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Mechanism of Nitrous Oxide Production by High-Loading Activated Sludge
with Intermittent Aeration under Organic Carbon Limiting Conditions

IR, TEARH", BREE"
Hiroki ITOKAWA™, Keisuke HANAKI® *, Tomonori MATSUO*

ABSTRACT; The mechanism of nitrous oxide production by high-loading activated sludge with intermittent aeration under
organic carbon limiting conditions was investigated. Three laboratory scale reactors with different influent COD/N ratios were
operated to examine the effect of organic carbon limitation on N20 production. The N tracer method was used to distinguish
the contribution of nitrification and denitrification on N20 production under small COD/N ratio operation. N20 reduction
activity of the sludge withdrawn from the reactors was measured. Batch experiments to investigate the effects of initial COD/N
ratio and nitrate concentration were also conducted. In laboratory scale reactors, a large amount of N20O was produced with
N20 conversion of 20-50% in the reactors with small COD/N ratios. By the >N method, denitrification in the anoxic phase
was suggested to be the principal source of the N20 produced. N20 reduction activity was not a limiting factor of the N20O
production. Organic carbon limitation for denitrification at the latter period of anoxic phase caused by a high ratio of
consumed COD to consumed NO3-N seemed to be the regulating factor for the N20 production. Accumulation of NO3-N was
also shown to enhance N20 production by denitrification under organic carbon limiting conditions.
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C BERV0EFAFHEFELCL, HEY Table 1_Operating conditions of the laboratory scale reactors

Euur#r 35 ZEIZE W FAFIA~COCODN Reactor A B ¢
B ZNEN24. 34, 56052 L7 Aerobic: Anoxie | 40:20(0-108) [ 40:20 (0-10 8y [ 40:20(0-10 . 57 )
3HI—E. SHBONORES 1 44 4 [min:min] 30:30(10d-) |30:30(10d-) | 30:30(10-41 d)

N ’ 45:15(41-57d)
NORFEREICHEL. SRERASRKILE PH Control 65-7.5 65-7.5 65-7.5
&7)\6_1‘*)‘»{711/*:‘17LV)0)N207?251;_%§$ HRT [d] 4 4 4
L7z E8RERGEESORIOMS A A8 SRT [d[ 20 20 20

RV 57 - -
}\/ JYZIRTRRL, BB hﬁ[’f““’ 3 Influent CODCr
CHBIRSHOEB L, &L (14,000 [mg/1) 4.000 5800 10.000
pm X5 min, 4°C) 7)1@ (045 pm(7) AT Influent NH4-N 1700 1.700 1.800
ST ANY =) RIS D 2, O [mgN/1] ’ ) )
HiZ. NHs-N, NOz-N. NO»N, TN, TOC, Influent COD/N 24 34 56
CODE L7, T/, BEWOMLSS b & EE) * SRT was not controlled after the 77th day.
E L7, Table 2_Composition of atificial wastewater
[mg/l]
2. 2 UNERVWAEN0EROHTE Reactor A_B €
NH4Cl 5,730 5,730 5.730

RIRBRSAA ORI BT, HFRATARICAR S W ANOTTILIZER 0 639 9600 15900

LEBEIRIER SN INO0DPREIIHET LI LI, LT LLEH Yeast extract 638 960 1.600
Tt v, Bt - REEE ISV TN0ERENEDOLBTE %5 Pepton 319 480 800
ZEPP . EEBEESMETLT R TBLEEANOY KL ) H 2 KHPO 662 993 1,655
T ELITABIR TR T 8 — ORBIREAMLSS = 10000me ST THED o
AR BRETHLELETERTL L, FRIEBVTOHER CaCl2-2H20 60 9 150
FON0A, FLEMETRIIBCTLWHLHRONOPER STV FeCl36H20 6 9 15
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MY ARLERBEOESRLHEOMIT A0, RHAOHREZFEAL, "NI2Ls2ESRO P L —F —E8 % B
Zhaol,
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W=7921) %, EEETRIIIEEVTAO ALY, BRI A L OEPIZ02minTHA S/, /2, pHEDO% #E
FWIZT =% L, pHIZDWTI265-7.5% %2 5 £ 9 1Z0.5N-HC1 £ 0.5N-NaOHIZ CHEIFRE L 72, Ednih 1 2 i)
Ty — kﬂﬁmﬁmlh ERER TR =305 (3008 L, ZREIIERETIZRER S 588 LA T
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Fig. 2 Schematic diagram of the apparatus for the *N
tracer experiment
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2.3 NZOij!njEﬁ@;}‘Ui N Table 3 Composition of reaction buffers used
HCODNEEH TONDDKERADERODEDE LT, HED in N2O reduction activity measurements

