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ABSTRACT

Although the most common method of municipal reject water management is treating in the
main flow of a wastewater treatment plant, an alternative method is purifying it separately
in a side-stream. This helps to reduce the load of nitrogen and carbon entering the sewage
treatment system. This paper reports the results of the application of the SBR for the treat-
ment of anaerobic sludge digester supernatant. At a reduced dissolved oxygen (DO) concen-
tration of 0.7 mg O, /1 in the aeration phase, application of mixing phases and pH regulation at
the beginning of the SBR cycle (pH 8) allowed to obtain a suitable Anammox influent (50/50
ammonium:nitrite). Applying low oxygen concentrations and a one-hour long mixing phase
enabled heterotrophic denitrification in the reactor. The partial use of organic compounds
in this process resulted in a COD/N ratio in the effluent of ca. 1, which is favourable for the
Anammox influent.
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1. Introduction

The supernatant from the anaerobic digestion of
sludge (the so-called “reject water”) is a good example of
highly concentrated ammonium streams (800-1000 mg
N-NH,/I) with unfavourable C/N ratio for nitrogen
removal by denitrification. This supernatant is usu-
ally recirculated to the biological section of an acti-
vated sludge plant without pretreatment contributing
to 15-20% of the influent nitrogen load [1]. Therefore,
it is proposed to purify the supernatant separately in a
side stream of the plant rather than return it to the sys-
tem influent for treatment as a part of the main flow. In

*Corresponding author.

the side stream operational parameters can be adjusted
that allow nitrogen removal by partial nitrification/
denitrification or use in an integrated Sharon/Anam-
mox system. The main product of partial nitrification
is nitrite. Because partial nitrification is most often
applied for the treatment of wastewater with an adverse
C/N ratio, nitrite removal from wastewater requires
the introduction of an additional carbon source that
increases the costs of the treatment. Partial nitrification
of ammonium to nitrite is presented as a possible way
to achieve an Anammox influent of the required compo-
sition [2]. Anammox (anaerobic ammonium oxidation)
is an autotrophic process of nitrogen removal in which
ammonium is converted, under anaerobic conditions,
directly into nitrogen gas with nitrite as an electron
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acceptor and in the absence of organic carbon sources.
Ammonium and nitrite are substrates for Anammox
bacteria. The main product of ammonium oxidation
under anaerobic conditions is nitrogen gas. However,
about 10% of the input substrate is converted to nitrate
nitrogen. Partial nitrification using a SHARON reactor
combined with Anammox process has been successfully
studied in recent years [3-5].

The Sharon process generates effluent with the
ammonium to nitrite ratio of 1 that is suitable to serve
as an influent to an Anammox reactor [6]. Waki et al.,
treating swine wastewater, showed that the pH of the
sludge was the most important factor affecting Anam-
mox performance [7]. A pH in the range of 6.6-8.1
retained Anammox activity, whereas lower or higher
did not. The Anammox process requires no additional
carbon source, because it is driven by autotrophic bac-
teria. Yang et al. proved however the positive impact of
inorganic carbon on Anammox activity [8]. Moreover,
obtaining the correct composition of sewage for input
the Anammox process requires the Sharon process to
be conducted at a high temperature. The usefulness of
the SBR for partial nitrification in the reject water was
reported by [9]. According to these authors, both SBR
and chemostat could be effectively used to produce a
mixture suitable for an Anammox process. However, in
case of SBR, proper effluent composition was obtained
at DO concentration >3 mg O, /1, sludge retention time
(SRT) of 5 d and at the temperature of 30°C. Similarly,
Zeng et al. obtained partial nitrification at 30°C in a
two-stage sequencing batch reactor system [10]. How-
ever, carrying out the process in such temperature
requires reactor heating that entailed high operating
costs. Therefore, in the present research we propose
a combination of partial nitrification at low DO con-
centration (up to 0.7 mg O,/1), pH ca. 8 and ambient
temperature, and heterotrophic denitrification. Partial
nitrification at ambient temperature was obtained by
other authors however the process was carried out in
continuous-flow reactor with the attached biomass or
in granular sludge systems [11-13].

