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Abstract

In this paper, development and some characteristics of a novel nitrogen removal process named SNAP (Single-stage Nitrogen
removal using Anammox and Partial Nitritation) are presented. The SNAP process was developed on reactors packed with acryl-
resin fiber biomass carriers and seeded with nitrifying activated sludge during long-term partial nitritation. Continuous
experiments on synthetic landfill leachate containing 240 mg NH,-N// showed stable ammonium conversion of 85~90% and N-
removal of 75~80% at loading rate of 0.6 kg-N/m’/d. Operation of another reactor fed with 500 mg NFL-N// also confirmed the
treatment capability, with 80% N-removal at loading rates up to 1.0 kg-N/m*/d. SNAP was a less sludge producing process with
sludge yield of 0.045 mg-VSS/mg-N removed. MPN tests revealed the co-existence of aerobic ammonium oxidizers (AOB),
anaerobic ammonium oxidizers (anammox bacteria) and nitrite oxidizers (NOB) in the SNAP sludge. Nitrifiers closely relative to
Nitrosomonas europaea, Nitrospira sp. and anammox bacteria similar to KU2 and KSU-1 strains were identified in the SNAP
sludge by 16S rDNA analyses. AOB and anammox bacteria are dominant under operational conditions of the SNAP process.

Key words: anammox, landfill leachate, nitrogen removal, SNAP

1. Introduction

Conventional nitrogen removal technology is based on the combination of nitrification and denitrification
steps. The first step consumes large amounts of oxygen for oxidizing ammonium to nitrate while the second
step requires addition of external organic carbon source for reducing nitrate to dinitrogen gas. These
requirements make nitrification-denitrification systems expensive, especially for the treatment of high
strength ammonium wastewaters, such as digester supernatant and landfill leachate. It is known that
leachate from a mature landfill site or secondary-treated leachate contains relatively low degradable organic
matter but high ammonium nitrogen (Reinhart and Caroline, 1997).

Since discovery of anammox reaction in mid-1990s, development of novel nitrogen removal processes based
on the use of this reaction has gained much attention (Jetten ef a/, 2001). In this approach, ammonium is
converted ultimately to dinitrogen gas by two sequential reactions: partial nitritation {(equation 1) and
anammox (equation 2). The overall reaction of this process is given in equation 3.

2NH; +150, —NH," +NO, +2H' )
NH," +1.32 NOy — 1.02 N, +0.26 NOy™ + 2,0 @)
NH," + 0.850, — 044N, +0.11NOy + 143 1,0 + L14H" (3)

This approach eliminates the addition of external organic carbon source and reduces the requirement of oxygen
supply. Therefore, the novel processes have some advantages over the traditional nitrification-denitrification
process and was recognized as potential technology for high-ammonium and low-organic wastewaters such as
sludge digester effluent and landfill leachate (Jetten e i, 2001). Combination of the two conversion steps in
wholly autotrophic processes can be accomplished in separate reactors or in a single reactor. In the later
category, processes like OLAND (Oxygen-Limited Autotrophic Nitrification-Denitrification) and CANON
(Completely Autotrophic Nitrogen removal Over Nitrite) are widely known. The OLAND process was first
developed by the application of oxygen-limited condition to a sequencing batch reactor (SBR) seeded with an
enriched nitrifying sludge (Kuai er af, 1998). Afterwards, the OLAND process was described in a mixed
community biofilm of a lab-scale rotating biological contactor (RBC) (Pynaert ef af., 2003). The CANON
process was originally developed in a SBR using a specific start-up pattern consisting of anoxic inoculation
with anammox biomass followed by oxygen supply to develop nitrifying population (Slierkers ef al., 2002). To
date, numerous studies have been undertaken for improving the performance of wholly autotrophic nitrogen
removal process. Under oxygen-limiting conditions with high ammonium concenirations, the competition
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between ammonium-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB) is minimized. The use of
biomass carriers would increase the sludge retention time thereby increase the treatment efficiency of a wholly
autotrophic nitrogen removal processes. Some biomass carriers made of acryl-resin fiber have demonstrated
effectiveness in nitrification and partial nitritation processes in our previous studies (Furukawa er al, 2003;
Lieu et al, 2004). In this study, development of a single-stage nitrogen removal using anammox and partial
nitritation (SNAP) process and its performance during the treatment of simulated landfill leachate with an acryl
fiber biomass carrier were investigated.

