of the seed

sludge

Seed sludge SS

(g l-1)

VSS

(g l-1)

VSS/SS Diameter

(mm)

Anaerobic

granular

sludge

51.2 43.5 0.85 1–2
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of substrate concentration during the time and related to the

biomass concentration in the vials [9].

Analytical methods

The influent and effluent samples were collected on a

daily basis and were analyzed immediately. Water sam-

ples were analyzed according to the standard methods for

the examination of water and wastewater [17]. Parame-

ters analyzed included chemical parameters such as

ammonia, nitrite, nitrate and pH. The biomass concen-

tration was observed as suspended solids (SS) and vola-

tile suspended solids (VSS). Ammonia was measured

using the titrimetric method, nitrite was analyzed using

the colorimetric method, and nitrate was analyzed using

the ultraviolet spectrophotometric method. The pH meter

was calibrated every 2 days according to the instruction

manual.

Transmission electron microscopy (TEM)

Sludge samples from the reactor were fixed in 2.5%

glutaradehyde solution and left in a refrigerator at 4�C

overnight. Then they were fixed with 1% osmium acid for

1–2 h after being cleansed with phosphate buffer solution

(0.1 M, pH 7.0). Subsequently, the samples were dehy-

drated through a graded series of ethanol solutions: 50, 70,

80, 90 and 100%. After fixation and dehydration, samples

were treated with pure acetone for 20 min. Then they were

treated with a mixed solution of coating agent and acetone

(V/V: 1/1, V/V: 3/1) in sequence. Subsequently, the sam-

ples were infiltrated by a pure coating agent and left

overnight at 70�C. Ultra-thin sections of 70–90 mm were

obtained by Reichert microtome. They were stained with

lead citrate solution and uranyl acetate in 50% ethanol

saturated solution for 15 min, respectively. Finally, the

samples were observed with a transmission electron

microscope (JEOL JEM-1230, Japan).

Results and discussion

Start-up course and nitrogen removal

The start-up course of the UBF is depicted in Figs. 2 and 3.

As evident from both figures, start-up comprised five steps

based on the ammonium removal performance: sludge lysis

phase (1–29 days), lag phase (30–57 days), propagation

phase (58–73 days), stationary phase (74–118 days) and

inhibition phase (119–125 days).

Sludge lysis phase

During this phase, the influent concentrations of NH4
?–N

and NO2
-–N both were set at 50 mg l-1; the effluent

NH4
?–N concentration was always higher than the influent

concentration (Fig. 2). Accordingly, the ammonium

removal efficiency was below zero. The reason why the

ammonium concentration increased might be the cell lysis.

As Chamchoi and Nitisoravut [18] postulated, the change

of seed sludge might cause the turnover of bacteria, and the

former dormant bacteria might be killed, resulting in cell

lysis and breakdown of organic nitrogen to ammonium.

This phenomenon was also evident by the nitrite removal.

As shown in Figs. 2 and 3, nitrite was completely depleted

during the sludge lysis phase, suggesting denitrification

probably occurred in the reactor. As evident from feed

composition, we did not include organic matter in the inlet

except a very low concentration of EDTA used as the

chelator for trace elements. Moreover, nitrate concentration

in the effluent was below the detection limit (Fig. 2). The

sludge lysis phase lasted for nearly a month.

Lag phase

This phase was characterized by sharp variations in effluent

ammonium concentrations (Fig. 2) and ammonium

removal efficiency (Fig. 3). During this period (days

Fig. 2 Nitrogen concentration

profile during the operation
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30–57), a reduction of ammonium was observed, but it

only lasted for a few days (less than 3 days), and then an

increase of ammonium was detected. The maximum and

minimum NH4
?–N concentrations in the effluent were

72 mg l-1 on day 57 and 24 mg l-1 on day 51, respec-

tively. On the whole, the average NH4
?–N concentration in

the outlet and the average ammonium removal efficiency

were 53 mg l-1 and -1.3%, respectively, during this

phase. Ammonium decrease occurred for 10 days (days 30,

33–35, 38–39, 43 and 49–51) during this phase, suggesting

that the sludge in the reactor was undergoing a transition

period. The sludge in the lower part near the inlet changed

from dark to a bit brownish. Nevertheless, no Anammox

activity was detected in batch tests during this period.