In our study, mixing phases were applied to achieve
denitrification that uses carbon compounds and conse-
quently C/N is descended. Such operating conditions
lead to the outflow with the appropriate C/N ratio and
ammonia nitrogen to nitrite nitrogen ratio suitable for
the Anammox process.

Nitrite accumulation can be achieved by maintain-
ing the DO at low concentration since the Monod oxy-
gen saturation coefficients of the kinetics for nitritation
and nitratation are known to be 0.3 and 1.1 mg/Il,
respectively [14]. Reject waters are characterized by
a low alkalinity /ammonium ratio which would pro-
vide a partial nitrification [15]. The key parameter to

obtain partial nitrification is the bicarbonate/ammo-
nium ratio. The molar stoichiometric ratio for com-
plete nitrification is 2 mol HCO,/mol NH,*. This ratio
in reject water is about 1, which results in a natural
pH decrease when approximately 50% of ammonium
is oxidized. However, in our research the reaction
was maintained at 8 pH at the beginning of the reac-
tor cycle in an attempt to prevent inhibition of partial
nitrification at the level below 50% by excessive low-
ering of pH. In addition, a high pH favours the for-
mation of free ammonia (FA). A high concentration of
FA effectively inhibits nitrite oxidation, resulting in an
accumulation of nitrite.

In the present research, mixing phases were intro-
duced to the SBR cycle. The low DO concentration,
one-hour mixing phases and the presence of easily
degradable organic carbon in wastewater should fos-
ter heterotrophic denitrification, even more so since
the literature data indicate that the reduction of nitrites
requires less organic carbon compounds than nitrate
reduction in classic denitrification.

The main goal of this research was to determine
whether the application of low DO concentration and
pH regulation in a SBR during the real reject water
treatment would allow a properly constituted Anam-
mox influent to be obtained. In addition, it was checked
whether the low concentration of oxygen and alternat-
ing aerobic and anaerobic phases in the SBR favoured
denitrification. Moreover, we examined if, under
these conditions, biodegradable organic compounds
involved in reject water were used by activated sludge
for nitrate reduction.

2. Material and methods
2.1. Process configuration

The experiment was carried out in three SBRs,
each with a working volume of 5 I, operated in par-
allel. Before each series, the SBRs were seeded with
sludge from a municipal wastewater treatment plant
with simultaneous nitrification and denitrification.
The reactors were equipped with a stirrer with the
regulated rotation speed (50 rpm) and a controlled
air supply system. Air was supplied by porous diffus-
ers placed at the bottom of the tank. The amount of
air entering the sequencing batch reactors was auto-
matically adjusted to a stable set-point of 0.7 mg O,/L
The pH was maintained at the level of about 8 at the
beginning of the reactor cycle. The reactors were
operated at a temperature of 20°C. Total suspended
solid concentration varied from 4320 to 5720 mg
TSS/1, with VSS accounting for 65%.
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2.2. Experiment organization

During the experiment three series differing in volu-
metric exchange rate (1) were conducted (0.1 d, 0.3 d™
and 0.5 d™). In each series anaerobic sludge digester
supernatant was introduced to the reactors. The SBRs
were operated in a 24 h cycle mode. Each cycle consisted
of 8 following phases: filling, I aeration, I mixing, II aer-
ation, II mixing, III aeration, settling and decantation.
The lengths of the filling phase (0.25 h), settling (0.5 h)
and decantation (0.25 h) were stable for each series. The
lengths of each aeration and mixing phase were 7 h and
1 h, respectively.

2.3. Characteristic of anaerobic sludge digester supernatant

Anaerobic sludge digester supernatant was obtained
from open fermentation basins of the Municipal Waste-
water Treatment Plant in Olsztyn. Average values of
pollutant concentrations in anaerobic sludge digester
supernatant were: 1611.4 + 108 mg COD/L, 7289 +
49.8 mg N-NH,/L, 939.4 + 11.4 mg TKN/L. Organic
nitrogen comprised 22% of the total Kjeldahl nitrogen
(TKN). The value of the COD/N ratio of anaerobic
sludge digester supernatant was about 1.7.

2.4. Analytical methods

In each series the adaptation period lasted about 30 d
and was considered complete when the range of changes
of particular parameters in the effluent (COD, TKN,
N-NH,, N-NO,, N-NO,) within 7 d did not exceed
5-10%. At established effluent parameters, the research
was carried out to determine the COD removal rate,
ammonia removal rate and nitrification rate. In the
working cycle of the reactor, periodic sampling and
measurements of COD and nitrogen compounds were
performed.