2. Methods
Reactor and influent

Two identical 5-L reactors, named SN-2 and SN-3 and made of acrylic resin, were used in this study. Each
reactor, as shown in Fig 1, was designed to allow for control in HRT, pH, temperature and aeration rate. A net-
type acryl resin fiber material (BX, NET Co. Ltd., Japan) was used as the biomass carrier at package ratio of
10 g-material/L-reactor. Each reactor was seeded with 13 g (as S8) of nitrifying activated sludge. Synthetic
wastewater simulating pre-treated landfill leachate was used for feeding the reactors after start-up phase.
Composition of the influents used for the two reactors is shown in Table 1. Potassium hydrogen phthalate
(KHP) or mixture of KHP and humic acid (Hum) (m.p. > 300°C) at KHP-to-Hum ratio of 10:1 were used as
organic carbon additives to simulate landfill leachate.

Experimental plan

Both two reactors had operated more than 200 days of start-up and nitritation treatment phase before achieving
SNAP process. Ten experimental periods with various sets of operational conditions including HRT, pH,
temperature, and aeration rate were assigned to investigate the responses of SNAP performance in reactor SN-
2. Operation was extended to 5 periods for testing the process stability. Experimental conditions of these
periods are shown in Table 2. Reactor SN-3 was operated separately under the typical operational conditions
obtained from reactor SN-2 for investigation of performance at higher nitrogen loads and effect of influent
organic carbon on the SNAP process. Sludge samples were withdrawn from reactors at certain times
(operational days 127, 298, 333, 344, 442) for determination of MPN and bacterial composition.

MPHN tests

MPN tests for enumeration of AOB and NOB in the SNAP sludge consisted of 10-fold serial dilutions, from
10% to 107, in five culture tubes. The medium used in this study were adopted from Lipponen ez ol (2002).
Test tubes were incubated at 28.0 & 0.5°C for 30 days. After incubation, activities of AOB and NOB were
determined by bromothymol blue and Griess-Tlosvay reagents, respectively. The results were calculated as
MPN per g-VSS.

Table 1. Composition of synthetic influents (in mg/L)

Composition Reactor SN-2 Reactor SN-3

1. NH.Cl 916 (240 as N) 1908.5 (500 as N)
2. KILPO, 43 .4 43.4

3. NaHCO; 630 1480.5

4. KHCO; 750 1762.5

5. MgS0,.7H,0 328 328

6. CaCL.2H,0 2352 235.2

7. FeS0..7H,0 16 16

8. Na,. EDTA 16 16

9. KHP® 375 37.5~450

10. Humic acid 0 4.5~5.00

Fig.1 Schematic diagram of the reactor
@R HP: Potassium Hydrogen Phthalate (CeHsOK)
® A pplied in study on effect of organic carbon.
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Bacterial composition analyses Table 2 Experimental periods for reactor SN-2

. Operational conditions
16S rDNA analyses were performed to examine .

