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a b s t r a c t

The application of microelectrodes to measure oxygen and nitrite concentrations inside

granules operated at 20 �C in a CANON (Complete Autotrophic Nitrogen-removal Over

Nitrite) reactor and the application of the FISH (Fluorescent In Situ Hybridization) tech-

nique to cryosectioned slices of these granules showed the presence of two differentiated

zones inside of them: an external nitrification zone and an internal anammox zone. The

FISH analysis of these layers allowed the identification of Nitrosomonas spp. and Candidatus

Kuenenia Stutgartiensis as the main populations carrying out aerobic and anaerobic

ammonia oxidation, respectively.

Concentration microprofiles measured at different oxygen concentrations in the bulk

liquid (from 1.5 to 35.2 mg O2 L
�1) revealed that oxygen was consumed in a surface layer of

100e350 mm width. The obtained consumption rate of the most active layers was of

80 g O2 (Lgranule)
�1 d�1. Anammox activity was registered between 400 and 1000 mm depth

inside the granules. The nitrogen removal capacity of the studied sequencing batch reactor

containing the granular biomass was of 0.5 g N L�1 d�1. This value is similar to the mean

nitrogen removal rate obtained from calculations based on in- and outflow concentrations.

Information obtained in the present work allowed the establishment of a simple control

strategy based on the measurements of NH4
þ and NO2

� in the bulk liquid and acting over the

dissolved oxygen concentration in the bulk liquid and the hydraulic retention time of the

reactor.

ª 2010 Elsevier Ltd. All rights reserved.
1. Introduction bacteria oxidize ammonium anaerobically with nitrite as
Efficient nutrients removal from wastewater is essential due

to disposal legislation demanding stricter effluent concen-

trations. Nitrogen removal fromwastewaters characterized by

low organic matter content and high nitrogen concentrations

is difficult by the application of conventional processes like

nitrification-denitrification. In these cases, the anammox

process arose as an interesting alternative since the anammox
x16739; fax: þ34 981 5280
es (J. Vázquez-Padı́n).
ier Ltd. All rights reserved
electron acceptor in the absence of organic carbon

compounds. Prior to the anammox reaction, part of the

ammonium has to be oxidized into nitrite. This step can be

carried out separately in different kind of reactors, e.g.,

a Sharon (Single reactor system for High activity Ammonium

Removal Over Nitrite) reactor (van Dongen et al., 2001;

Mosquera-Corral et al., 2005), a granular nitrifying reactor

(Vázquez-Padı́n et al., 2009), etc. Another possibility is to
50.
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perform the partial nitrification and the anammox processes

in one single reactor. This process has been given different

names: CANON (Complete Autotrophic Nitrogen-removal

Over Nitrite; Third et al., 2001), OLAND (Oxygen Limited

Autotrophic Nitrification-Denitrification; Kuai and Verstraete,

1998) and deammonification (Hippen et al., 1997) processes.

Under microaerobic conditions, ammonia oxidizing bacteria

(AOB) oxidize ammonium into nitrite consuming the dis-

solved oxygen (DO) and creating anoxic niches where anam-

mox bacteria can exist and convert both ammonia and nitrite

into nitrogen gas and produce small amounts of nitrate. The

optimization of the performance of the autotrophic nitrogen

removal in the CANON process requires the control of dis-

solved oxygen (DO) and NO2
� concentrations. To establish an

adequate control of the DO concentration in the liquid media

is necessary: 1) to avoid the inhibition of anammox bacteria

caused by DO concentrations higher than 0.5% of air satura-

tion (Strous et al., 1997), 2) to prevent the growth of nitrite

oxidizing bacteria (NOB) which have lower affinity for oxygen

compared to AOB. The control of NO2
� concentration is

necessary since this compound inhibits anammox activity

although variable ranges of concentrations are provided in the

literature for this inhibitory effect. Dapena-Mora et al. (2007)

reported that concentrations of nitrite of 350 mg NO2
�eN L�1

resulted in 50% inhibition of anammox bacteria.

Due to the slow growth of both nitrifying and anammox

bacteria involved in the CANON process, the use of good

biomass retention systems is mandatory to reach significant

nitrogen removal rates. In this sense, the development of

granular biomass allows the accumulation of large biomass

concentrations in the reactors without the need of carrier

material. Moreover, the use of granular biomass allows the

existence of substrate gradients, in such a way that the

external part of granule can be under aerobic conditions while

anoxic conditions are maintained in the core of the granule.

Therefore, different biological processes can be carried out in

the same granule: partial nitrification in the outer part and

anammox in the inner part. The potential of the technologies

based on single-reactors to carry out autotrophic nitrogen

removal using granular biomass has been demonstrated

(Vlaeminck et al., 2008; Vázquez-Padı́n et al., 2009). Using

these systems it is possible to treat nitrogen loads similar to

systems with two different units for partial nitrification and

anammox processes, respectively.

Microsensors, due to their very small dimensions, can be

used for the determination of substrate profiles while the

distribution of bacterial populations can be determined by

microbiological techniques (e.g. FISH, PCR). The combination

of microbiological techniques and measurements using

microelectrodes has previously been used to obtain detailed

knowledge about the in situ structure and function of nitri-

fying biofilms. Schrammet al. (1999) and Kindaichi et al. (2006)

used this combination to estimate kinetic parameters to be

further used in mathematical models. de Beer et al. (1993) and

Gieseke et al. (2003) studied the mass transport of substrates

through biofilms or aggregates using microelectrodes and

determined the limiting substrate, the size of the active zone

of the biofilm and the biomass activities under different

substrate concentrations. These techniques are also suitable

for the determination of the spatial distribution of substrate
consumption rates in non- homogeneous biofilm reactors

(Schramm et al., 1999; Kindaichi et al., 2007), for researching

the environmental conditions (e.g., pH) inside the biofilm

(Gieseke et al., 2006) or for observing the stratification of active

biomass (Okabe et al., 1999; Kindaichi et al., 2006).