Concentration of free ammonia (FA) (mg N /1) and free
nitrous acid (FNA) (mg N/I) were calculated as a function
of pH, temperature and total ammonium nitrogen (TAN),
for FA, or total nitrite (TNO,), for FNA [16 after 17]:

A = FliAHI\I where
1+ (107PH/KNH) 1)
KINH — 6344/(273+T)
FNA = TNO, o where
1+ (KN9/107PH) )
KNO _ ,-2300/(273+T)

2.5. Chemical analyses

Daily measurements of pollutant concentration in
the effluent from the reactors included: COD, TKN,

ammonia nitrogen, nitrites and nitrates. The activated
sludge was analysed for total suspended solids (TSS),
volatile suspended solids (VSS) and sludge volume
index (SVI). The analyses were performed according to
APHA [18].

3. Results and discussion

Changes in the ammonium concentration and forms
of oxidized nitrogen (NO,) in the SBR cycle in series 1-3
are shown in Fig. 1. Ammonium removal in the SBR cycle
proceeds according to zeroth-order kinetics that means
linear changes of ammonium concentration in time.

In parallel with increasing volumetric exchange
rate (n), the values of the rate constants of ammonium

| 4 ammonium < nitrite + nitrate aeration phase

(Y
=

500 -
=)
2 4004
x <
o <o
= 300<9<>°2 ooo‘)o r
pd 4“. g
3 00000
Iv 200 - * e *
<
pa
100 T T T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20 22 2
t[h]
b)
500
=)
E 400 P,
x *e
(Z) 300 ‘0003 & <O Lod
z %}00000 3‘2’0 .
3
I 200 A
<
pa
100 T T T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20 22 24
t[h]
c)
500
g
5 o
£ 4001 ®o,
5
Z 300 4
= 0003300 ¢
< 00
T . <o
T 2009560
zZ >
100 T

10 12 14 16 18 20 22 24
t[h]

Fig. 1. Ammonium removal and nitrite and nitrate formation
in the SBR cycle; a) series 1, b) series 2, ¢) series 3.
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removal increased; however, their values in the I aera-
tion phase were higher than those obtained in the II aer-
ation phase. Ammonium nitrogen concentrations in the
effluent were 223.1 mg N-NH, /1, 259 mg N-NH, /1 and
279 mg N-NH, /I atn of 0.1 d" (series 1), 0.3 d™' (series 2)
and 0.5 d™ (series 3), respectively.

The rate of ammonia removal in the I phase of
aeration varied from 1.46 mg N-NH,/g VSS-h at the
volumetric exchange rate of 0.1 d™! (series 1) to 5.58 mg
N-NH,/g VSS-h at the volumetric exchange rate of
0.5 d! (series 3) (Table 1).

Independent of the volumetric exchange rate,
ammonium nitrogen was oxidized to nitrite indicat-
ing that the II phase of nitrification was inhibited. In
the effluent the highest nitrate concentration (5.5 mg
N-NO,/1) was observed in series 1 at the volumetric
exchange rate of 0.1 d. In the remaining series nitrate
concentrations in the treated waters did not exceed
2 mg N-NO, /1, while the nitrite concentration was ca.
300 mg N-NO,/L

From Fig. 1 it can be seen that during the first 6 h of
aeration ammonium removal was not accompanied by
a simultaneous stoichiometric increase in the nitrite and
nitrate concentration. A part of the ammonium nitrogen
was probably used for a biomass synthesis. However,
taking into consideration the parallel decrease in the
concentration of organic compounds (Fig. 2) and the
low DO concentration in the aeration phase it can be
assumed that the loss of nitrogen also resulted from het-
erotrophic denitrification. This is supported by the fact
that all the organic compounds removed in the cycle
were eliminated at that time. It is known that anaerobic
sludge digester supernatant contains a high concentra-
tion of organic compounds. In the supernatant used in
the experiment only part of organic compounds was
biodegradable (COD - 1611 mg/1, BOD — 692 mg/1). On
the other hand, organic compounds expressed as BOD
were easily accessible to microorganisms as confirmed
by the high value of the rate constant of biochemical
oxygen demand removal (k=0.6 d™').