. . ep e . Period (i :
the existence of nitrifying and anammox bacteria eriod (term) I(%E;T ;l;gzperature pH ﬁt}mn rate
in the SNAP sludge. For anammox bacteria, a To-17) 5 35 73 010
simple analytical procedure was applied which 2 (18-31) 6 35 75 0.06
included DNA extraction, DNA amplification 5 35 45 g 35 75 0.06
with anammox specific primers, direct DNA 44667 8 35 78 0.06
sequencing and homology search using BLAST 5 (63-82) 10 35 78 0.10
at NCBI databases. The specific primers were 6 (33~88) 10 35 2809 010
Ana-5’  (5°-TAGAGGGGTTTTGATTAT-3")  7(89~103) 10 325 7.8 0.06
and Ana-3’ (5’-GGACTGGATACCGATCGT- 8 (104~113) 10 33 7.5 0.14
3’), whose sequences correspond respectively to 9 (114~127) 10 35 7.5 0.10
positions 811 to 828 and 1004 to 1022 in the 16S 10 (128~191)§"; 10 35 7.5 0.10
rDNA of anammox KSU-1 strain. For detection 11 (192-209 © - - - -
of nitrifiers, DNA was extracted and amplified 12 210~242)" 12~10  30~33 :/]; (0).(;?0. 10
with  bacterial  primer set  357F-534R 13 (243~‘3‘98) 6 33 ’ '

. . . 14 (299~322) 10 35 7.5 0.10
(corresponding to positions 341 to 534 in 16S 15 (3233400 10 35 73 0.10
DNA regions FE.coli), and GMSF-907R (used (323-34) < ’ '

. g -colt), 16 (345~464) 10 35 7.5~78 0.06~0.10

for amphfymg the '168 IDNA of members @ Not controlling pH but increasing influent bicarbonate
belonging to the domain Bacteria (Muyzer e al.,  ® dfier removing loosely attached sludge

1993, 1995). DGGE was performed for @ Restphase (Stop operation, store SNAP sludge in refrigerator)
amplified DNA fragments, excised bands were idj Restart-up reactor, operational conditions varied
sequenced, and sequences obtained were Stop operation, then restart within the day 344.

searched for homologies.
Chemical analyses

Determinations of NOx-N and NOs-N were in accordance with Standard Methods (1999), by using the
colorimetric method (4500-NO; B) and UV screening method (4500-NQj3” B), respectively. In case of NO3-N
determination, the interference of NO;” was quantified experimentally by using NO3-N standards added with
known concentrations of NO,-N. A modification of the standard phenate method was applied for NH4-N as
reported by Kanda (1995). Absorbance was measured using a U-2010 Spectrophotometer (HITACHI). A
Mettler 320 pH meter (TOLEDO) was used for measurement of pH. TOC was quantified using a TOC-5050
Analyzer (SHIMADZU) and DO was measured with a 782 Oxygen Meter (STRATHKELVIN
INSTRUMENTS). Alkalinity was determined using titration method (2320.B-, Standard methods).

Time before SNAP phase (days)

-82 -78 -74 70 -66 -60 -36 -52 -48 -44 -40 -36 -32 -28 .24 -9
3. Results and discussion 100 T T gy 90
l-¢-— NHA4-N conversion —X—Eff NO3-N -0 N-loss (%)¥ gc% Oé
7 hd
Development of the SNAP process 80 ' 7

60

in
<

The reactor SN-2 had operated with
influent containing organic carbon
(TOC = 25~30 mg/l) to achieve
partial nitritation for about 240 days
after starting-up (Lieu et al, 2004).
Nitrogen balance was insignificant.
during this nitritation phase. Then o

. Operation time from start-up (days)
n.ltrogen losses more than 80% ‘and Fig. 2 Occurrence of anammox reaction at the end of partial
simultaneous removal of ammonium nitritation phase in reactor SN-2.
and nitrite were observed as shown in
Fig.2. Sludge color turned from dark yellow to reddish. It was suggested that anammox bacteria grew together

40

Lo
<

NH4-N conversion (%);
Eff.NO3-N (% of Eff.T-N)
Nitrogen loss (%)

20

10

0 -10

189 193 197 201 205 211 215 219 223 227 231 235 239 243 247 253 262
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with AOB in the sludge attached on biomass carrier. A single-stage nitrogen removal using anammox and
partial nitritation (SNAP) process was established.