The combination of microsensor measurements and FISH

analysis makes it possible to gain information about the

substrate concentrations to which the different layers of

a biofilm/aggregate are exposed and about the microbial

populations involved in the different biological processes. All

the microscopic information could then be transposed to

a macroscopic level, giving valuable information about the

possible control strategies of CANON reactors.

Since little information is known from a microscopic point

of view about granules performing complete autotrophic

nitrogen removal and taking into account the relevance of DO

and NO2
� concentrations, the objectives of this study were:

the identification of the main bacteria populations present in

the granules, the determination of their distribution inside the

granules and the estimation of their activities by combining

the concentrations profiles measured with microelectrodes

and FISH images taken from cryosectioned slices of granules.

The improved insight into the functioning of the CANON

aggregates should then be used to devise a control strategy for

the optimization of the reactor performance.
2. Materials and methods

2.1. Reactor description

The growth of biomass in the form of granules performing the

CANON process was described elsewhere (Vázquez-Padı́n

et al., 2009). Initially, the complete nitrification was devel-

oped and later, after the regulation of the DO concentration in

the bulk liquid, the partial nitrification to nitrite was achieved.

Finally, anammox bacteria were grown in the anoxic core of

the granules to form the CANON granules.

Five months after the appearance of the macroscopic

evidence of anammox activity in the CANON granules, 4 g VSS

of granular biomass froman anammox reactor operated at the

University of Santiago de Compostela were inoculated into

a sequencing batch reactor (SBR) with a working volume of

0.7 L at the University of Aarhus. This new reactor was oper-

ated in cycles of 3 h distributed as: 175 min of aeration and

feeding, 1 min of settling and 4 min for effluent withdrawal.

The hydraulic retention time (HRT) was fixed at 0.45 d and the

exchange volume was fixed at 30%.

The reactor was operated at room temperature which

ranged between 19 and 22 �C. The pH value was not controlled

and ranged from 7.0 to 8.1 with a mean value of 7.6. Air was

supplied through a diffuser at the bottom of the reactor to

promote the transfer of oxygen into the bulk liquid and to

reach a suitable mixing. The average DO concentration in the

reactor was 6.6 mg O2 L�1 and this represented the main

difference as compared to the operational conditions of the

reactor operated at the laboratory in Santiago de Compostela

where the DO was kept around 3.5 mg O2 L
�1.

The CANON SBR was fed with the supernatant from the

anaerobic sludge digester of the WWTP of Aarhus (Denmark)
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http://dx.doi.org/10.1016/j.watres.2010.05.041


wat e r r e s e a r c h 4 4 ( 2 0 1 0 ) 4 3 5 9e4 3 7 0 4361
which was stored in a cold room (4 �C). Themain properties of

the supernatant were: pH of 7.6e8.3; ammonium concentra-

tion of 256e666 mg N L�1; inorganic carbon (IC) of 232e374 mg

IC L�1 and total organic carbon (TOC) of 103e150 mg TOC L�1

which was poorly biodegradable.

2.2. kLa measurement

An experimental estimation of the oxygen gas-liquid transfer

coefficient (kLa) was carried out by means of a dynamic

method, registering the increments of DO concentrations in

the SBR after the reestablishment of the aeration (without

biomass in the reactor). The value of the kLa for dissolved

oxygen obtained in the reactor was of 1 min�1 which was

similar value to the value obtained in the case of the SBR

installed in Santiago de Compostela.

2.3. Microscale experiments

Microsensors were used tomeasure the concentration profiles

of nitrite and dissolved oxygen (DO) inside the granules per-

forming the CANON process. The granules were collected

directly from the CANON SBR and fastened with a needle to

a metal grid inside the experimental chamber. In order to

simulate the hydrodynamic conditions from the reactor, the

aeration flow in the chamber was regulated to maintain a kLa

value of 1 min�1 which was the same value as in the SBR. All

the microprofiles were measured in granules with average

diameters of 5 mm. The mean temperature of the aerated

chamber was 20 � 1 �C. Granules were kept for 1 h inside the

chamber as a pre-incubation period to create pseudo steady

state conditions. Concentration profiles were recorded by

introducing the sensors into the granules at different depth

positions using a manual micromanipulator. A dissection

microscope was used to visually estimate the position of the

granule/water interface by visual observation. For each

granule and experimental condition tested several micro-

profiles were measured (the number of microprofiles per-

formed is indicated in the caption of figures as n).

Microprofiles of DO were performed by measuring its

concentration at depth intervals of 25 mm while in the case of

the microprofiles of NO2
� the measurements were performed

at 50 or 100 mm intervals due to a slower response time of this

sensor. The sensor signal was continuously recorded on

a strip-chart recorder.

The liquid medium inside the chamber was the anaerobic

digester supernatant diluted with tap water. The concentra-

tion of ammonium was in all experiments maintained

constant at 140 mg N L�1 in order to avoid ammonium limi-

tation. The nitrite concentrations were varied from 0.7 to

42 mg NO2
�eN L�1 by NaNO2 addition. The microsensors were

calibrated prior to each experiment using the same basic

medium with various added nitrite concentrations.

The dissolved oxygen concentration in the bulk liquid was

varied between 1.5 and 35.2 mg O2 L�1. These different DO

concentrationswere achieved by flushing amixture of pure O2

and air for DO values in the aeration chamber above air

saturation, or a mixture of air and N2 for DO values under air

saturation. In order to maintain a constant kLa, in all the

experiments the total gas flow (N2/air/O2) was kept constant.
2.4. NO2
� and O2 microsensors

Microsensors were used to determine concentrations of the

measured compounds inside the granules.

