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bstract

The application of the Anammox process has been usually focused on the treatment of wastewater with temperatures around 30 ◦C in order to
perate under optimum conditions. In this work, the feasibility of the application of the Anammox process at lower temperatures has been tested.
irst, the short-term effects of temperature on the Anammox biomass were studied using batch tests. An activation energy of 63 kJ mol−1 was
alculated and the maximum activity was found at 35–40 ◦C. Activity tests done at 45 ◦C showed an irreversible loss of the activity due to the
iomass lysis.

A SBR was operated at different temperatures (from 30 to 15 ◦C) to determine the long-term effects. The system was successfully operated at

8 ◦C but when temperature was decreased to 15 ◦C, nitrite started to accumulate and the system lost its stability. Adaptation of biomass to low
emperatures was observed when the specific activities obtained during first batch tests are compared to those obtained during the operation of the
BR.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Several kinds of wastewater are characterized by low carbon
o nitrogen ratios and very high ammonia concentrations. Some
xamples are wastewaters coming from fertilizer industry, explo-
ive industry or some pharmaceutical processes [1]. A feasible
reatment of this kind of effluents is the combination of a par-
ial nitritation, where 50% of ammonia is oxidized into nitrite
n an aerobic reactor, and a subsequent anaerobic ammonium

xidation (Anammox), where ammonia is oxidized by nitrite
n a second tank [2–5]. The partial nitritation-Anammox sys-
em, compared to the conventional nitrification/denitrification

∗ Corresponding author. Tel.: +34 981 563 100x16739; fax: +34 981 528 050.
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rocess, avoids the requirement of organic carbon source to den-
trify, allows saving over 65% of the oxygen supply and produces
lower amount of sludge [6].

The Sharon process was successfully used to accomplish the
artial nitritation of effluents coming from anaerobic sludge
igesters [7,8]. However, the application of this process is lim-
ted to wastewater with a temperature higher than 30 ◦C. To
chieve the partial nitrification at lower temperatures different
pproaches were used: inhibition of nitrite oxidizers by free
mmonia [9] or operation at low dissolved oxygen (DO) concen-
rations [10–12]. More recently, Vazquez-Padı́n et al. [13] also
emonstrated that a stable partial nitrification may be achieved

n nitrifying granular sludge systems.

Several authors [14–17] found the optimum temperature for
he operation of the Anammox process was around 30–40 ◦C.
erhaps for this reason, most of the works where this process
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Table 1
Feeding and trace solution composition

Feeding composition Trace solution composition

Compound Concentration
(mg L−1)

Compound Concentration
(g L−1)

NH4
+-N 150 EDTA 15

NO2
−-N 150 ZnSO4·7H2O 0.43

KHCO3 1.25 CoCl2·6H2O 0.24
CaCl2 1.41a MnCl2·4H2O 0.99
KH2PO4 50 CuSO4·5H2O 0.25
MgSO4 58.6 (NH4)6Mo7O24·4H2O 0.22
FeSO4·7H2O 9.08 NiCl2·6H2O 0.20
EDTA 6.25 NaSeO4·10H2O 0.20

H3BO3 0.014
Trace solution 1.25 mL L−1 NaWO ·2H O 0.05
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Table 2
Operational periods of the Anammox SBR

Period Temperature (◦C) Duration (d)

I 30 1–15
II 26 15–29
J. Dosta et al. / Journal of Haza

as applied were carried out at temperature values higher than
0 ◦C [18–21]. However, recently, Cema et al. [22] proved that a
otating biological contactor (RBC) with the established Anam-
ox process could be successfully operated at temperatures

round 20 ◦C. Similar results were reported by Isaka et al. [23]
ho operated an anaerobic biological filtrated (ABF) reactor
hich treated 8.1 g N (L d)−1. Moreover, several works done
ith marine Anammox samples reported measurable activities at

ow temperatures. Rysgaard et al. [24], working with sediments
f the east and west coasts of Greenland, observed Anammox
ctivity between −2 and 30 ◦C, the optimum temperature being
2 ◦C. Similar results were found by Dalsgaard and Thamdrup
25] working with marine sediments from the Skagerrak (Baltic-
orth Sea).
These results indicate that the application of the Anammox

rocess could be not restricted to effluents with temperatures
round 30 ◦C. Therefore, the aim of this work is to evaluate the
ffects of moderately low temperatures on the stability of this
rocess.