Performance of the SNAP process under various operational conditions

The variations in ammonium conversion, N-removal and effluent nitrate concentrations during 10 experimental
periods of SNAP phase are shown in Fig.3. Higher values of ammonium conversion and N-removal were
obtained with longer HRTs (periods 5~10). This can be understood considering low growth rates of AOB and
anammox bacteria. The SNAP process performance was enhanced when pH increased from 7.5 to 7.8 (period
3 to period 4), but not higher than 8.0. Both ammonium conversion and N-removal decreased at pH equal or
greater than 8.0 in period 7, possibly due to the inhibition of AOB and anammox bacteria by higher free
ammonia concentration. An increase in aeration (period 8) made ammonium conversion increasing, but also
did effluent nitrate concentrations, This might be due to the favored condition for nitrite oxidation at higher
oxygen concentrations (bulk DO in this period was about 2.2 to 2.5 mg/L compared to 0.5 to 2.0 mg/L in other
periods). Higher N-removals were obtained at 35°C than at 32.5°C. The changes in both HRT and aeration rate
from period 4 to period 5 led to a pronounced change in SNAP performance. The best SNAP performance was
obtained in period 5 with the average ammonium conversion of 88.1 + 3.1% and N-removal of 78.5 + 2.8% (n
= 15). The operational conditions in this period were 10 h HRT, 35°C, pH 7.8 and 0.10 vvm aeration rate.

After removing loosely attached sludge from reactor SN-2 on day 128, ammonium conversion and N-
removal continuously decreased, then ammonium conversion was almost stable around 65% while N-
removal varied and dropped to about 20%. The existence of loosely attached sludge and amount of sludge
in the reactor seemed to have an effect on process performance. Comparison of the SNAP performance
with other single-reactor autotrophic processes is made in Table 3. Ammonium conversion and N-removal
of the SNAP process are higher, in terms of percentage, and much higher, in terms of loading rate, than the
original CANON and OLAND processes. A modified OLAND process on RBC showed a little better
performance. The CANON gas-lift reactor could operate at a congiderably higher loading rate than other
processes, but both ammonium conversion and N-removal on a percentage basis were still low. These
parameters are important for evaluation of treatment efficiency. Performance data of extended periods in
comparison with previous ones having the same operational conditions are shown in Table 4.

In general, there were no significant differences in ammonium conversion and nitrogen removal
efficiencies being observed. Data obtained in extended periods were a little higher than those obtained in
the previous ones. This fact may be attributed to the long-term adaptation and compositional optimization
of the SNAP sludge. Average ammonium conversion of 89.2 £ 6.2% and N-removal of 76.3 = 7.2% were
obtained for 60 days of operation under conditions of 35°C, pH 7.5~7.8, 0.06~0.10 vvm aeration rate at
loading rate of 0.6 kg-N/m’/d.

@ NH4-N conv. X N-removal A EENO3-N

2 3

100 L

NH4-N conv., N-removal (%),
Effluent NO 3-N (mg-N/L)

0 13 25 37 52 71 8 9 107 119 131 153 177

Time (days)
Fig. 3 Effects of operational conditions on the SNAP process performance (reactor SN-2).

— 326 —



Table 3 Performance data of SNAP and other single-reactor processes

Loadingrate  NH,4-N conversion N-removal
System (g-N /rgn 3d) e N/ " TN ” Reference
SNAP (SN-2) 058 051 81 045 785  This study
SNAP (SN-3) 1.00 0.66 65.9 0.56 56.3  This study
CANON (SBR) 0.131 0.075 57.2 0.064 48.9  Slierkers et al., 2002
CANON(Gas-lift) 370 150 420 144 390 - SHerkerseral. 2003
OLAND (SBR) 0.25 0.07 26.2 0.04 15.2  Kuai and Verstraete, 1998
OLAND RBC) 1189 1135 955 1058 89.0  Pvnaerteral. 2003
Table 4 Stability in performance of the SNAP process (reactor SN-2)
~Period 1 . Period 13 Period 9 Period 14 - Perigd 5" “Period 15
NH,N conversion, % 522%24  389%52 770224 764112  881%31 89862
N-removal, % 449428 51.45:,4.8/ 60.9+1.7 63.4+10.8 £ 785+28  TI4£T3

In reactor SN-3, the SNAP process occurred from day 200 after which N-removal continuously increased. The
50-day averages for ammonium conversion and N-removal were 659 + 12.0 % and 563 = 122 %,

respectively. The highest N-removal of about 80% was obtained in several days at an applied loading rate of
1.0 kg-N/m’/d.