A Clark-type O2 microsensor equipped with a guard

cathode was used for microscale analysis of DO (Revsbech,

1989). The sensor was made with a tip diameter of 10 mm

and it had a 90% response time lower than 2 s. The oxygen

microsensor was calibrated at two concentration points: the

zero value was established by inserting the microsensor into

an anoxic alkaline ascorbic acid solution and the other cali-

bration point was obtained by means of an air saturated

solution or a pure oxygen saturated solution, depending on

the DO range to be tested.

The NO2
� microsensor was a biosensor containing an

immobilized pure culture of Stenotrophomonas nitritireducens

that reduced NO2
�eN2O, which was quantified by a built-in

Clark-type N2O microsensor (Nielsen et al., 2005). The 90%

response time was 30e50 s. Due to the broad range of NO2
�

concentrations in the bulk liquid varying from 0.7 to 42 mg

NO2
�eN L�1 it was necessary to use Electrophoretic Sensitivity

Control (ESC) to adjust the sensitivity of the sensor to the

relevant concentration range (Kjær et al., 1999).

2.5. Analytical methods

The pH and the concentrations of DO, ammonium, nitrite,

nitrate, volatile suspended solids (VSS), settling velocity and

sludge volumetric index (SVI) were determined according to

the Standard Methods (APHA-AWWA-WPCF, 1998). Concen-

trations of TOC and IC were measured with a Shimadzu

analyser (TOC-5000). Density of the granules was measured

using the dextran blue method described by Beun et al. (2001).

The morphology and size distribution of the granules were

measured regularly by using an image analysis procedure

with a stereomicroscope (Stemi 2000-C, Zeiss) provided with

a digital camera (Coolsnap, Roper Sicientific Photometrics).

For the digital image analysis the programme Image Pro Plus

was used.

2.6. Description of the FISH protocol

In order to identify bacterial populations of AOB, NOB and

anammox bacteria, granules from the reactor were collected,

kept in their aggregated form or disaggregated, and fixed

according to Amann et al. (1995) with 4% paraformaldehyde

solution. Entire granules were embedded in OCT reagent

(Tissue-Tek; Miles, Ind.) prior to their cryosectioning at�35 �C.
Slides with a thickness of 14 mm were cut at �16 �C and each

single section was placed on the surface of poly-L-lysine

coated microscope slides. Hybridization was performed at

46 �C for 90 minutes adjusting formamide concentrations at

the percentages shown in Table 1. The used probes for in situ

hybridization were 50 labelled with the fluorochromes FITC,

Cy3 or Cy5. A TCS-SP2 confocal laser scanning microscope

(Leica, Germany), equipped with a HeNe laser for detection of

Cy3 and Cy5 and one Ar ion laser for detection of FITC, was

used with the sliced samples.

Themethod to quantify bacterial populationswas based on

the one published by Crocetti et al. (2002). The digital image

http://dx.doi.org/10.1016/j.watres.2010.05.041
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Table 1 e Targeted organisms and the corresponding
formamide (FA) percentages for the used oligonucleotide
probes.

Probea Probe sequence
(50/30)

% FA Targeted
organisms

EUB338 GCT GCC TCC

CGT AGG AGT

0e50 Domain bacteria

EUB338 II GCA GCC ACC

CGT AGG TGT

0e50 Planctomycetales

EUB338 III GCT GCC ACC

CGT AGG TGT

0e50 Verrucomicrobiales

Nso190 CGA TCC CCT

GCT TTT CTC C

55 Ammonia-oxidizing

b-Proteobacteria

NEU653b CCC CTC TGC

TGC ACT CTA

40 Most of the halophilic

and halotolerant

Nitrosomonas spp.

Ntspa712b CGC CTT CGC CAC

CGG CCT TCC

50 Most members of the

phylum Nitrospira

NIT3b CCT GTG CTC

CAT GCT CCG

40 Nitrobacter spp.

AMX820 AAA ACC CCT CTA

CTT AGT GCC C

40 Anaerobic

ammonium-oxidizing

bacteria Candidatus

Brocadia anammoxidans

and Candidatus Kuenenia

stuttgartiensis

Kst157 GTT CCG ATT

GCT CGA AAC

25 Candidatus Kuenenia

stuttgartiensis

Ban162 CGG TAG CCC

CAA TTG CTT

40 Candidatus Brocadia

anammoxidans

a Details on oligonucleotide probes are available at probeBase (Loy

et al., 2007).

b Used with an equimolar amount of corresponding unlabeled

competitor oligonucleotide probe.
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analysis program used was Image ProPlus�. For the quantifi-

cationof bacteria populations, cryosectioned slices of granules

were used to perform a triple hybridization with EUBmix (a

mixture of EUB338, EUB338 II and EUB338 III) labelledwith Cy5,

AMx820 labelled with Cy3 and NEU653 labelled with FITC.

Several pictures were taken subsequently from the granule

surface throughout the active layers with the confocal micro-

scope at a magnification of 630 times. From each image three

different colour components corresponding to each fluoro-

chromewere separated generating three different images. The

area corresponding to the fluorescence of each FISH probewas

obtained as the area of all pixels above one value manually

determined corresponding to the minimum pixel intensity. In

order to be able to compare the areas occupied by the different

populations, the maximal area occupied in a discretized

picture was taken as reference and the values of fluorescence

obtained with the different probes in the different layers were

obtained as normalized area values.
3. Calculations

3.1. Estimation of oxygen and nitrite consumption and
production rates

Dissolved oxygen and nitrite mass balances were calculated

for the granules using a one-dimensional diffusionmodel. The
activities of the nitrogen removal processes occurring inside

the granules were restricted to an external layer of 1 mm (as it

will be further discussed) which was smaller than the mean

radius of the granules used to record the microprofiles (mean

radius of 2.5 mm).