BONOBITHEVETHIEL ORI, £IT, %% - AR L-HBRE and batch experiments (me/l]
FSRIHEELENLANOCDBAS Y BHT LI 210k h . ERFD Red’u‘zf"on Batch
HRONOETIESYHIEL., BEEFBI o7, 8. KBS Activiy | penmerns
OFEEYBEL. RINLAN0E I L TAFE0FEY S 260 CH3:COOONa 3H20  9.540 -
ZEW/ELL, BEFHGUTOLE) TH A, ﬁ*:s';‘ffmzo e
U725 — X DREWE1I0mERIL . Table 31277 L 7o IGETR MnSO4-4H20 20 100
(pH=7.0) 12X 23&LBEH (4000rpmX5min, 20C) # 3B CaCl2-2H20 20 100
Torth, 100mORKGEEICESB L2 KiZ, JOBBE30mix50  FeCla-6H20 2 10
mlA 5 AN 7 Vi (NFERE68ml) 1B L., 7FALTL TS LB L pH 7.0 6.5

U7NIT—VIITEH L ABTEEV A T05U s~ L1

%, BENOT A (>99%. HABEE) ImlxFEAL, 0WCOEBSATRE IR L, EEN0T ARNERL L
D105 MR TRMEBAAFOS mITIRML . NeOBEE W Lz, NNOEARXBIGbhnwT s v 7 HER L. FH
OBEYBI o7 SEOEIUZETAY AL LY v RAWEY., HRDERAIZL ZERYHIET L0,
BEOFEHEFNIIY) Y VHNEABRTFATERLY,

2. 4 COD/NtBLUNO-NREOEREEXIEIER

FEHIBEE T CONOERBEHELY S5 IHEIICRFET 720, RIAVT 75 —0FRY VR84 ERE
BB, (1) WECODNKL. ) HINO-NigE ., s HESEMHIIBITAIN0EMIIG X 2L, AIELE
Wik, #IHICOD/NEEA30.9, 2.3, 46D 3AFFERLA (Run1-1~1-3) o #FEANONIZ—H&210mgNa L L7z,
HEIZBWTIZ, PHINO-N%25, 100, 270 mgNMIFEE L7 3 RFIZ2 £ L7 (Run2-1~2-3) - CODIZ, &%
WOMHCOD/NL D #9248 2 5 & )R L1z, EEEELUTIZHT,

U722 %—XDREMHESOmIPEELL . Table 31278 L2 FULET (pH=6.5) 12T 2. 3 :@E#HORE L% 3
BIhor#k, 200 mlORIGBBRICERE L7z SOBKEBBRSSmiZ 100mly 7 X514 7L (WERI2ImD) ZA
N, 2. 3LEBIIEH L, AREAT Y LT ATOTUES— T Lk, ZE LRI RS L) RE
L72EE % 2miEAL. 20COERENTEREIFEELL, BEFMHERAET I mIRIIL. N20. N2. CORE %
B L7z BERTHRIEASITVEREL, 2. 3 LEABOEL - 58%1E#%IZINO>-N, NO2-N. COD¥ il L
720 720 Run2-1-2-310 BV CEBEEBAHLS mIERE L. FEHIINO-N, NO:-N., COD%HlIE L7z, FDRRIC
i, NATVHERBOZDIRBUAIIAN) YL HASmk FA L, BEEFEAZBI b7 I 7 EHKL.
FROBRELBI o7 REOQEA - REBUIEBHFRAIA M) 0T % BEOEA - FIIZETTIAF v 2§
DY TERVES, BB OWTIE 2. 3 A ERMEANY VAT ATHBEERL