Nitrite and nitrate concentrations were still very low in the

outlet (Fig. 2), suggesting that denitrification was still

prevalent.

Propagation phase

Ammonium removal was continuously monitored in this

phase (days 58–73). With influent NH4
?–N and NO2

-–N

concentrations both of 60 mg l-1 on day 58, the effluent

NH4
?–N concentrations decreased to 50 mg l-1 (Fig. 2).

Ammonium removal efficiency increased to 16.6%

(Fig. 3). Hereafter, the ammonium decrease was always

detected when both of the influent concentrations of

NH4
?–N and NO2

-–N were initially raised to 80 mg l-1

each on days 61–71 and then to 108 and 143 mg l-1 for

NH4
?–N and NO2

-–N, respectively (Fig. 2). The ammo-

nium removal performance increased sharply during the

propagation phase. NH4
?–N removal efficiency also sig-

nificantly increased from 2.9% on day 58 to 79.1% on day

73 (Fig. 3). Nitrite and nitrate concentrations in the outlet

were still the same as mentioned in the sludge lysis and lag

phases. The nitrite removal to ammonium conversion

molar ratios decreased from 3.11–3.46 to 1.67 (as shown in

Fig. 4). Ammonium and total nitrogen (TN) removal rates

increased to 225 and 601 mg l-1 day-1, respectively. To

our optimal observation, the brownish part of the sludge

enlarged, and several particles floated to the surface. The

specific Anammox activity (SAA) of 0.041 g NH4
?–N

g-VSS-1 day-1 (0.092 g TN g-VSS-1 day-1) was detected

on day 73.

Stationary phase

Nitrogen removal efficiency of the system was relatively

stable during this phase (days 74–118) when the influent

concentrations of NH4
?–N and NO2

-–N were raised step

by step from 108 and 143 mg l-1 to 300 and 350 mg l-1,

respectively (Fig. 2). Ammonium, nitrite and total nitrogen

removal efficiencies were 80.3 ± 10.3%, 99.2 ± 2.0% and

Fig. 3 Nitrogen removal

efficiency profile during the

operation

Fig. 4 Stoichiometric characteristics of the UBF after significant

ammonium removal
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90.3 ± 5.3%, respectively. Ammonium, nitrite and total

nitrogen removal rates finally increased to 742, 921 and

1,663 mg l-1 day-1, respectively (day 118). In comparison

with the propagation phase, the ratios of NO2
-–Nremoved/

NH4
?–Nremoved further decreased to 1.20–1.34 (Fig. 4),

which were very close to the value reported by Strous et al.

[6]. However, surprisingly, a scanty amount of nitrate in

the outlet was detected throughout the start-up course. The

maximum NO3
-–Nproduced/NH4

?–Nremoved ratio obtained

in the stationary phase was only 0.04, which is far from the

value of 0.22 reported by van de Graaf et al. [2] and

Tsushima et al. [5] and of 0.26 reported by Strous et al. [6],

but was close to that of Chamchoi and Nitisoravut [18].

The concurrent reactions of ammonium oxidation and

nitrate reduction were also reported by Mulder et al. [1]

and Jianlong and Jing [16]. SAA increased to 0.072 g

NH4
?–N g-VSS-1 day-1 (0.163 g TN g-VSS-1 day-1) on

day 118.

Inhibition phase

Nitrogen removal performance deteriorated during this

period (days 119–125) when influent NH4
?–N and NO2

-–N

concentrations were further increased to 320 and

380 mg l-1, respectively. Effluent NH4
?–N and NO2

-–N

concentrations significantly increased to 179 and

149 mg l-1 (on day 125, Fig. 3). Ammonium, nitrite and

total nitrogen removal efficiencies were decreased to 44, 61

and 53%, respectively (Fig. 4). Ammonium, nitrite and

total nitrogen removal rates sharply declined to 371, 608

and 979 mg l-1 day-1, respectively, which were only 50,

66 and 59% of the corresponding removal rates obtained in

the stationary phase described above. The appearance of

these typical dysfunctions suggested that the Anammox

biomass in the reactor might be inhibited. The performance

of bioreactors reached the maximum value when the sub-

strate concentration was elevated continuously. Severe

performance deterioration of the bioreactor would be

induced with a heavy increase of substrate concentrations

[6, 19, 20].