. Materials and methods

.1. Experimental set-up

The study of the long-term effects of temperature on the
nammox process was carried out in a lab-scale sequencing
atch reactor (SBR) of 1 L. The operating temperature was main-
ained by means of a temperature controller (PolyScience, USA).
H was not controlled and ranged between 7 and 8. The control
f the pumps and the stirrer, according to the different periods
f the operational cycle, were performed with a PLC system
CPU224, Siemens). The reactor was operated in cycles of 6 h
istributed in four periods: mixed fill (300 min), mix (30 min),
ettle (15 min) and draw (15 min) according to Dapena-Mora
t al. [26]. The exchange volume was fixed at 25%, giving a
ydraulic retention time (HRT) of 1 day.

.2. Feeding media and operational strategy

The SBR was fed with a synthetic autotrophic medium
dapted from Dapena-Mora et al. [26]. The ammonium to nitrite
olar ratio in the feeding media was fixed at 1 (150 mg N L−1

f each one) to operate in excess of ammonia (Table 1).
The nitrogen loading rate (NLR) applied was kept constant

t 0.3 g N (L d)−1 and the temperature of the reactor decreased
rom 30 to 15 ◦C during the operation (Table 2). However, when
he stability of the reactor failed (period VI) the NLR was
ecreased to 0.05 g N (L d)−1 in order to restore the efficiency
f the process.

.3. Specific Anammox activity (SAA) tests

To determine the short-term effects of temperature on the

nammox biomass and to monitor the operation of the SBR,
atch activity tests between 10 and 45 ◦C were performed
ccording to the methodology described by Dapena-Mora et al.
27]. The tests consisted on the measurement of the overpressure

I
I
V
V

4 2

a Reduced to 0.07 from period III.

enerated in closed vials by the nitrogen gas produced. First, the
ludge samples were washed with phosphate buffer to provide
n optimum pH (7.8). Then, 24 mL of the mixed liquor were
nserted in 38 mL vials. The headspace and the liquid phase were
ushed with argon to remove the oxygen. Mixing at 150 rpm
nd control of temperature during the tests were provided by an
ncubator shaker (New Brunswick Scientific). After 30 min of
cclimation in the shaker, the substrates were injected into the
ials to reach the initial concentrations of 70 mg NH4

+-N L−1

nd 70 mg NO2
−-N L−1. The changes in the pressure were mea-

ured and related to the production of nitrogen, according to Eq.
1). In this equation n is the number of moles of nitrogen pro-
uced per unit of time (mol N day−1), VG is the volume of the
as phase (L), R is the ideal gas constant (atm L (mol K)−1), T
s the temperature (K) and α is the slope of the pressure increase
nside the vial versus time (atm day−1).

= α
VG

RT
(1)

Then, the maximum SAA expressed in g N (g VSS day)−1

s assessed according to Eq. (2), where MN2 is the molecular
eight of N2 (g N mol−1), X is the biomass concentration inside

he vial (g VSS L−1) and VL is the volume of the liquid phase
L).
II 23 29–49
V 20 49–63

18 63–103
I 15 103–150
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of a municipal treatment plant at 37 and 55 ◦C. These authors
obtained Anammox activity at a mesophilic range but they could
not select thermophilic Anammox organisms at 55 ◦C.
90 J. Dosta et al. / Journal of Haza

.4. Biomass

The short-term effects of temperature were studied using
oth biofilm biomass [28] and granular biomass [29] taken from
ioreactors operated at around 30 ◦C (“non-adapted” biomass).
ll the employed biomass was enriched in bacteria belonging to

he specie Kuenenia stuttgartiensis. The long-term effects were
ested in a SBR reactor inoculated with 7.6 g VSS L−1 of the
iofilm biomass.