In this calculationprocedure theassumptionwasmade that

the diffusional transport into the granules can be modelled as

a one-dimensional transport, as the diameter of granules was

large (5mm) compared to the studied surface layer (1mm). The

concentration changes with time for a diffusible substance in

amatrix with a flat geometry can be written according to Eq. 1.

It is assumed that the compound mass transfer is carried out

only by diffusion and that the granule has a homogeneous

structure so that the diffusion coefficient (D) can be considered

constant (Lorenzen et al., 1998).

vCðz; tÞ
vt

¼ D
v2Cðz; tÞ

vz2
þAðzÞ (1)

where C is the concentration of the compound (g L�1), z the

depth coordinate in the granule (dm), t the time (d ) and A the

reaction rate (g (Lgranule)
�1 d�1). Assuming steady state condi-

tions Eq. 2 is obtained.

D
v2CðzÞ
vz2

¼ �AðzÞ (2)

using Euler’s formula for numeric integration, Eq. 3 is

obtained.

vC
vznþ1

¼ vC
vzn

þ h
An

D
(3)

where h represents the step size used for numerical integra-

tion. This discretization parameter was of 25 mm for the

oxygen profiles and of 50 mm for nitrite profiles with concen-

trations in the bulk liquid smaller than 2.8 mg NO2
�eN L�1 and

of 100 mm for higher NO2
� concentrations. After further inte-

gration Eq. 4 is obtained.

Cnþ1 ¼ Cn þ h
vC
vzn

(4)

Substituting Eq. 3 in Eq. 4, Eq. 5 is obtained.

Cnþ1 ¼ Cn þ h

�
vC

vzn�1
þ h

An�1

D

�
(5)

Using the Solver tool (available inMicrosoft Excel� software)

the values of A (i.e., the local volumetric consumption rate)

were iterated in order to minimize the error between the

concentration calculated with Eq. 2 and that one measured

with the microsensor. The values of the diffusion coefficients

of NO2
� and O2 in water at 20 �C were chosen as 1.5 � 10�4 and

1.7 � 10�4 m2 d�1, respectively (Picioreanu et al., 1997).

To calculate the fluxes of substrates (J, g Nm�2 d�1) through

the diffusive boundary layer (DBL) which separates the

surface of the granule and the bulk liquid, Fick’s first law of

diffusion was used (Eq. 6).

J ¼ �DW
Cb � Cs

dh
(6)

being Dw the molecular diffusion coefficient in water (m2 d�1),

Cb is the bulk liquid concentration (g m�3), CS is the concen-

tration (g m�3) at the surface of the granule, and dh is the

http://dx.doi.org/10.1016/j.watres.2010.05.041
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hypothetical (also called effective) thickness of the diffusive

boundary layer (m) which is defined by extrapolating the

radial oxygen gradient at the granule-water interface to the

bulk water phase concentration (Ploug et al., 1997).

3.2. Nitrogen removal rates

Ammonia oxidation rates (AOR) and nitrogen removal rates by

anammox bacteria (ANR) of the CANON granular reactor were

estimated as g N L�1 d�1 based on nitrogen balances and the

stoichiometry of the anammox process (1.02 moles of dini-

trogen gas produced per mole of ammonium reacted).

DN ¼ �
NHþ

4 �Ninf

�� ��
NHþ

4 �Neff

�þ �
NO�

2 �Neff

�
þ�

NO�
3 �Neff

��
(7)

�
NHþ

4 �Ninf

�� �
NHþ

4 �Neff

�� DN
2:04
AOR ¼

HRT
(8)

ANR ¼ DN
HRT

(9)

Where DN is the difference between total nitrogen concen-

tration in the influent and effluent (g N L�1), NH4
þeNinf is the

ammonium concentration in the influent (g N L�1) and

NH4
þeNeff, NO2

�eNeff, NO3
�eNeff are the ammonium, nitrite and

nitrate concentrations in the effluent (g N L�1), respectively.

3.3. Estimation of the number of granules

The number of granules in the reactor was calculated as

follows:

Vgranule ¼ VR$XR

rgranule
(10)

nT ¼ Vgranule

4
$p$R3

(11)
0.6

0.9

1.2

1.5

 
R

N
A ,

R
L 

N g(
1-

d 
1-
)

3 m

Where Vgranule is the volume of granules (L), VR is the reactor

volume (L), XR is the biomass concentration in the reactor

(g VSS L�1), rgranule is the granules density (g VSS (Lgranule)
�1), nT

is the number of granules, and Rm is the average radius of the

granules (dm).

In order to estimate either the AOR or the ANR from the

microscopic observations, Eq. 12 was used to describe the

zone were AOB or anammox bacteria were located.

Rate ¼
nT$

Xn

z¼1

�
AðzÞ$4

3
$p$

�
R3
z � R3

z�1

��

VR
(12)

Where the rate is calculated in terms of g (Lreactor)
�1 d�1, A is

the local reaction rate (g (Lgranule)
�1 d�1), VR is the reactor

volume (L), and r corresponds to the granule radius (dm).
0.0

0.3

0 10 20 30 40 50 60
Time (d)

O
A ,

R
L

N

Fig. 1 e Applied nitrogen loading rate (e), ammonia

oxidation rate (B), nitrogen removal rate ( ).
4. Results and discussion

4.1. Operation of the CANON SBR

The SBR reactor was operated at DO concentrations around

6.6 mg O2 L�1 and at a temperature of 20 �C. The mean NO2
�

concentration in the effluent was 25 mg N L�1. The total

nitrogen removal rate (Fig. 1) ranged between 0.35 and 0.91

g N L�1 d�1. Those values are among the highest ones regis-

tered for autotrophic nitrogen removal in one reactor despite

the low temperature of operation. According to Dosta et al.