Variations in the ammonium removal rate during the

start-up of the Anammox UBF are shown in Fig. 5. We

assumed that ammonium removal in our experiment was

definitely carried out by the Anammox pathway; however,

nitrite removal may partly be the function of denitrifica-

tion. Indeed, the start-up of Anammox bioreactors is the

course of activation, amplification and enrichment of

Anammox bacteria from conventional seed sludges. Along

with the increase of Anammox biomass in the bioreactor,

ammonium removal performance improved progressively.

However, the maximum biomass concentration was limited

by the reactor space. Therefore, nitrogen removal perfor-

mance did not improve permanently and would reach a

stable level. This characteristic of the start-up course of

Anammox bioreactors was in accordance with logistic

Eq. (2) [21].

Nt ¼
K

1þ ea�rt
ð2Þ

where Nt is the number of microorganisms; a is a constant;

K indicates the maximum capacity of microorganisms in

the reactor; r is the instant growth rate of the microor-

ganisms; t is time.

Thus, fitting the logistic equation to predict the ammo-

nium removal rate (which was proportional to the growth

rate of the Anammox biomass [6]) variations of the

Anammox UBF during the start-up course, curve fitting

produced better results with a R2 value of 0.984, which was

achieved in the former four phases (Fig. 5). However,

during the inhibition phase, ammonium removal decreased

sharply, as shown in Fig. 5 (solid line), which was far away

from the logistic equation curve (Fig. 5 dot line).

Based on the characteristics during the start-up course,

we can implement the proper controlling strategies to

optimize the operation conditions for Anammox bioreac-

tors. In the sludge lysis phase, denitrification should be

controlled to maintain pH in the optimum range. In the lag

phase, substrate concentration, especially nitrite concen-

tration, should be maintained at a lower level to prevent

substrate inhibition. In the propagation phase, the nitrogen

loading rate should be elevated step by step, and in the

stationary phase, the nitrogen loading rate should not be

raised further in order to avoid substrate inhibition.

pH increase and inhibition analysis

Influent pH of the reactor was strictly controlled at 6.8

throughout the start-up. During the days when the

Fig. 5 Prediction of the start-up course of the UBF with logistic

equation
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Anammox reaction did not occur, effluent pH was in the

range of 7.8–8.3 (Fig. 6a), which might be the function of

denitrification. Thereafter, effluent pH increased to a higher

level as depicted in Fig. 6a when the Anammox reaction

appeared in the UBF. It could be seen that effluent pH

increased with the advancement of operation of the biore-

actor, which corresponded to a higher nitrogen loading rate

and nitrogen removal rate.

The phenomenon of a significant increase in effluent pH

for Anammox bioreactors was also reported by Liu et al.

[22]. Szatkowska et al. [23] proposed that the Anammox

process can increase the pH value to some extent due to

cellular synthesis. However, Strous et al. [6] reported that

the pH variation in one cycle of a SBR was not large.

Chamchoi and Nitisoravut [18] showed that the pH values

in the effluent were always in the range of 7.7–8.4, which

were somewhat lower than that in the influent.

There are several reasons to explain the effluent pH

increase in Anammox bioreactors. Firstly, considering the

stoichiometry of the Anammox reaction (Eq. 1), 0.13 mol

H? is consumed when 1 mol of ammonium is converted.

Van de Graaf et al. [2] predicted that 0.09 mol OH- was

produced when 1 mol of ammonium was consumed. The

consumption of acidity results in a pH increase in the

Anammox process [22]. The linear relationship between

effluent pH and nitrogen removal rates (NRR) (Fig. 6b)

clearly suggested that this function may be the main reason

for a pH increase when Anammox occurred in the UBF.

Pietsch et al. [24] reported that hydrostatic pressure

decreases from the bottom to the top of an upflow reactor.