2. 5 SHFEE

N2OEHEE, N2OH DRI IE. F R FRGC(ECD) (GC-8A, Biff) . GC/MS (QP-5000. Bidt) 12X h i
FE L7, NoB X UCOuBEIZGC (TCD) (GC-8A, Bif) X villE L7,

“NHs-N atom% 3 & TF°NO3-N atom%i3, BASHEIZEVME L7 TTHEBONHLNE REGEZIZL D
FE L. K, NHENEZBOAF I Devarda G &4 FML THBUABREEE 2B %5 2 £12L YNO3-N% NHs-
N LTHELY, 215 2DumasiE 12X DNoATIR L, "N EHORRTERES (N-151. HASR) T
PN atom% % #ll5E L 720 %23, Devarda &1 & 2 KIS TIENO3-N7Z 1T T2 { NO2-N b NHs-N~E R XD 728,
2 2 T487:"NO3-N atom% 13 B E 1212 (*NO+"NO2)-N atom BB T 5 25, KEBROEIZIIHEHONO-NEY
NO»-NEIZHRTEEIIEho727z0, THENOs-Natom%BfE L L TRV, KEKEYOLEHIIDVTIE
Bremner & Edwards (1965)” # B\ L., ¥ HORBIIREL LB TBI kot £/, FfBo ORI~
34— ayERET A0, "NaomBDBEVRE LRWRAE L 2F—DRETELTLI L EHIT, 25
I, BEEEICEZ Y )= VIl B EE B0,

NHeNiX, U7 29—~ v FBELTREEHEELHALLEIESE (HC-70IN, £ bk &
FHL, "NEFBOAESTEBRIIBYTIIA Y F72 /= MEPIC L Dl L7z NO2NE & UFNOs-NIZHPLC (LC-
6A. BE) T. TNILBRREES Vv A2 X ML ICEAROE I IE" T, TOCII 2B B R FSHE (TOC-
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500, Bidt) T, CODIZCODZMAIEM (Hack) IZ& HCODax@IEL 72,

3. &8
3.1 Y7o 4—08K
ERRR

BHRFIE LI, FRIBICEWIL, EEEIRICIHBOETIERZ SN, FRIZON TpHPSFRTRICED
LERMTTRIIEINT S & v Was 8 2 7z, DOFRIREEERZL H LR LB, AIBETE
DDOERFNZ L o TER Y, ZHA~CIZOVTEFRENIONL, 58, 48mgs . HHEDEFHE T LS
Hol, BEFTIRIIBITHDOR G4 RS 250, BEIHIAINS LERL,IZ00mgE TRT L7,

BRI BT AR IR THOSERIFEOKZE LML ZFig 31TR L7,

FYATIE, BEOLOOEBYHART 5 7-ONO-NERROEE L 4 )| 600-900 mgN/IDONO-NAE R ETE
L7co BYBIZREFIZB I 2bh, NHeNOERIZRE NG5z, NO-NIZ, —BILE#iid o726 0D, #h
10mgNALL T Ch o7z pHEIEBRBZHELTHKELTHE Y, IR IBRTE 265, EERTHERTHIZZ6ST
o7z BEHWOMLSSIET7,000-10,000 mgN T - 720

FFIBTix, BAIIRTIA L FAEONO-NEREOEE L 2 YNHNOER IR SNk h o705, 508 B,
NHe-NAERE LD 5 L FBIINO-NAYA LiED ., 60HBIZIZEE&IINH-NERRMOREIIBIT L. £2C.
WItoHE % KA THRAREFREOHEN (0.5 Ymin—1.0 ymin) . REHEWMUNDEESWT] SKEOHLE VI
Brlobls, OBHED SWLENEIE LEEY, 105HBICEHUNHANYIER L 2 kot, FhEMEF
12, BUNO-NPER S LS 72, NO2-Nik ¥l
PIDONO-NEREE 0 HRHE O [§1220-50 mgNNIREE 1200 I”R—'ﬂ
THENTOLN, NHNBERBEOKBIIBT oo | =
LTH5I10mgNAL EOBERIEI L2 213
HFEThol, pHIWLORTBOFEYH (T
i, WLDERICHEIT L T W BIRETIERTIA
L EIRR6.5-6. 8 THR L7z, MiLEEPERT T2
£70-75FTLER L7, REFDOMLSSIES 000-
10,000 mgNTdh - 720