SNAP process with influent containing organic carbon

Figure 4 shows the performance of the SNAP process in reactor SN-3 before and after adding organic
carbon to the influent with a TOC/NH,4-N ratio of 0.10-0.15 at a nitrogen loading rate of 0.6 kg-N/m®/d.
These results show that both ammonium conversion and nitrogen removal efficiencies were increased after
organic carbon was added. The average ammonium conversion and nitrogen removal efficiencies during
the last 60 days of operation were 93.7 = 5.6 % and 84.4 + 6.9 %, respectively. The maximum efficiencies
were 100 % and 94.8 % for ammonium conversion and nitrogen removal, respectively. The average
influent TOC was 30.0 + 2.5 mg/L and average effluent TOC was 7.3 £ 0.7 mg/L, resulting in an average
TOC removal of 75.7%. An important observation was that effluent nitrate concentrations were almost
unchanged after adding organic carbon. This indicates that denitrification did not occur and the anammox
reaction was maintained. Thus, the increase in nitrogen removal might be attributed to denitritation by
denitrifiers or unknown microorganisms.

Data on TOC removal (average reduction of 22.7 mg/L) and nitrogen removal (average 84.4% of 240 mg-
N/L) demonstrate a ratio of 0.11 mg-TOC/mg-N removed for this experiment. The theoretical carbon
requirement for denitrification was estimated to be about 1.1 mg-TOC/mg-N (Tchobanoglous ez al., 1991;
Kayser, 2005). The carbon requirement for

denitritation is 60% of denitrification, or about 0.7 | & NH4-N conv. © N-Removal X EENO3-N|
mg-TOC/mg-N. Thus, the TOC consumption in

x -r———rﬂn“ 2 T
this experiment roughly corresponded to 1/7 of the ‘—;T a 1:2 &g pefang éoomgogzsoooogsoﬁlsi:ag:,ﬂ
total nitrogen removal . This means denitritation 2 ® o 000 %% 7 00 000
had contributed about 14% to the overall nitrogen & z‘j 60 :
removal when the SNAP process operated with f g 40
influent containing organic carbon. This value is 58 20, xx)r“ - X%wxw*xw o
very consistent with the increase in nitrogen ; 0 RIS p i

removal efficiencies after adding the KHP-Hum 20 -0 0 10 20 30 40 50
mixture. Compared with sludge from a reactor fed orgc | Time (days)
with influent that was free of organic carbon,

aerobic activity was almost unchanged whereas Fig. 4 Performance data of reactor SN-3 before and
after adding organic carbon to the influent.
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anaerobic activity increased by a factor of 1.5. The ratio of
nitrite consumption rate to ammonium consumption rate was
1.28. These results support the conclusion that anammox
bacteria are not strongly suppressed by the presence of
organic carbon in the influent. However, the mechanisms of
nitrogen removal in this case are thought to be very
complicated, via a combination of various processes such as
nitritation, heterotrophic denitritation, anammox and others.
Figure 5 shows a suggestion of nitrogen removal
mechanisms when the SNAP process operated with influent
containing semi-refractory organic carbon. The limitation
level of TOC/NH4-N with positive effect to the SNAP
performance should be futher considered.

Partial | + O,
nitritation

NOy

dmmmmm g

+
S
1

+ Org-C

Anammox Denitritation
86% 14%
N,
Fig. 5 Nitrogen removal mechanisms for the
SNAP operation with influent

Characterization of SNAP process and sludge . .
containing organic carbon.