The BOD,/COD ratio in the reject water was ca.
0.43 meaning that the organics were recalcitrant. There-
fore, irrespective of the volumetric exchange rate, the
effectiveness of COD removal was low (about 54-59%)
corresponding to the high COD concentration in the
effluent of 728 mg COD/1 (n = 0.1 d™!) and about 660 mg
COD/1(n=0.3,0.5d™). An additional factor influencing
organics removal was the low DO concentration (below
0.7 mg O, /1).

Investigation of COD concentration changes in the
SBR cycle showed that this process proceeds according
to first-order kinetics.

Rapid loss of COD was observed during the first
two-three hours of the cycle, then the COD concentration

Table 1
The rate of ammonium nitrogen removal in series 1-3

Series Reaction rate (mg/l1h) Reaction rate (mg/g VSSh)
T aeration II aeration Iaeration II aeration
Series1  4.08 2.56 146 091
Series 2 11.97 7.60 4.36 2.75
Series 3 20.60 15.96 5.58 4.33
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Fig. 2. COD removal during the SBR cycle; a) series 1,
b) series 2, c) series 3.

remained at a nearly constant level (Fig. 2). The rate
constants of COD removal were in the range of 0.92-
0.76 h™.The lowest initial COD removal rate, ca. 33.8
mg/g VSS-h was observed at n = 0.1 d™', the highest -
101.9mg/g VSS -hatn =05d™".
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Table 2
Parameters in the effluent
n (d?) Effluent COD/TN  N-NH;:
N-NO
N-NH, N, N-NO, N-NO, COD 2
(mg/1) (mg/1) (mg/1) (mg/1) (mg/1)
0.1 2231+411 81.2+£209 321.0 £41.6 55+19 734 +£78.8 116 1:1.44
0.3 259.0 £20.8 52.0+21.0 340.5 £ 28.6 20+£13 654 £91.1 1.00 1:1.31
0.5 279.0 £44.2 49.0x£22.8 289.2 £32.6 21+07 659 £50.3 1.06 1:1.04
Table 2 summariz.es the efﬂgent parameters afte'r the 100 =N ——2os] T°%3
treatment of anaerobic sludge digester supernatant in an
SBR. At the limited oxygen concentration in the aeration 801 1025
phases (0.7 mg O, /1) and at the ammonium nitrogen con- Lo2
centration in the influent of ca. 730 mg N-NH, /1 limita- ~_ 60 Iy
tion of ammonium oxidation occurred. The nitrification =~ & + 0,15 @
efficiency was 16% at the volumetric exchange rate of " g0 2
0.1 d™*, while with increasing # the nitrification efficiency TO1
increased to about 43% at 1 of 0.5 d* (Fig. 3). Merely par- 20+ 1005
tial nitrification to nitrite was achieved that may result |_|
from an inhibitory environment caused by FA and FNA. 0 : : 0
The calculated values of FA and FNA showed that only 01 [Z'_?] 05

the concentrations of FA were >3.5 mg N-NH,/I - an
inhibitory value reported for nitrite oxidizing bacteria
(NOB) [17]. In the present study FA concentration was
on the level of 14.3, 21.1 and 26.4 mg N-NH, /L in series
1,2, 3, respectively. Concerning FNA, calculated concen-
trations were below 0.01 mg N—HNO, /1, and confronted
with the values of 0.06-0.85 mg N-HNO, /1, proposed
by Anthonisen et al., cannot be regarded as inhibitory
concentrations [17]. Thus, the low formation of nitrate in
the effluent might be explained by the FA inhibition of
NOB. Anthonisen et al. also reported an inhibitory effect
of FA in connection with ammonia-oxidizing bacteria
(AOB) that takes place in the FA range of 8.23-123.53 mg
N—-NH,/1 [17]. The percentage of AOB in total bacteria
in activated sludge was evaluated using fluorescence in
situ hybridization (FISH) and it was shown that AOB
fraction in biomass decreased from 0.24% to 0.08% with
the increasing volumetric exchange rate (Fig. 3).