The carbon dioxide partial pressure in the gas phase typi-

cally decreases from the bottom zones to the upper sections

of the reactor because of the lowered hydrostatic pressure.

This reduction leads to a degassing of the dissolved CO2

from the liquid into the gas phase, which is then followed

by a rising pH. Stripping of the dinitrogen gas that is

produced could also be a cause.

The buffering capacity of the solution was another

important factor contributing to the pH variations. Higher

alkalinity leads to smaller pH variations. In our study, the

influent KHCO3 was 0.5 g l-1 during the first 125 days,

and influent pH was always controlled at 6.8 by dosing HCl

solution, which leads to a lower influent alkalinity. A

weaker buffering capacity of the solution was then

achieved. This may be the reason why the results obtained

in the present study were different from Strous et al. [6]

and Chamchoi and Nitisoravut [18]. In their research, no

deliberate influent pH control was carried out, and suffi-

cient buffering capacity was achieved by flushing with CO2

gas mixture into the reactor continuously.

The pH is an important control parameter during the

operation of Anammox bioreactors. The effect of pH on

Anammox process has been tested by Strous et al. [14] by

using batch experiments. Results showed that the specific

Anammox activity at pH of 9 was only 1/5 of that at of

pH 8. In this study, effluent pH values ranged from 8.7 to

9.1, which resulted from applying NLR of more than

1,200 mg l-1 day-1 (Fig. 6b); such values surpassed the

optimum pH range for Anammox bacteria (6.7–8.3) [25].

Under high pH, operational conditions were not suitable

for the growth and metabolism of Anammox bacteria.

Performance failure of Anammox reactors may occur

when reactors are operated under such high pH for a

longer time.

Correspondingly, high pH was accompanied by a high

free ammonia concentration (Eq. 3) [26].

FA ðmg L�1Þ ¼ 17

14
�
P

NHþ4 � NðmgL�1Þ � 103

ðkb=kwÞ þ 10pH
ð3Þ

where kb=kw ¼ e6344=ð273þTð�CÞÞ:
Free ammonia was toxic to the anabolic and catabolic

processes of microorganisms [27]. Waki et al. [28] pre-

sumed that free ammonia concentrations of 13–90 mg l-1
Fig. 6 Effluent pH profile during the operation (a) and relationship

between effluent pH and nitrogen removal rate (b)
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could negatively affect the performance of the Anammox

process. The nitrogen removal performance was lower than

half of that in the control reactor with free ammonia con-

centrations lower than 21 mg l-1. In the present study, the

free ammonia concentration increased to 64–73 mg l-1

because of the high pH values during days 122–125.

Based on the analysis, in order to increase the buffering

capacity of the solution and finally to reduce the inhibition

caused by high pH and free ammonia, we increased the

influent alkalinity by dosing KHCO3 to 1.25 g l-1 during

days 126–152 (Fig. 2), which was 2.5 times higher than

that used before. From Fig. 6a, we can see that the effluent

pH did not vary very much and was maintained stably

at 8.0–8.4 throughout this period. Correspondingly,

nitrogen removal performance was further improved to

2,260 mg l-1 day-1 when the influent ammonium and

nitrite concentrations were finally raised to 400 and

490 mg l-1 (Fig. 2), respectively, which was 1.36 times

higher than that obtained at the condition of 0.5 g

KHCO3 l-1. Nitrate production was enhanced during this

period. On day 147, it increased to 41 mg l-1 (Fig. 2) and

the nitrate-to-ammonium removal ratio increased to 0.12

(Fig. 4). Figure 7 shows photographs of the cultivated

sludge obtained from the UBF. It can be seen that that the

granular sludge contained many Anammox-like cells as

depicted in Toh et al. [29]. The Anammox activity reached

0.243 g TN g-VSS-1 day-1. However, reactor perfor-

mance began to decline again. On day 152, concentrations

of ammonium and nitrite in the outlet were as high as 135

and 145 mg l-1, respectively (Fig. 2). Ammonium

removal efficiency went down to 66.3% (Fig. 3).