(2008) there is a strong dependence between the tempera-

ture and the anammox activity in such a way that the specific

activity of anammox biomass at 37 �C is 3.6 times higher than

at 20 �C.
The biomass concentration inside the reactor remained

almost constant at 7.5 g VSS L�1 during the 60 days of opera-

tion. The average diameter and density of the granules were

5 mm and 36 g VSS (Lgranule)
�1, respectively. With these data,

the number of granules was estimated, using Eq. 11, as 2230

granules. The value of the SVI was 25 mL (g VSS)�1 and the

settling velocity of the granular sludge was of 110 m h�1.

4.2. Identification of bacteria populations by FISH

The stratification of the AOB and anammox bacteria in depth

inside the granule can be observed in Fig. 2. In the outermost

200 mm layer of the granule almost all the biomass consisted of

Nitrosomonasspp.whichgavepositivesignals toprobesNEU653

and Nso190. Bacteria belonging to the genus Nitrosomonas spp.

were still present at a depth of 600 mm but their proportion

decreasedwhen the depth increased (Fig. 2).Nitrosomonas spp.

was identified as themain AOB community as it was expected

due to operational conditions in the reactor with ammonium

concentration in excess (Schramm et al., 1998).

Significant fluorescence signal was detected neither with

probe NIT3 specific for Nitrobacter spp. nor with probe

Ntspa712 specific for theNitrospira phylum. Therefore, no NOB

activity was expected in the granules despite the high DO

concentration in the liquid bulk.

Anammox bacteria were mainly located between 400 and

1000 mm in depth inside the granule where dissolved oxygen

was absent during normal reactor operation. Bacteria

belonging to the genus Candidatus Kuenenia stuttgartiensis

were identified as the main anammox bacteria in the reactor

through positive results with probe Kst157. No positive results

with probe Ban162 were obtained indicating absence of Can-

didatus Brocardia anammoxidans. Thus, in the depth interval

between 400 and 600 mm the AOB and anammox bacteria

coexisted.

http://dx.doi.org/10.1016/j.watres.2010.05.041
http://dx.doi.org/10.1016/j.watres.2010.05.041


Fig. 2 e a)DepthdistributionofAOBpopulations (hybridized

with probe NEU653), anammox bacteria (hybridized with

probe AMX820) and all bacteria (hybridized with EUBmix)

inside the granule. The value of depth equal to 0 mm

corresponds to the granule surface. b) Image of

a cryosectioned slice of a granule with a triple hybridization

of FISHprobes targeting:AOB (probe:NEU653; fluorochrome:

FITC; colour: light green); anammox bacteria (probe:

AMX820; fluorochrome: Cy3; colour: pink) and all bacteria

(probe: EUBmix; fluorochrome: Cy5; colour: blue). The right

part of the picture corresponds to the surface of the granule

(the bar corresponds to 75 mm).
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It is also interesting to point out that the area corre-

sponding to EUBmix probe which represent all bacteria

decreased with the increase in depth inside the granule and

that the activity wasmainly located in the external 1000 mmof

the granule.
4.3. Microprofiles measurements

4.3.1. Oxygen microprofiles in the partial nitrification zone
In order to determine the oxygen consumption kinetics,

microprofiles were measured along the granule varying the

DO concentration in the bulk liquid over awide range, from1.5

to 35.2 mg O2 L�1 (Fig. 3) with an initial ammonium concen-

tration of 140 mg N L�1.

The trend of the concentration profiles was similar in all

cases illustrating the various steps of oxygen transport and

consumption: first the diffusion of DO through the external

diffusive boundary layer (DBL) and later the internal diffusion

together with the biological reaction which resulted in a curve

profile. The external mass transfer resistance was significant

as a large decrease of DO concentration could be observed

between the bulk liquid and the granule surface. This signifi-

cant decrease of DO concentration within the DBL working

with highly active biofilms has also been reported by other

authors (Jørgensen and Revsbech, 1985; de Beer et al., 1993;

Rasmussen and Lewandowski, 1998; Wilen et al., 2004). This

demonstrates that the externalmass transfer resistance plays

an important role specially when working with granules with

a mean diameter of 5 mm. In the present study the width of

the external DBL was around 100e120 mm.
Regarding the DO microprofiles inside the granules, it was

observed that the oxygen penetration depth increased from

100 to 350 mm when increasing the DO in the bulk liquid from

1.5 to 35.2 mg O2 L�1 (Fig. 3). The microprofiles revealed that

evenwhen the DO concentration in the bulk liquidwas kept at

8 mg O2 L�1 (close to 100% of air saturation), the maximal

oxygen consumption rate was only attained in the outer part

of the granule (corresponding to a depth of around 30 mm).

Moreover, a fast decrease in the DO concentration in depth

inside the granule was registered in all the cases demon-

strating that the oxygen mass transfer rate strongly limited

the ammonia oxidation process. The high oxygen demand in

the surface layer allowed an anoxic zone to be created in the

internal part of the granule where the anammox process

could take place.

An estimation of the affinity constant of the AOB was

performed using the profiles obtained with the highest DO

concentrations in the bulk liquid. The value obtained was

0.6 mg O2 L�1, which is in agreement with the values previ-

ously published for AOB at 20 �C (Wiesmann, 1994; Guisasola

et al., 2005).

According to Harremoes and Henze (2002) the reaction rate

can be modelled as a function of the concentration of

substrate outside a biofilm using 3 kinetic orders: 1; 1/2 and 0.