A possible explanation for the declining AOB per-
centage in activated sludge is the FA values that suggest
a negative influence on the ammonia-oxidizing bacteria
community. A question arises as to why the nitrification
efficiency increased from 16 to 43% despite the decrease
in the AOB fraction of the biomass. It can be assumed that
with increasing n autotrophic nitrification was replaced
by heterotrophic nitrification. The higher the value of
n the more organic compounds were introduced to the
reactor. Compared to autotrophicnitrifiers, heterotrophic
nitrifiers require lower DO concentration, tolerate more
acidic environment and prefer higher C/N ratios [19].
It was proved that media supporting the growth of

Fig. 3. AOB percentage in activated sludge in relation to
volumetric exchange rate.

heterotrophic nitrifiers must contain organic carbon in
addition to nitrogen [20]. According to Patureau et al.,
despite the higher affinity of autotrophs for ammonium
compared to heterotrophs, the autotrophic nitrifying
activity decreased in the presence of organic carbon
sources, because of a higher heterotrophic cell number
and competition for oxygen and ammonium [21].

As mentioned above, nitrogen removal from the
wastewater was observed. The amount of nitrogen
used by activated sludge in the synthesis of biomass
and denitrification was determined. It was assumed
that all nitrogen introduced to the SBR is oxidized and
used for biomass production and that nitrite and nitrate
nitrogen obtained in nitrification in a given SBR cycle
and remaining in the reactor after the previous cycle
can be denitrified. With increasing volumetric exchange
rate the efficiency of nitrogen removal from wastewater
increased (Fig. 4). Similarly, Xu et al. obtained signifi-
cant heterotrophic denitrification (0.11 kg NO,—N/kg-d)
during urban landfill leachate treatment in SBR with
integrated partial nitrification and Anammox [22].

The efficiency of denitrification at the volumetric
exchange rate of 0.1 d™ was about 8%, while the amount
of nitrogen removed from wastewater in this process
was 27.4 mg N/1. With the increase in 7, the efficiency of
denitrification increased to reach 32.6% at the volumetric
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Fig. 4. Efficiency of denitrification (E-DN) and nitrogen
removal (E-N) (a), the amount of nitrogen removed by deni-
trification (N-DN) and for biomass synthesis (N-syn) (b) at
different volumetric exchange rate.

exchange rate of 0.5 d”', which corresponded to the
highest amount of nitrogen removed in this process
-133.7 mg N/1. In the present research, the main nitrifi-
cation products were nitrites. The ratio of organic com-
pounds to oxidized nitrogen formed at the beginning of
the SBR cycle (COD/N-NO)) was calculated. Data in
Table 3 show that,with increasing volumetric exchange
rate, the COD/N-NO, ratio increased from 3.01 to 8.1,
meaning the increase in the amount of available COD
per each gram of nitrite that favoured denitrification.
Heterotrophic denitrification effectively occurs at
a low concentration of oxygen and in the presence of
organic compounds. Henze showed that, to obtain
complete denitrification, the COD/N ratio in waste-
water needs to be sufficiently high [23]. For example,
42 g COD/g N with glucose as a carbon source is
required for nitrogen reduction. Theoretically, it has
been shown that, under anoxic conditions and with a
biodegradable organic substrate present in the waste-
water, COD consumption is 2.86 mg to reduce 1 mg
of N-nitrate. Since a combined nitrification/denitri-
fication proceeded, COD/N requirements in prac-
tice are higher (in the range of 5-10 g COD/g N) and

Table 3

The ratios of organics/N-NO_ achieved in the presented study

n (d™) COD/ COD/ BOD/
N-NO_* N-NO ** N-NO_**

0.1 3.01 3.54 2.55

0.3 393 4.05 2.86

0.5 8.10 3.59 2.62

Mean value - 3.73 2.68

*The values in the reactor at the beginning of the SBR cycle.
**The amount of grams of COD or BOD used per gram of N-NO_
reduced during the SBR cycle.

a minimum ratio of 3.5-4 g COD/g N appears neces-
sary [23]. Kuba et al. indicated that, with an influent
COD/N ratio <3.4 g COD/g N, an extra COD should
be added to remove residual nitrate [24]. Denitrifica-
tion of nitrites requires a lower amount of organic
compounds for the reduction of each gram of nitrites
in comparison with denitrification proceeding from
nitrates. In our research it was shown that indepen-
dently of the volumetric exchange rate for the reduc-
tion of 1 g of N-NO, an average amount of 3.73 g COD
(2.68 g BOD) is required.