DO and alkalinity consumption

The bulk DO of reactor SN-2 and SN-3 varied between 0.5 to 2.5 mg/L, while the DO inside biomass
carrier block and close to biomass surface was consistently almost zero. These DO values indicated the
oxygen-limited condition. Although changes in air flow rate clearly affected liquid circulation, DO levels
did not changed significantly. Alkalinity consumption during the SNAP phase was calculated as 3.50 *
0.78 mg CaCOs/mg NH4-N converted or 42 + 1.0 mg CaCOs/mg-N removed. These data are in good
agreement with the theoretical value (4.07 mg CaCOs/mg-N removed). The alkalinity consumption in
SNAP and other wholly autotrophic processes was about half of the theoretical value for nitrification or
nitritation (7.1 mg CaCOs/mg NH4-N converted). Saving in alkalinity consumption is also an advantage of
wholly autotrophic processes together with the saving in oxygen demand.

Sludge concentration and sludge yield

During the steady operation, sludge concentration in reactor SN-2 was determined to be about 7.0 g-SS/L-
reactor or a specific sludge attachment of 0.52 g-SS/g-biomass carrier. This is an advantage of acryl-fiber
material to carry large sludge amount and maintain high sludge concentration. Based on the mass balance,
sludge yield of SNAP process was calculated to be as low as 0.045 mg-VSS/mg-N removed. Sludge age of
the SNAP process was estimated as 189 d. As a low sludge production process, the handling of excess
sludge would thus be minimized. Corroboratively, only a small amount of excess sludge was removed from
reactor SN-2 after about 200 days of operation, which was almost consistent with the calculated value.

Bacterial compsition of the SNAP sludge

Table 5 shows the results of 16S rDNA analysis for anammox bacteria. Anammox bacteria similar to the
KU2 strain were detected in all sludge samples from reactors SN-2 and SN-3 and a bacterium identified as
a KSU-1 strain was detected in a sample from reactor SN-2. These anammox strains were previously
detected in column reactors packed with a non-woven biomass carrier in our laboratory (Fujii ef al., 2002;
Imajo ef af., 2004). It was found that all sequences homologizing with KU2 bacterium also homologize at
same identities with planctomycete KOLL2a strain, which is detected in a RBC treating ammonium-rich
leachate (Egli ef af., 2001).

Results of BLAST searches for sequences of excised DGGE bands with respect to nitrifiers are summarized
in Table 6. The existence of Nitrospira in samples SN-2 (day 442) and SN-3 (day 335) was confirmed later
on by DGGE analysis with modifications in denaturant gradient and polyacrylamide gel to overcome the
runoff and elution of amplified DNA fragments. Microorganisms close to Nifrosomonas europaea and
Nitrospira sp. were identified as the bacteria responsible for oxidizing ammonium and nitrite, respectively,
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Table 5 Homology search results for sequences amplified with anammox-specific primers

Sample Highest homology (Accession No.) Identity (%)
SN-2 (day 335) Uncultured anoxic sludge bacterium KU2 (AB054007) 104/105 (99%)
SN-2 (day 344) Uncultured anoxic sludge bacterium KU2 (AB054007) 116/116 (100%)
SN-2 (day 442) Planctomycete KSU-1 (AB057453) 116/116 {100%)
SN-3 (day 344) Uncultured anoxic sludge bacterium KU2 (AB054007) 131/131 (100%)
SN-3 (day 442) Uncultured anoxic sludge bacterium KU2 (AB054007) 105/106 (99%)

Table 6 Homology search results for sequences amplified with bacterial primers with respect to nitrifiers

Identity (%)
99/104 (97%)
515/531 (97%)
446/464 (96.1%)
524/533 (98.3%)
528/537 (98.3%)