.5. Analytical methods

Ammonium was analyzed by the phenol–hypochloride
ethod [30]. Nitrite and nitrate were analyzed by spec-

rophotometry and by capillary electrophoresis [31]. The
oncentrations of solids, determined as total suspended solids
TSS), the fraction corresponding to the biomass as volatile sus-
ended solids (VSS), and the sludge volumetric index (SVI) of
he sludge were determined according to Standard Methods [31].
he pH value was measured using a selective electrode Ingold
odel U-455 connected to a pH/mV measurer Crison 506.
The distribution of particle size was measured using an image

nalysis procedure [32,33]. Images of the granules were taken
ith a digital camera (Coolsnap, Roper Scientific Photometrics)

ombined with a stereomicroscope (Stemi 2000-C (Zeiss)). For
he digital image analysis, the programme Image ProPlus was
sed.

Fluorescence in situ hybridization (FISH) technique was
mployed for the selective detection of particular organisms
nside the reactor [34,35]. The oligonucleotide probes used
ere PLA46, specific for Planctomycetes [36], AMX820 for
nammox bacteria [37], BAN162, specific for Brocadia anam-
oxidans [37] and KST1275, specific for K. stuttgartiensis [38].

. Results and discussion

.1. Short-term effects of temperature on specific Anammox
ctivity

The maximum SAA of both granular and biofilm Anammox
iomasses were measured in batch tests by triplicate at tem-
eratures between 10 and 45 ◦C. The temperature dependency
rofiles obtained for both biomasses (Fig. 1) were very similar
nd consistent with the results obtained by other authors [15,39].
n exponential increase of the SAA was observed for temper-

tures up to 40 ◦C, while assays carried out at 45 ◦C showed a
egative effect of the temperature on the activity. An activation
nergy of 63 kJ mol−1 was calculated for both Anammox popu-
ations according to the modified Arrhenius model [40]. Strous
t al. [14] obtained a similar value (70 kJ mol−1) for Anammox
iomass cultivated at 30 ◦C, while Dalsgaard and Thamdrup [25]
nd Rysgaard et al. [24] reported values of 61 and 51 kJ mol−1,
espectively, for Anammox biomass from marine sediments.
When assays were done at 45 ◦C the liquid phase acquired
n orange coloration, which could indicate the biomass lysis. In
rder to confirm this fact, a second feeding was added inside the
ials, after substrates of first feeding were consumed, and almost

F
4

ig. 1. Temperature dependency profiles for granular (a) and biofilm (b) Anam-
ox biomass (experimental SAA (�); experimental SAA with the second

njection of substrate (�); modified Arrhenius model (—)).

egligible activity was observed (Fig. 1). UV–vis absorption
pectra of the liquid phase from the SAA batch tests done at
5, 40 and 45 ◦C were analyzed (Fig. 2). For the test done at
5 ◦C, a maximum peak between 400 and 410 nm and a smaller
ne between 515 and 550 nm were observed. Cirpus et al. [41]
nalyzed the UV–vis spectrum of a 10 kDa cytochrome c present
n cell extracts from a culture of K. stuttgartiensis. They observed
maximum absorption at 410 nm for the oxidized form of the
rotein. Huston et al. [42] also observed a maximum peak around
10 nm and two smaller peaks at 520 and 550 nm. Therefore,
he orange colour of the liquid phase at the end of the assay
ould be attributed to the segregation of cytochrome c, which
auses an irreversible loss of the activity. The negative effect
f high temperature was also found by Toh et al. [17], which
ried to select and enrich an Anammox consortium from sludge
ig. 2. Absorbance profiles of the supernatant of the SAA tests at 35, 40 and
5 ◦C.



J. Dosta et al. / Journal of Hazardous Materials 154 (2008) 688–693 691

F
n

3
p

t
t
[
t
u
A
a
t
m
d
n
s
t
0
m
t
r
t
o
r
a
m
[

m
t
t
e
e

p

F

i
d
t
o
f
w
t

t
b
(
a
0
p

b
v
t
d
b
s
l
o
t
T
b
t
o
fi
c

1
a
t
(
w
a
b
a
r

ig. 3. (a) NH4
+-N (♦) and NO2

−-N (�) concentrations in the effluent and (b)
itrogen loading rate (—) and maximum nitrogen removal capacity (�).