FHICTiE, I0BEOH A 2 VEELR&ES
PIINO-NP A L. EREEZOTR L4V
RGLRMEN—BMICERI N, L2L, 20
HHE» 5NHa-NAER S ED . LR, A
SEREORM, 4 7 VEE, WibATRR
HROIZA L EOBILRED /- D—BEORE
Lol RELCHBILIB S e h o/,
EEOCNEI B0 LR K BT O FHE)
DEBEYZT, WILOARLEIL o L HES

NH4-N, NO3-N, NO2-N [mgN/l}

h5, NONOERRERB 2B L TIZEALY Time [day)
BRohdor, 7, pHIZ1I0HEH®# 4 L Fig. 3 NHa-N, NO3-N, NO2-N at the end of aerobic phases in the
EEERIT2ETLER L. MR, BILEOET reactor A-C
Ll EREFEETHBISITCLERA LA, B 200
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SRINBTIRERERLL) ONOKSR 8 100
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Fig. 4 N20 conversion of removed N in the reactor A-C
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FPCIZBVTIE, 10HBOY 4 7 VEELE, HRIIN0BIREAET L, MILROKT - BFcEbL Y
BT THR L,

3. 2 UNERULENORBEOKT

FRHANT 7% —OFERYBOTERE - TFEL585 141 7 V3ORSERZ B Lo -Bo, &FED
BEEALZ Fig IR L 720 N2OKIHGERE IZFHAKRON20E X 20HE L H BB L7, N20P D N atom%
2. GOMSHHITIZ L D185 N2 N20. *N20. “N0D B Y — 7 HfE X W B L7 2, BIE shA* N0,
UNENCOZT TR NN OL EE N TV D, "ODBEROFERIZ02% TH NV ERTEZETRZVOT,
“NOY — Z TR & OO BRIEIEER L 25 "N'NODF S5 HIE L7,

NOBUBR R 1L, EBEFMBRICEMLESD, BREETRARLETRAE R -7, #L T, HRIBIZAD L8
WAL 720 N20HOUN atom%id, HEBETROMIIIRERE TELIEh o4, FETRIZAL LML,
R TR0 HIZI3105%~E B L2, BB, NeORENS ppmlhA T ORBIGCMSMT TOEE TRUT
THH . "NaomPEHF B LN D572,

SHPOCONRIE X, XERMERITRAE L), NOBBEENSRKE 2o 2BME ORI FhrgE L,

NHoNH, EBETROMEEL, E . FaT anoxic acrobic
BICAS LIHZEMROICHSD L7z, "NHaN atom% < e

(3. 16%R I THIY » 2 BILH RSN R b o7, 20 i = 00
NONNUEMETEACHATRIMCAT TR 5 o TN %000 g
DL ZOREMIEL 2 "NOsNaomolk, = O 2000
ERE TROMIAGRECEINE <, iR © O 10003

—O— N20 emission
—l-— 15Natom% 15

THICAZ & L07%ETHEML
AR L 7N20IIAT Y AL E BB O TS FE L

c
§E 2
BT B0, WiL-BEL R RERE gL £8 I
L2EEFNEREL (Fig6) . NOEBIUZO 23 z
FOUNBONEE oK), @& D, NHENE 22 5F - 15 ~
& UNO+NHIRON0E & E L ENE M L7z, = OJ ’ 0
g ‘ : —O— NHa-N o

Puowal = Prise + Pros 1 E” 20 } C s ... |—— 15Natom%fl og E

Potal - AN2G = PNHs - ANHe + PNOs - ANO: (2) ; 0 r——0—"0 ” g
ZIT. Pow  EN20EBE, P NHeNH KD z 1 £y
N2, Pos | NOs-NHIR ON:OtE L, N T B 0
AN : N20ON atom%. AN« @ *NH:-N atom%. 5 o0 [ isNaome] 1w ] 06
Ano: . "NO3-N atom% T % o Z 810 | {04
HERREFe TR L, ERELRC AR § X0 N/ - T o” s - 1028
N72N20D#195% D NOs-NHR TH b . FFRTRIC _ B ‘
BT L T105 55858 L7-B5 5 T L NO»- NI O z T
NOHO%E Eib T, 2L, BRI = o ‘
#IZIINHs NEDRONIOD34% % @572, 144 2 § i i M
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Fig. 5 Results of the "N tracer experiment
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| 1 N >N} £ 2
Anne Anos o5
Q=
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=
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Pnos: N20 production originated from NO3-N Time [min]