Sample Highest homology (Accession No.)
All SN-2 and SN-3  Nitrosomonas europaea (AJ245759)
SN-2 (day 442) Nitrosomonas europaea (BX321856)
SN-2 (day 442) Nitrospira sp. clone b2 (AJ224038)
SN-2 (day 442) Nitrospira sp. clone b30 (AJ224041)
SN-3 (day 442) Nitrospira sp. clone b30 (AJ224041)

in the SNAP process. From results of the MPN tests, as shown in Fig. 6, concentrations of Nitrosomonas

europaea were always much higher than that of
Nitrospira sp. in the SNAP sludge. This means the
complete inhibition of Nitrospira sp. was not achieved.
All of the above results of bacterial analyses revealed
the co-existence of anammox bacteria, AOB and NOB
in the SNAP sludge that are consistent with activity
tests and MPN tests. In the CANON process, presence
of Nifrobacter and Nifrospira was detected and
interaction and competition between these groups of
bacteria were suggested (Third ef ¢/, 2001). In the
OLAND process, the existence of small numbers of
NOB was also assumed and then demonstrated with
the presence of predominant AOB (Nitrosomonas-like)

1.0E+10

1.0E+08

MPN/g-VSS

1.0E+02 ~

1.OE+00

Fig. 6 MPNs of AOB and NOB in the seed and
SNAP sludges versus time.

5

1

2
:

1.0E+04 -

Day 298

Day 344

and anammox bacteria (close relatives to Ca. Kuenenia stuttgartiensis) (Pynaert ef /., 2003).

4. Conclusions

From the results of this study, the following conclusions were drawn:

During long term partial nitritation treatment, anammox bacteria grew inside of the sludge attached on
the acryl-fiber biomass carrier and enabled the short-cut conversion of ammonium to dinitrogen gas
using only one reactor. This novel removal process was named as Single-stage Nitrogen removal using
Anammox and Partial nitritation (SNAP).

Continuous studies proved good treatment performances of the SNAP process for nitrogen removal
from synthetic landfill leachate containing high levels of ammonium (up to 500 mg-N/L) and other
inorganic salts. The SNAP process achieved a stable nitrogen removal of about 80% at loading rates of
0.6 kg-N/m*/d. Similar removal rates was also obtained at higher loading rates up to 1.0 kg-N/m®/d.
The presence of semi-refractory organic matters in the influent at TOC/NEL-N ratios of 0.10 - 0.15 did
not affect the SNAP performance, even a little increase in removal efficiency was observed.
Denitritation was estimated to occur and contribute to the nitrogen removal process.

Coexistence and symbiosis of aerobic and anaerobic ammonium oxidizing bacteria on acryl fiber
carrier was the key concept of the SNAP process. Three groups of bacteria including AOB, which are
close relatives of Nifrosomonas europaea, NOB, which are close relatives of Nifrospira sp.; and
anammox bacteria, which are close relatives of KU-2 and KSU-1 strains were observed in the SNAP
sludge. AOB and anammox bacteria were dominant and play the key roles in SNAP process.

— 329 —



References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Egli K., Fanger U., Alvarez P.JJ., Siegrist H., van der Meer JR. and Zehnder A.JB. (2001).
Enrichment and characterization of an anammox bacterium from a rotating biological contactor
treating ammonium-rich leachate. Arch. Microbiol.,, 175, 198-207.

Fujii T., Sigino H., Rouse J. and Furukawa K. (2002). Characterization of the microbial community in
an anaerobic ammonium-oxidizing biofilm cultured on a nonwoven biomass carrier. J. Biosci.
Bioeng., 94 (5), 412-418.

Furukawa K., Duong N.T.H.,, Bach L.T. and Nhue TH. (2003). Nitrification of groundwater
contaminated with NH," using a novel acryl resin fiber for biomass attachment. In Proceedings of
4th General seminar of the Core University Program, JSPS (Japan) and NCST (Vietnam), Osaka,
Japan.