In conclusion, the pH increase in the Anammox process

led to a high pH range of 8.7–9.1 during the first 125 days

with a KHCO3 concentration of 0.5 g l-1 when the nitro-

gen removal rate was higher than 1,200 mg l-1 day-1.

Moreover, the free ammonia concentration of about 64–

73 mg l-1 was accompanied by high pH, which was

among the inhibition values presumed by Waki et al. [28].

Both contributed to the performance deterioration of the

Anammox UBF. Increasing the suffering capacity of the

solution (1.25 g KHCO3 l-1) resulted in a relatively low

and stable pH range (8.30 ± 0.12). Thus, free ammonia

was always below 30 mg l-1. The relatively low pH and

free ammonia concentration ensured that the UBF achieved

a better nitrogen removal performance. However, when

influent nitrite increased to 490 mg l-1 on days 142–152

(Fig. 2), nitrite inhibition finally occurred.
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26. Ganigué R, López H, Balaguer MD, Colprim J (2007) Partial

ammonium oxidation to nitrite of high ammonium content urban

landfill leachates. Water Res 41:3317–3326. doi:10.1016/j.

watres.2007.04.027

27. Vadivelu VM, Keller J, Yuan ZG (2006) Effect of free ammonia

and free nitrous acid concentration on the anabolic and catabolic

processes of an enriched Nitrosomonas culture. Biotechnol

Bioeng 95:830–839. doi:10.1002/bit.21018

28. Waki M, Tokutomi T, Yokoyama H, Tanaka Y (2007) Nitrogen

removal from animal waste treatment water by Anammox

enrichment. Bioresour Technol 98:2775–2780. doi:10.1016/j.

biortech.2006.09.031

29. Toh SK, Webb RI, Ashbolt NJ (2002) Enrichment of the auto-

trophic anaerobic ammonium-oxidizing consortia from various

wastewaters. Microb Ecol 43:154–167. doi:10.1007/s00248-

001-0033-9

1100 J Ind Microbiol Biotechnol (2009) 36:1093–1100

123

http://dx.doi.org/10.1016/j.jbiotec.2004.02.005
http://dx.doi.org/10.1016/j.jbiotec.2004.02.005
http://dx.doi.org/10.1016/j.cej.2007.06.038
http://dx.doi.org/10.1021/es030081&plus;
http://dx.doi.org/10.1016/j.procbio.2006.07.032
http://dx.doi.org/10.1016/j.procbio.2006.07.032
http://dx.doi.org/10.1016/S0043-1354(97)00055-9
http://dx.doi.org/10.1016/j.procbio.2004.08.001
http://dx.doi.org/10.1016/j.procbio.2004.08.001
http://dx.doi.org/10.1016/j.chemosphere.2006.09.036
http://dx.doi.org/10.1263/jbb.103.486
http://dx.doi.org/10.1002/jctb.1796
http://dx.doi.org/10.1016/j.biortech.2008.01.054
http://dx.doi.org/10.1016/j.biortech.2008.01.054
http://dx.doi.org/10.2166/wst.2007.237
http://dx.doi.org/10.1016/S0043-1354(01)00512-7
http://dx.doi.org/10.1016/S0043-1354(01)00512-7
http://dx.doi.org/10.1016/j.watres.2007.04.027
http://dx.doi.org/10.1016/j.watres.2007.04.027
http://dx.doi.org/10.1002/bit.21018
http://dx.doi.org/10.1016/j.biortech.2006.09.031
http://dx.doi.org/10.1016/j.biortech.2006.09.031
http://dx.doi.org/10.1007/s00248-001-0033-9
http://dx.doi.org/10.1007/s00248-001-0033-9

	Start-up and inhibition analysis of the Anammox process seeded with anaerobic granular sludge
	Abstract
	Introduction
	Materials and methods
	The Anammox bioreactor
	Inoculation
	Synthetic wastewater
	Specific Anammox activity assays
	Analytical methods
	Transmission electron microscopy (TEM)

	Results and discussion
	Start-up course and nitrogen removal
	Sludge lysis phase
	Lag phase
	Propagation phase
	Stationary phase
	Inhibition phase

	pH increase and inhibition analysis

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