A kinetic order of 1 is a good approximation when the

substrate concentrations in the bulk liquid are lower than 2$KS

(KS is the half saturation constant for the substrate S), and

a kinetic order of 0 is obtained when the biofilm is fully

penetrated by the substrate (assuming a low Km value). Half

order kinetics represents the transition between 1 and 0 order

and it is caused by the progressively deeper substrate pene-

tration into the biofilm with the increasing bulk concentra-

tion. In Fig. 4, the AOR is represented versus the square root of

DO concentration at the surface of the granules. The AOR in

the SBR was estimated using Eq. 12 considering the stoichi-

ometry requirements for ammonium oxidation: 3.4 g O2

(g NH4
þeN)�1. As it was expected according to Harremoes and

Henze (2002), the tendency of these values is linear, i.e. 1/2

order kinetic, and evenwhenworkingwith pure oxygen in the

bulk liquid, the granule was oxygen limited. Wilen et al. (2004)

estimated that the DO required to obtain a 0 order kinetic was

higher than 20 mg O2 L�1 in aggregates with a diameter of

0.50e0.69 mm, and it is then expected that the experiments

performed with much larger aggregates exhibited half order

kinetics These results illustrate the key role of the mass

transfer limitations on the overall biomass activity of the

granular sludge.

The reactor was usually operated at DO concentrations of

6.6 mg O2 L
�1 meaning that the oxygen is available only in the

first 200 mm of the granule. When the DO concentration in the

bulk liquid was increased up to pure DO saturation, progres-

sively deeper layers became active which indicates that

nitrifying bacteriamight be able to remain alive in the absence

of substrates and very quickly be activated as soon as NH4
þ and

DO are supplied. Such long term survival of the nitrifying

bacteria under ammonium-starving or anoxic conditions has

previously been reported (Wilhelm et al., 1998; Freitag and

Prosser, 2003).

Oxygen profiles along the nitrifying granules/biofilms

reported in literature are shown in Table 2. The different
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Fig. 3 e Dissolved oxygen concentration profiles (C, bars indicate standard deviation) and local consumption rates ( ) under

different DO concentrations in the bulk liquid (number of microprofiles performed (n): n [ 3 for all cases except for

DO [ 8 mg O2 LL1 where n [ 20). Note the different concentration scales.

wat e r r e s e a r c h 4 4 ( 2 0 1 0 ) 4 3 5 9e4 3 7 0 4365
biofilms or granules analyzed came from different reactors

with different hydrodynamics characteristics: rotating disk

reactors (Okabe et al., 1999; Kindaichi et al., 2006); fluidized

bed reactors (de Beer et al., 1993; Schramm et al., 1999);

sequencing batch biofilm reactor (Gieseke et al., 2003) and

granular SBR (Wilen et al., 2004; this study). The thickness of

the DBL ranged between 91 and 140 mmand a considerable DO
0.0
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Fig. 4 e AOR estimation from oxygen microprofiles vs.

square root of DO concentration at the surface of the

granule (with trend line).
drop through the diffusive boundary layer was always

observed which shows the importance of the external mass

transfer resistance. The nitrifying activity was mainly

concentrated in the first 100 mmresulting in a steep gradient of

DO concentration.

From the obtained values it can be inferred that the oxygen

flux is mainly influenced by the DO in the bulk liquid and by

the temperature of operation since this affects the biomass

activity (Jubany et al., 2008).

4.3.2. Nitrite microprofiles in the partial nitrification zone
NO2

� microprofiles were determined under conditions of

excess of ammonium (initial NH4
þ concentration in the bulk

liquid was fixed at 140 mg N L�1), starting with low concen-

tration of nitrite in the bulk liquid and at different DO

concentration. NO2
� microprofiles corresponding to the three

higher DO concentrations tested are represented in Fig. 5. Low

NO2
� concentrations in the bulk liquid were used in order to

obtain a clearly visible nitrite peak in the nitrification zone

allowing the calculation of the nitrification rate profiles. The

NO2
� concentration at the surface of the granules was

http://dx.doi.org/10.1016/j.watres.2010.05.041
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Table 2 e Comparison of DO microprofiles in autotrophic nitrifying biofilms.

DObulk

(mg O2 L
�1)

DOsurface

(mg O2 L
�1)

DO100 mm

(mg O2 L
�1)

T (�C) Biofilm width
(mm)

DBL dh
(mm)

JO2

(g O2 m
�2 d�1)

Refd

8.0 2.9 0.2 30 1000e1250c 120 10.5a [1]

7.4 4.5 1.3 30 500e1500c 100a 10.6a [2]

8.0 2.6 0.2 25 200e500 100 5.9b [3]

7.4 3.7 1.3 20 200 140 5.0a [4]

6.1 3.0 0.6 20 350 100 5.2 [5]

8.0 4.8 1.4 20 2500c 108 5.1 T.S.

2.0 0.5 0.0 25e27 400 91a 2.8b [6]

2.0 0.8 0.1 20 2500c 120 1.8 T.S.

a Values published by the authors in the indicated reference. The value published by Kindaichi et al. (2006) was the ammonium flux of

1.1 g N m�2 d�1 and it was converted to oxygen flux with the stoichiometric coefficient (4.57 g O2 per g NH4
þeN for complete nitrification).

b Values estimated considering an oxygen diffusivity at 25 �C of 1.9 � 10�4 m2 d�1 (Gieseke et al., 2003).

c Radius of the granules.

d [1] Schramm et al. (1999): Values corresponding to the port A of the fluidized bed reactor [2] de Beer et al. (1993) [3] Gieseke et al. (2003) [4]

Kindaichi et al. (2006) [5] Okabe et al. (1999) [6] Wilen et al. (2004): Values corresponding to the upstreammicroprofile of the reference. T.S.¼ this

study.
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significantly higher than the NO2
� concentration in the bulk

liquid. Two well defined zones could be differentiated: 1) the

nitrification zone, corresponding to the external layers in

contact with the bulk liquid where nitrite was produced by

AOB and 2) the anammox zone where NO2
� was consumed

together with NH4
þ under anoxic conditions. From the

obtained microprofiles it is observed that the nitrite peak and

the nitrite production rate became higher by increasing the

DO concentration in the bulk liquid. Due to the produced

concentrations gradient in the nitrification zone, nitrite

diffused to both bulk liquid and inner layers of the granule.