Imajo U., Yasui H., Ishida H., Fujii T., Sugino H. and Furukawa K. (2004). Detection and enrichment
of anammox microorganisms from activated sludges (in Japanese). Jowrnal of Japan Society on
Water Environment, 27 (6), 413-418.

Jetten ML.S.M., Wagner M., Fuerst J., van Loosdrecht M., Kuenen G. and Strous M. (2001).
Microbiology and application of the anaerobic ammonium oxidation (‘anammox’) process.
Current Opinion in Biotechnology, 12, 283-288.

Kanda, J. (1995). Determination of ammonium in seawater based on the indophenol reaction with o-
phenylphenol (OPP). Water Res., 29 (12), 2746-2750.

Kayser R. (2005). Activated Process. In: Environmental Biofechnology, Concepts and Applications,
Jordening, H.J. and Winter, J. (Eds.), Wiley-VCH GmBH&Co. KGaA, Weinheim, p.93.

Kuai L. and Verstracte W. (1998). Ammonium Removal by the Oxygen-Limited Autotrophic
Nitrification-Denitrification System. Appl. Environ. Microbiol., 64 (11), 4500~-4506.

Lieu P K., Tokitoh H. and Furukawa K. (2004). Partial nitritation of synthetic landfill leachate in an
attached immobilized reactor with acryl fiber biomass carrier. In Proceedings of the 2nd Seminar
on Environmental Science and Technology Issues related to the Urban and Coastal Zones
Development, Ha Long (Vietnam), 192-199.

Lipponen M.T.T., Suutari M.H. and Martikainen P.J. (2002). Occurrence of nitrifying bacteria and
nitrification in Finnish drinking water distribution systems. Water Res., 36, 4319-4329.

Muyzer G., de Waal E.C. and Uitterlinden A .G.(1993). Profiling of complex microbial populations by
denaturing gradient gel electrophoresis analysis of polymerase chain reaction-amplified genes
coding for 168 rRNA. Appl. Environ. Microbiol., 539 (3), 695-700.

Muyzer G., Teske A, Wirsen C.0O. and Jannasch H.W. (1995). Phylogenetic relationships of
Thiomicrospira species and their identification in deep-sea hydrothermal vent samples by
denaturing gradient gel electrophoresis of 16S rDNA fragments. Arch. Microbiol., 164, 165-172 .

Pynaert K, Smets B.F.,, Wryffels S., Beheydt D. Siciliano SD. and Verstraete W. (2003).
Characterization of an autotrophic nitrogen-removing biofilm from a highly loaded lab-scale
rotating biclogical contactor. Appl. Environ. Microbiol., 69(6), 3626-3635.

Reinhart D.R. and Caroline I. G. (1997). Analysis of Florida MSW Landfill Leachate Quality. Project
Report #97-3. Civil and Environmental Engineering Department, University of Central Florida.
Slierkers A.O, Derwort N., Gomez JL.C., Strous M., Kuenen J.G. and Jetten M.S.M. (2002).
Completely autotrophic nitrogen removal over nitrite in one single reactor. Water Res., 36, 2475-

482,

Slierkers A.O., Third K.A., Abma W., Kuenen J.G. and Jetten M.S.M. (2003). CANON and Anammox
in a gas-lift reactor. FEMS Microbiol. Lett., 218, 339-344,

Standard Methods for the Examination of Water and Wastewater (1999). 20th edn, American Public
Health Association/American Water Works Association/Water Environment Federation,
Washington DC, USA.

Tchobanoglous G., Burton F.L. and Stensel H.D. (1991). Wastewater engineering: treatment, disposal
and reuse. Metcalf & Eddy, Inc., McGraw-Hill, USA.

Third K. A., Sliekers A.O., Kuenen J.G. and Jetten M.S.M.(2001). The CANON system (completely
autotrophic nitrogen-removal over nitrite) under ammonium limitation: interaction and
competition between three groups of bacteria. System. Appl. Microbiol., 24, 588-596.

330 —