.2. Long-term effects of temperature on the Anammox
rocess

The biomass was progressively adapted to lower operating
emperatures since a drastic change in the operational condi-
ions could lead to a destabilization of the biological system
43]. Fig. 3a shows the NH4

+-N and NO2
−-N concentrations in

he effluent. Nitrite (the limiting substrate) was totally depleted
ntil the operating temperature was decreased from 18 to 15 ◦C.
t 15 ◦C the system was not able to remove all the nitrite applied

nd, therefore, this compound was accumulated in the reac-
or. As nitrite is inhibitory for the Anammox process, even at

oderate concentrations [44,45], this accumulation caused a
ecrease of the capacity of the system, which led to a higher
itrite accumulation, which provoked a snowballing effect, the
ystem losing totally its efficiency. The complete efficiency of
he system was only restored when the NLR was decreased to
.05 g N (L d)−1. However, the SAA was not recovered after 1
onth of operation at this low NLR (data not shown). Then,

he operating temperature was increased to 30 ◦C in order to
estore the capacity of the system. This strategy was not able
o improve the mentioned capacity after two and a half months
f additional operation. At the end of the experiment the SAA
emained below 0.02 g N (g VSS d)−1. This fact would indicate
n irreversible loss of the activity that could be caused by the
ixed effect of the low temperature and the presence of nitrite

4,14].
In spite of the occurrence of unstable periods, the system

aintained its good biomass retention capacity. The solids reten-
ion time, calculated as the ratio between total biomass inside
he reactor (g VSS) and the biomass wash-out rate in the efflu-

−1
nt (g VSS d ), remained around 150 days along the whole
xperiment.

The maximum capacity of the system during each operational
eriod was calculated as the product of biomass concentration

r

p
a

ig. 4. SAA of non-adapted (©) and adapted (�) Anammox biofilm biomass.

nside the system and the maximum SAA measured in batch tests
one at the operating temperature. As it can be seen in Fig. 3b,
he maximum capacity of the reactor was decreasing along the
perational period, although that decrease was soft in the change
rom 20 to 18 ◦C. Taking account that the biomass concentration
as almost constant, the loss of capacity is directly related to

he decrease of the SAA.
The nitrogen removal rate treated at 20 ◦C was much lower

han that reported by Isaka et al. [23], which could be proba-
ly explained by the high biomass concentration of their system
20 g SS L−1). Cema et al. [22] operated a RBC reactor at 17 ◦C
nd obtained an average inorganic nitrogen removal rate of
.5 g N (L d)−1 which is in the range of that obtained in the
resent work at 18 ◦C.

Fig. 4 shows the SAA values obtained with no-acclimated
iofilm biomass at different temperatures (Section 3.1) and those
alues determined during the operation of the reactor. Not only
he values of SAA for adapted biomass are higher, but also the
iminishing tendency is softer than in the case of non-adapted
iomass. Therefore, the slow adaptation of the Anammox sludge
eems a key factor in order to operate an Anammox reactor at
ow temperatures. Taking account of the very slow growth rate
f the Anammox biomass [14], an advisable start up strategy
o operate a system at low temperatures could have two steps.
he first one would be the production of the required amount of
iomass, working in a separate reactor at a temperature close to
he optimum. Then, the second step would be the slow adaptation
f the biomass to low temperatures in the same reactor and,
nally, the inoculation of the low-temperature reactor could be
arried out.

In period I, the ratio NO2
−-N to NH4

+-N consumed was
.38 ± 0.10, which agrees with the value of 1.32, commonly
ssumed in literature [14,46]. However the ammonium concen-
ration in the effluent decreased along the operation of the reactor
Fig. 3a) and, therefore, the cited ratio decreased to 1.05 ± 0.01
hen the reactor was operated at 18 ◦C (period V). Dalsgaard

nd Thamdrup [25] also observed a ratio of 1 for Anammox
iomass coming from marine sediments in anoxic incubations
t 15 ◦C. This change of the observed stoichiometry could be
elated to a change of the Anammox bacteria metabolism in
esponse to environmental stress [47–49].
FISH analysis showed no qualitative changes in the bacterial
opulations present in the sludge during the whole experiment
nd the physical characteristics of Anammox biomass remained
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lmost constant (SVI of 58 mL g VSS−1 and mean diameter of
.35 mm).

