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Nitrogen removal from wastewater is essential for avoiding eutrophication of closed water bodies. Although nitrogen in
wastewater is biologically treated by combinations of nitrification and denitrification, these conventional processes have several
problems such as energy requirement for aeration and external carbon demand. In contrast, the anaerobic ammonium oxidation
(anammox) is an innovative nitrogen removal process that requires less energy and external carbon compared with the
conventional processes. Aanammox is a biological reaction in which ammonium is oxidized to nitrogen gas using nitrite as the
electron acceptor. However, the anammox process generally requires an additional heating system to maintain the reactor
temperature at 30-37°C for efficient nitrogen removal. Therefore, development of the anammox process applicable at ambient
temperature is desired. The purpose of this study is enrichment of anammox bacteria at low temperatures and its characterization
for future applications to the practical nitrogen removal processes without any additional heating system. This Ph.D thesis is
composed of the following five chapters.

In chapter 1, current situations of water pollution caused by nitrogen, the conventional nitrogen removal process, and
discovery, history, and current obstacles of the anammox process were reviewed.

In chapter 2, the start-up of lab-scale anammox reactors packed with a nonwoven fabric material was attempted at 20°C using
various inoculum sources. The reactor Low-R1 was inoculated with activated sludge sampled in Kumamoto, a temperate region of
Japan, while Low-R2 with activated sludge obtained from Hokkaido, a subarctic region. Low-R3 was inoculated with
groundwater microorganisms sampled from Kumamoto. After 800 days from the start-up of the reactors, Low-R1 and Low-R2
achieved high nitrogen removal rates (NRR) of 0.64 kg-N/m®/day at 20°C with the typical anammox reaction stoichiometry.
Although NRR increased to 0.38 kg-N/m3/day also in Low-R3 after 700 days, the stoichiometrical analysis indicated the
simultaneous occurrence of anammox and nitrification. It can be said that anammox bacteria which can grow at ambient
temperature are ubiquitous in the environment and that their enrichment is possible.

In chapter 3, the temperature dependence of the anammox activity of was investigated. The specific anammox activity (SAA)
of Low-R1 and Low-R2 had peaks, respectively, of 2.8 at 25°C and 4.2 mg-N/g-VSS/h at 30°C, respectively, and dropped over
the optimum temperature. Also the SAA of Low-R1 and Low-R2 was higher at 10-25°C and 10-30°C, respectively, than that of
an anammox reactor operated at 35°C (Mod-R). The apparent activation energy of Low-R1, Low-R2 and Mod-R was 107 (10—
25°C), 73 (10-30°C) and 89 kJ/mol (10-35°C), respectively. In phylogenetic analysis, Candidatus Kuenenia stuttgartiensis
dominated in Mod-R, Low-R1 comprised of Ca. K. stuttgartiensis, Ca. Brocadia caroliniensis, Ca. B. fulgida and uncultured
anammox- or planctomycete-like bacteria. Low-R2 was comprised of various uncultured anammox- or planctomycete-like
bacteria. The results suggested that the enrichment of anammox bacteria at low temperature is expected to be an effective strategy
for anammox applications under a wide temperature range.

In chapter 4, a mathematical model was developed for predicting the nitrogen removal performance using Low-R1, Low-R2
and Mod-R under temperature variations of 10-35°C. The specific growth rate of anammox bacteria in Low-R1 and Low-R2 was
characterized by a temperature function with minimum, optimum, and maximum temperatures, while Mod-R was expressed by
the exponential model. Simulation results showed that considerable drops of nitrogen removal were commonly observed for all
the reactors at lower temperature period, and additionally at higher temperature region only for Low-R1 under temperature
fluctuation. Low-R2, which has high anammox activity under a relatively wider temperature range, can be practically applicable.

In chapter 5, this study was summarized and conclusions were shown. It was concluded that enrichment of the anammox
bacteria at low temperature is an effective step for their practical applications for efficient nitrogen removal. Knowledges
obtained in this study would contribute to development of more low-cost and energy-saving nitrogen removal technologies using
anammox in future.