The idea of coupling the partial nitrification with
Anammox process has been suggested as one of the
most economical processes [3,25]. However, Anammox
is not suitable for wastewaters with ratios of C/N > 1
since under these conditions Anammox bacteria are no
longer able to outcompete heterotrophic denitrifying
bacteria [26]. The anaerobic sludge digester supernatant
used in the study was characterized by a C/N ratio of
about 1.7 and the high ammonium concentration.

Application of limited oxygen concentration in the
aeration phase (DO < 0.7 mg O,/1) in the SBR cycle
favoured denitrification, that contributed to the use of
organic compounds. As a result, the ratio of COD/N
obtained in the effluent was ca. 1.

4. Conclusions

Treating reject water in the SBR at the low DO con-
centration in the aeration phase, results in great sav-
ings in aeration costs, and can be effectively used to
produce a 50/50 ammonium-nitrite mixture suitable
for a subsequent Anammox process. Our results dem-
onstrated the feasibility of the present technology as a
previous step in the Anammox process. An additional
advantage of conducting the process at low oxygen
concentration with a one-hour mixing phase is the
occurrence of heterotrophic denitrification — for n equal
to 0.5 d7, its effectiveness reached 32%.



K. Bernat et al. / Desalination and Water Treatment 37 (2012) 223-229

Acknowledgements

We are grateful for the financial support of the Min-

istry of Scientific Research and Information Technology
of Poland (Project No. N523 084 32/3351).

References

1
[2]

[3]

[4]

[5]

(6]

[7]

(10]

(11]

H.M. Janus and H.F. van der Roest, Do not reject the idea of
treating reject water, Water Sci. Technol., 35 (1997) 27-34.

H. Siegrist, D. Salzgeber, ]J. Eugster and A. Joss, Anammox
bring WWTP closer to energy autarky due to increased biogas
production and reduced aeration energy for N-removal, Water
Sci. Technol., 57 (2008) 383-388.

U. Van Dongen, M.SM. Jetten and M.C.M. van Loosdrecht,
The SHARON/ANAMMOX process for treatment of ammo-
nium rich wastewater, Water Sci. Technol., 44 (2001) 153-60.
C. Fux, M. Boehler, P. Huber, I. Brunner and H. Siegrist, Bio-
logical treatment of ammonium-rich wastewater by partial
nitrification and subsequent anaerobic ammonium oxidation
(Anammox) in pilot plant J. Biotechnol., 99 (2002) 295-306.
SW.H. Van Hulle, S. Van Den Broeck, . Maertens, K. Villez, BM.R.
Donckels, G. Schelstraete, E.LP. Volcke and P.A. Vanrolleghem,
Construction, start-up and operation of a continuously aerated
laboratory-scale SHARON reactor in view of coupling with
Anammox reactor, Water SA, 31 (2005) 327-334.

C. Hellinga, A.AJ.C. Schellen, ]JW. Mulder, M.C.M. van Loos-
drecht and ].J. Heijnen, The SHARON process: an innovative
method for nitrogen removal from ammonium rich wastewa-
ter, Water Sci. Technol., 37 (1998) 135-142.

M. Waki, T. Yasuda, K. Suzuki, T. Sakai, N. Suzuki, R. Suzuki,
K. Matsuba, H. Yokoyama, A. Ogino, Y. Tanaka, S. Ueda,
M. Takeuchi, T. Yamagishi and Y. Suwa, Rate determination
and distribution of Anammox activity in activated sludge
treating swine wastewater, Bioresour. Technol., 101 (2010)
2685-2690.

J. Yang, L. Zhang, Y. Fukuzaki, D. Hira and K. Furukawa,
High-rate nitrogen removal by the Anammox process with a
sufficient inorganic carbon source, Bioresource Technol., 101
(2010) 9471-9478.

A. Gali, J. Dosta, M.C.M. van Loosdrecht and J. Mata-Alvarez,
Two ways to achieve an anammox influent from real reject
water treatment at lab-scale: Partial SBR nitrification and
SHARON process, Process Biochem., 42 (2007) 715-720.