. Conclusions

The maximum activity of non-adapted Anammox biomass
as observed between 35 and 40 ◦C, while a temperature of
5 ◦C caused an irreversible decrease of the Anammox activity
ue to biomass lysis.

By decreasing gradually the temperature, an Anammox SBR
as successfully operated at 18 ◦C. When temperature was
ecreased to 15 ◦C, the maximum capacity of the reactor also
ecreased and the system turned unstable due to nitrite accumu-
ation.

Adaptation of the biomass to low temperatures was observed.
owever, neither changes on the physical properties of sludge
or qualitative changes on the bacterial populations were found
uring the operation of the reactor.
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[8] A. Mosquera-Corral, F. González, J.L. Campos, R. Méndez, Partial nitri-
fication in a SHARON reactor in the presence of salts and organic carbon
compounds, Process Biochem. 40 (9) (2005) 3109–3118.

[9] A.C. Anthonisen, R.C. Loehr, T.B.S. Prakasam, E.G. Srinath, Inhibition of
nitrification by ammonia and nitrous acid, J. WPCF 48 (5) (1976) 835–852.

10] J.M. Garrido, W.A.J. van Benthum, M.C.M. van Loosdrecht, J.J. Heijnen,
Influence of dissolved oxygen concentration on nitrite accumulation in a
biofilm airlift suspension reactor, Biotechnol. Bioeng. 53 (1997) 168–178.
11] N. Bernet, P. Dangcong, P. Delgenès, R. Moletta, Nitrification at low oxygen
concentration in biofilm reactor, J. Environ. Eng. 127 (3) (2001) 266–271.

12] A. Pollice, V. Tandoi, C. Lestingi, Influence of aeration and sludge retention
time on ammonium oxidation to nitrite and nitrate, Water Res. 36 (10)
(2002) 2541–2546.

[

Materials 154 (2008) 688–693

13] J.R. Vázquez-Padı́n, M. Figueroa, B. Arrojo, A. Mosquera-Corral, J.L.
Campos, R. Méndez, Why do nitrifying granules accumulate nitrite? in:
Proceedings of the Second Aerobic Granular Sludge Workshop, Delft, The
Netherlands, 2006.

14] M. Strous, J.G. Kuenen, M.S.M. Jetten, Key physiology of anaerobic
ammonium oxidation Appl. Environ. Microbiol. 65 (7) (1999) 3248–3250.

15] K. Egli, U. Fanger, P.J.J. Alvarez, Enrichment and characterization of
an anammox bacterium from a rotating biological contactor treating
ammonium-rich leachate, Arch. Microbiol. 175 (2001) 198–207.

16] Y. Yang, J.E. Zuo, P. Shen, X.S. Gu, Influence of temperature, pH value
and organic substance on activity of ANAMMOX sludge, Huan Jing Ke
Xue 27 (4) (2006) 691–695 (in Chinese).

17] S.K. Toh, R.I. Webb, N.J. Ashbolt, Enrichment of autotrophic anaerobic
ammonium-oxidizing consortia from various wastewaters, Microb. Ecol.
43 (2002) 154–167.

18] U. Van Dongen, M.S.M. Jetten, M.C.M. Van Loosdrecht, The SHARON-
ANAMMOX process for treatment of ammonium rich wastewater, Water
Sci. Technol. 44 (1) (2001) 153–160.

19] M. Strous, E. Van Gerven, P. Zheng, J. Gijs Kuenen, M.S.M. Jetten,
Ammonium removal from concentrated waste streams with the anaerobic
ammonium oxidation (Anammox) process in different reactor configura-
tions, Water Res. 31 (8) (1997) 1955–1962.

20] M. Strous, J.J. Heijnen, J.G. Kuenen, M. Jetten, The sequencing batch
reactor as a powerful tool for the study of slowly growing anaerobic
ammonium-oxidizing microorganisms, Appl. Microbiol. Biotechnol. 50
(1998) 589–596.

21] U. Imajo, T. Tokutomi, K. Furukawa, Granulation of Anammox microor-
ganisms in up-flow reactors, Water Sci. Technol. 49 (2004) 155–163.
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