#R 7
B EOMEOEE RO Y

K4 ( (. )
() K 4
E# Bt T
WOCEANE | @& i #ilE %
Bl # Ui AT
Bl # Ui R
MXBEORERDOEE

PHSEMEKIR D & R BAL ZBI LT D7 DI, THAKPOEREZRET HZ ENEETH L0, BUROM L —IZEIC &
DEFZMET AT RVF—LHBETHY | SNBRFBIIRMBRD 5N LB EFmaAA N R LBERH D, 20
HACKICFE R STk T o F =7 FRfk (anammox) (X, Z D X 9 22l A KIBICIKRET 2 2 & O TE 2 WEBHHMAE
MG TH DN, THE TOFFITIE 30-37C & ) RIERIK CORBWEEZ/RT 2 LML, £ OF| At
FHIRSHTWD, AFRCiE, 20CHTE DOKIRIZIB W T ORI RERREMERZ R L, TKLE R &~ R 72
FIFA 23 [ BE72 anammox 7' 1 & A DIEEE A B8 L7 TR O R E B £Ld2bDTH D,

B 1B, KRCOBRERRA v had s g THY, RIBEBTOHIKRD anammox DR ZPIFEIZ L7295 2T,
WHFED HE & REIZE ~ TV D,

%2 BT, BEAR X OULEE O YK LB o> S B L 72 TEMETG TR & . REAR O T /K B SR DA W BESE 2 il &
LT, 20°C &9 EEEIRIE C anammox U 77 # — DN H EIF R ATV D, ZORKBE, 2EE< ORYBZ2E LY
DO, ATHOREFEND b 20CIZIB VTR 7R anammox UG & R HEBEREAMETE L L LML TN D, F
7o, HUFKIAEMREED DITZERIENEEZ R T REMETE RN o722 N0 IR TEERIKER anammox Y 7
72— ORI, EYRMEEROBRPEZE TH L EBLELTWD,

%3 ETIE, IEHEROOREE SN 2 MOMKIER anammox R (KIEAERR) 1I2OWT, EHEBREMEDOIR
FEARIEMEZ B ST 2 & & b, MEMBEOMYT 24T\, 35 CTHRME NI O IR anammox HFH%R (T
IRBMERER) & DN S ZORMEH LI LTS, ZORF T, KIRBER R XM b AR T (10-25°C)
WHBWT, FIRBERRL Y bEWERREERZE T2 L 2R L TV D, FRCREARDOYKLIRERR 7> HEREL L
ToIEMEIG TR RO ERRIT, 30CITB W TS MRMERRICH 2 EHRREMREL RL, MO THAHTHLIZLEHS
ML TS, Fio, RBRERMRIL, PIRBERR TIIES LT, 487 anammox MIEHIC &L - THERLS LT
WD ZEEBILMNIZL, ZHETHMOLN TR 72 KIRS anammox M #E D FEFEO— ik 2 M L T\ 2,

B4 ETIE, TRETIHEONT =X 2 HNT, BFET /MK VIRER anammox V 727 % — (IKIREL ) 77 %
—) LK DEHFREREER L, LIRERICKIETUIKEOREZ S I 2L —a VI VFHiL TWd, Z DR
B RRALY 7o 2 —i%, TARQUENTON 2 —EI72ABEKIE TIZB8W T, FIRE anammox U 7 7 & — (HiRAY
U7 7 &—) X0 b@EWERBREEREZENICOR LA Z &, WIS, 10-25°COLERIRE DA B3 L Crd iRl
VT 0BT D DR EMEE R LUED Z L EBALMILTWD, —F, 30°CLL Lo SR CAMIEEN LT T 5
LElid, RBOREENKONDLIGBERH LM, HTREERHZEST2Z2L T, HOBREOLZEREZMND Z &
ZHONCT 572 8 RIRA amammox I 7 v & A OFRE - W HICH ST MR EZIRR L TV D,

5 W TR, A SLOMTEHROBIEZTTV, 20CO K 5 2R FIZB W TS anammox U 77 2 — DA FIRET
&Y | anammox % TAKMIRE~b LHFIZHEH TE 2 AREMEL+0I10dH 5 LT TV o,

ko X Hic, Rimstid, wmELFES%H, K anammox 12 X 2 BHEREHITORRBICKWICEBRT kA2 5ER L
TW5, Lo TARmIUIH LR E LTlED 5 6D LB 5,