These concentrations gradients were caused by the nitrite

generation in the nitrifying zone, its diffusional transfer to the

bulk liquid during continuous operation, and the NO2
�

consumption in the inner layers by anammox bacteria.

However, the steepness of the NO2
� gradient in the DBL is an

artefact caused by the low NO2
� concentration in the bulk

liquid, and inside the reactor on the average there should be

a considerably lower net flux to the liquid phase than that

suggested by the present model example.
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Fig. 5 e Nitrite profiles (C, bars indicate standard deviation, n [

concentrations in the bulk liquid: a) DO [ 8.0 mg O2 LL1 b) DO

concentration in the aqueous phase was kept at low values aro
The zone of NO2
� production determined with the NO2

�

microsensor fitted well with the one obtained using the DO

microsensor. A lower level of details compared to the DO

microprofiles was obtained due to the bigger discretization

step used (50 mm instead of 25 mm) and the Monod kinetic was

also well reflected with higher activities in the external layers.

Similar as in the case of DO consumption, using pure DO

saturation, the width of the outer 200 mm layer of the granules

was working at maximal activity.

The oxygen consumption rates were five times higher than

the nitrite production rates. This ratio is superior to the stoi-

chiometrically required one (according to the stoichiometry of

ammonia oxidation to nitrite, the ratio would be 3.4 g O2

(g N)�1). The different obtained values can be attributed to

a mismatch of the NO2
� diffusivity. The NO2

� diffusivity might

be enhanced/decreased by the production of anions and

cations in the aggregate which would cause the diffusivity

NO2
�/diffusivity O2 ratio in the nitrification zone to have

a different value than the ratio in pure water. The diffusional

transport of negative and positive ions through the aggregates
 N (Lgranule)
-1 d-1)

0 6 12
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and the bulk liquidmust be in equilibrium. Thismay affect the

ion diffusivities which may be different from the self-diffu-

sion coefficients (Reimer and Harremoes, 1978). In fact, the

actual diffusion coefficients might even be more different

than the �10% suggested by literature (Li and Gregory, 1974;

Picioreanu et al., 1997).

The flux of NO2
� out of the nitrification zone, the total flux (i.

e., the NO2
� production), and the flux to the core of the granule

are shown in Table 3. As it was expected, the flux of nitrite

towards the bulk liquid and towards the anammox zone

increased when the DO concentration in the bulk liquid

increased.

4.3.3. Anammox zone
In order to obtain the maximal anammox activity inside the

granule, neither ammoniumnor nitrite concentrations should

be limiting. Therefore, high concentrations of ammonium

(initial concentration of 140 mg NH4
þeN L�1) and nitrite (from

8.4 to 42.0 mg NO2
�eN L�1) were applied in the bulk liquid

while the DO concentration was kept at air saturation

(8 mg O2 L�1). The CANON reactors are normally operated

under nitrite limitation since it is necessary to keep the

anammox potential higher than the nitrification potential in

order to avoid the occurrence of nitrite build-up which is

usually followed by irreversible nitrite inhibition of the

anammox biomass (Nielsen et al., 2005).

Even in those experiments performed with pure oxygen

saturation, the NO2
� concentration in the bulk liquid of

1.3 mg N L�1 was not sufficient to attain maximal anammox

activity since NO2
� concentration became zero in the deeper

layers where anammox bacteria were still present. The

strategy followed to estimate the maximal anammox activity

was to maintain the DO concentration at 8 mg O2 L�1 (the

conditions of the granular SBR) and to increase the NO2
�

concentration in the bulk liquid. In the experiment carried out

at a nitrite concentration in the bulk liquid of 9 mg N L�1

(Fig. 6), the nitrite concentration obtained in the inner core of

the granule was 0.7 mg N L�1. Since nitrite half saturation

constant of anammox bacteria was reported to be less than

0.1 mg N L�1 (Strous et al., 1999), maximal anammox activity

in the granule was then ensured.

From the nitrite profiles obtained in Fig. 5 and Fig. 6 it can

be inferred that, by keeping the DO concentration in the bulk

liquid constant, the increase of the NO2
� concentration in the

bulk liquid increases the flux of nitrite to the anammox zone

up to a maximum value of 1.0 g Nm�2 d�1 (Table 3). Such high

fluxes of nitrite to the anoxic layers of the granule are

expected during the SBR operation since the mean nitrite

concentration in the bulk liquid ranged between 12 and

42 mg N L�1.
Table 3 e DO and NO2
L fluxes in and out of the nitrifying zone

concentration in the bulk liquid was kept at about 1 mg N LL1

DObulk

(mg O2 L
�1)

JDBL
O2

(g O2 m
�2 d�1)

JTotalNO2
¼ JDBL

NO2

(g N m�2

35.2 20.2 2.7

20.5 11.9 2.3

8.1 5.1 1.3
Kindaichi et al. (2007) obtained a similar maximal nitrite

removal capacity with a maximal volumetric rate of

5.0 g N (Lbiofilm)�1 d�1 and a similar NO2
� flux of 2.2 g N m�2 d�1

performing microprofiles in the biofilm of an anaerobic fixed

bed column operated at 37 �C. However in their case, the

maximal anammox reaction width was over 1300 mm of the

biofilm, whereas in the present study, anammox bacteria

were located in the range of depths between 400 and 1000 mm.

Using the information of the NO2
� microprofiles, an esti-

mation of thenitrogen removal rate of the SBRusing Eq. 12was

performed. With these data and taking into account the stoi-

chiometry of the anammox reaction, an ANR of 0.5 g N L�1 d�1

was estimated in the SBR. This value was close to the mean

ANR value obtained in the reactor from the macroscopic

measurements (Fig. 1). Our microscopic analysis of the gran-

ules was thus in agreement with macroscopic observations.