W. Zeng, Y. Peng and S. Wang, Startup operation and pro-
cess control of a two-stage sequencing batch reactor (TSSBR)
for biological nitrogen removal via nitrite, Desalin. Water
Treat., 1 (2009) 318-325.

T. Yamamoto, K. Takaki, T. Koyama and K. Furukawa, Novel
partial nitritation treatment for anaerobic digestion liquor of
swine wastewater using swim-bed technology, J. Biosci. Bio-
eng., 102 (2006) 497-503.

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

229

J.R. Vazquez-Padin, M. Figueroa, ].L. Campos, A. Mosquera-
Corral and R. Méndez, Nitrifying granular systems: a suitable
technology to obtain stable partial nitrification at room tem-
perature, Separ. Purif. Technol.,, 74 (2010) 174-186.

J.R. Vazquez-Padin, I. Ferndndez, N. Morales, ].L. Campos,
A. Mosquera-Corral and R. Méndez, Autotrophic nitrogen
removal at low temperature, Water Sci. Technol., 63 (2011)
1282-1288.

W. Jianlong and Y. Ning, Partial nitrification under limited
dissolved oxygen conditions, Process Biochem., 39 (2004)
1223-1229.

C. Hellinga, M.C.M. van Loosdrecht and ].J. Heijnen, Model-
based design of a novel process for nitrogen removal from con-
centrated flows, Math. Comp. Model. Dyn., 5 (1999) 351-371.
R. Ganigué, H. Lopez, M.D. Balaguer and J. Colprim, Partial
ammonium oxidation to nitrite of high ammonium content
urban landfill leachates, Water Res., 41 (2007) 3317-3326.

A.C. Anthonisen, R.C. Loehr, T.B.S. Prakasam and E.G.
Srinath, Inhibition of nitrification by ammonia and nitrous
acid, J. Water Pollut. Control Fed., 48 (1976) 835-852.
APHA-AWWA-WEEF, 1992, Standard methods for the examina-
tion of water and wastewater, 18th Edition.

HW. Zhao, D.S. Mavinic, W.K. Oldham and F.A. Koch, Con-
trolling factors for simultaneous nitrification and denitrifi-
cation in a two-stage intermittent aeration process treating
domestic sewage, Water Res., 33 (1999) 961-969.

E.D.R. Brierley and M. Wood, Heterotrophic nitrification in an
acid forest soil: isolation and characterization of a nitrifying
bacterium, Soil Biol. Biochem., 33 (2001) 1403-1409.

D. Patureau, N. Bernet and R. Moletta, Combined nitrification
and denitrification in a single aerated reactor using the aerobic
denitrifier Comamonas sp. strain SGLY2, Water Res., 31 (1997)
1363-1370.

ZY.Xu, GM. Zeng, Z.H. Yang, Y. Xiao, M. Cao, H.S. Sun, L.L. Ji
and Y. Chen, Biological treatment of landfill leachate with the
integration of partial nitrification, anaerobic ammonium oxi-
dation and heterotrophic denitrification, Bioresour. Technol.,
101 (2010) 79-86.

M. Henze, Capabilities of biological nitrogen removal pro-
cesses from wastewater, Water Sci. Technol., 23 (1991) 669-679.
T. Kuba, M.C.M. van Loosdrecht and J.J. Heijnen, Phosphorus
and nitrogen removal with minimal COD requirement by
integration of denitrifying dephosphatation and nitrification
in a two-sludge system, Water Res., 30 (1996) 1702-1710.
M.S.M. Jetten, S. Logemann, G. Muyzer, L.A. Robertson, S. De
Vries, M.C.M. Van Loosdrecht and J.G. Kuenen, Novel prin-
ciples in the microbial conversion of nitrogen compounds,
Anton. Leeuw., 71 (1997) 75-93.

A. Giiven, B. Dapena, M.C. Kartal, B. Schmid, K. Maas, S. Van
de Pas Schoonen, R. Sozen, HJ.M. Mendez, M.S.M. Op den
Camp, M. Jetten, L. Strous and I. Schmidt, Propionate oxida-
tion by and methanol inhibition of anaerobic ammonium-
oxidizing bacteria, Appl. Environ. Microb., 71 (2005)
1066-1071.