4.3.4. Causes of error
In order to better explain the obtained results, the different

assumptions made during the performance of the experi-

ments with the microsensors and the corresponding calcula-

tions have to be analyzed. As it was indicated the calculations

were based on the assumption that the granules are described

as flat surfaces, whereas the granuleswere sphere shaped and

thus this fact could influence the flow pattern. Besides, it was

assumed that the granules were homogeneous in structure. It

has been widely demonstrated that biofilms are heteroge-

neous and therefore diffusivities should be locally defined.

However, it was beyond the scope of this article to study in

depth the heterogeneity of the bacteria populations and the

approximations done are satisfactory to give important

information about the processes carried out into the granule.

Finally, the surface layer of the granule was somewhat fluffy,

where a visual definition of “surface” within �50 mm was

difficult. By performing several repetitions, the high values

obtained for the standard deviations confirmed the high

variability of the results, but, as it will be further explained,

the approximations were satisfactory since the microscopic

results predicted to a high extent the macroscopic ones.

4.4. From microscale results to granular CANON
operation

A successful strategy to start-up a CANON reactor is the

promotion of the growth of the AOB population in the form of

granular biomass. AOBproducenitrite and consumeoxygen to

provide anoxic conditions in the inner core of the granules. In

this anoxic zone, ammonium (left from the AOB activity) and

nitrite (from partial nitrification) have to be present in order to

allow the growth of anammox bacteria (Vázquez-Padı́n et al.,
at different DO concentrations in the bulk liquid. The NO2
L

.
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n [ 6) by incubation with a NO2
L concentration of

9 mg N LL1 in the bulk liquid.
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2009). The width of the external layer mainly composed by

AOB should be thick enough to protect anammox bacteria

from the penetration of dissolved oxygen, but its activitymust

be controlled to avoid inhibition of anammox bacteria by high

nitrite concentrations. From the results obtained by applica-

tion of microsensors it is possible to extract knowledge about

both optimal and safe conditions for the operation of the

CANON system, in terms of ammonia and nitrite concentra-

tions in the bulk liquid. At this point a control strategy could be

defined to regulate the concentration of both compounds by

using on-line ammonia and nitrite analyzers. The variables of

control would be the DO concentration and the HRT value

using the air flow rate and the inlet flow rate as actuation

elements.
Fig. 7 e a) Zones defining the different operational conditions i

concentrations in the bulk liquid. b) Control strategy to return th

and NO2
L concentrations in the bulk liquid. ðRON[3:4 DNH4=DO2 Þ
Different scenarios for the different ranges of ammonium

and nitrite concentrations are possible (Fig. 7a). Low NH4
þ and

NO2
� concentrations would limit the activities of AOB and/or

anammox bacteria. AOB activity would be limited by the

ammonia concentration when the ratio DO/NH4
þ (RON) in the

bulk liquid is lower than 3.4 g O2 (g N)�1 DNH4/DO2 (Harremoes

and Henze, 2002). The limitation of AOB by ammonia would

expose the reactor to a risk of failure since the granules would

be fully penetrated by oxygen which would temporally inhibit

anammox bacteria and enhance the undesired growth of NOB

(Sliekers et al., 2005). On the other hand, high NH4
þ and/or NO2

�

concentrations have the following disadvantages: both

substrates can inhibit AOB and anammox bacteria with

a consequent detriment of the produced effluent quality.

Moreover, maintaining concentrations of NO2
� higher than the

optimal ones involves higher costs of aeration.

The control strategy corresponding to the different defined

zones to restore the optimal conditions will be: a) in case of

nitrite concentration out of the optimal range to act over the

DO concentration (increasing or decreasing its value); b)

whereas to optimize the NH4
þ concentration the value of

the HRTmust bemodified as the control parameter; and in the

case where NH4
þ and NO2

� concentrations were not in the

optimal range, both, HRT value and DO concentration would

be changed according to Fig. 7b.

Making use of the previous qualitative analysis the optimal

values for NH4
þ and NO2

� concentrations can be defined for

a specific case. These parameters will be determined specifi-

cally for the biomass present in each CANON reactor.

From the microprofiles measured into the granules, the

minimum nitrite concentration required to avoid substrate

limitation for anammox bacteria can be estimated. Then,

from these values and taking into account the stoichiometry

of the partial nitrification and anammox processes,

a minimum ammonium concentration in the bulk liquid can

also be calculated. The fact that a minimal concentration of

both ammonium and nitrite are necessary in the bulk liquid to
n a CANON reactor fed with different NH4
D and NO2

L

e CANON reactor to optimal conditions depending on NH4
D

.
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ensure the maximal activity of anammox bacteria can repre-

sent a drawback if the effluent of the CANON reactor has to be

released to a natural media but has not a significant impact if

the effluent is returned to the head of the WWTP.
5. Conclusions

� Ammonia oxidation to nitrite is highly dependent on the

oxygen mass transfer. Oxygen limitation regulates the

amount of nitrite produced and as a consequence influences

the anammox activity. Nitrite microprofiles revealed that

a minimum nitrite concentration around 9 mg N L�1 was

necessary to ensure that the anammox biomass was

working at maximal activity.

� Oxygen and nitrite microprofiles determined by application

of microsensors correlated to the distributions of AOB and

anammox bacteria inside the granules.

� Estimated bacterial activities from microscale analysis

(0.5 g N L�1 d�1) gave similar results to those obtained from

macroscopic measurements in the granular SBR.

� Accurate regulation of the dissolved oxygen concentration

in the bulk liquid and the HRT value are crucial to control

the nitrogen removal process in a CANON system avoiding

either limitations or inhibitory phenomena.
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