Fig. 6 Assumed pathway of N2O production by nitrification and  Fig. 7 Estimated contribution of NH4-N and NO3-N on N20O
denitrification for estimating contribution of the both processes emitted in the N tracer experiment with the reactor A sludge
FEFBN) ONOERFEILNA%2THY . VT 28 —FRIATORASERE YY) ORBRE L BIFEFOMIE
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ERROFREBCTHKOBERXBI %) LHOB TS THEMLIIN0EENHE SN 26, BREIC
B TN0DEEHEEZHEEIZ L o Tk,

KRG 7- ) OEHICRTIHOEVEES o0, MLSSH Y OEM TIIMLSS B WIZ EEEADNE (LM
AR &7z,

3. 4 ¥HACOD/NELOKR (ESEBRun1-1~1-3)

HE4Table5ICF L O, T2, HERuniZDWV TRHEFON0. N2. CO2
REOREE{LTFig. 9IZR L7,

3RFE LI, WHIINB L U COERAPTER LR SH D (Phase I)
FO®MEHITIZIZHIT L L o7/ (Phase ) o Phase IO&R 1%, Run 1-1T
12 1BFRY. Run1-2Ti3 26850, Run1-3Tl2 6 BRI & . #MHHCODNIE A K &
WiEEE» o7,

N20IE, Phase IORIIER X h ', Phase IZA B & WMEHH, 7272
L. Run 1312 BW TR FOMEMABEE T2 . NOBFRELBHRIT/NE
Pofi. BHFABLEEL T, BEATHITIIERLANOB L UNE L A '
DN2O/(N2+N20)E A BT % & . Runl-1, 12TIRFNEFNI9, 25%ThHo Time {min]

Fig. 8 Consumption of N2O by reactor A
7eDi23t LT, Run 1-3Ti0.03% £ JEEIZRVWETH > 72 72, Run 1l sludge on the 89th day
BLUI2Io0WT, BHEIEBTLOEHELD
N2O/(N2+N20) A B 3% & | Phase INZBITHEBUIHML
TEH. Run 1-1THEKI%. Run 1-2THEATO%IZZEL 2, B Reactor
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Table 4 N20 reduction activity of the reactor A-C sludge

Time MLSS* N20 reduction rate

FLTE AT TIEE 2 N72CODENOXND I (ACOD/A [?4 [mil;(]) mgN;:;"nm [mgN“g"'.V:';SS‘m’"”
NOa-Nit) 1. #hFh33, 43, 61 EEDCODNIL LD A g9 1150 730 0.63
bREDo7, B, HESNIINO-ND ) 5—RIINO2-N 13 el 0.82
HLVIEN0ITLLRETLEN TV VDT, HRIN B 105 1.160 840 0.72
COD:!NAZETETLSNAERZRRBLORIBINEI D L KREL c 74 970 573 0.59
“ho 105 1,890 700 0.37
* The original sludge was diluted ten times with the reaction
buffer.
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Fig. 9 N20, Nz, COz concentration in gas phase (batch experiment Runi-1~1-3)
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Fig. 10 N20, N2, COz2 concentration in gas phase , NO3-N, NO2-N, COD in liquid phase (batch experiment Run2-1~2-3)

Table 5 Results of the batch experiment with changing initial COD/N ratio (Run 1-1~1-3)
Initial COD was 193, 480, 967 mg/1 for Run 1-1, 1-2, 1-3 respectively.
Initial NO3-N was 210, 208, 209 mgN/ for Run 1-1, 1-2, 1-3 respectively.
Initial MLSS was 3,670 mg/1 after diluting three times the original sludge with the reaction buffer.

Run No. Initial Final ACOD/*  Final COD  Final NO3-N  Final NO2-N N20/(N24+N20)**
COD/N  COD/(NO3+NO2)-N  ANO3-N [mgA] [mgN/] [mgNA] [%]
1-1 0.9 0.22 33 41 164 21 19
1-2 2.3 0.36 43 54 109 39 25
1-3 4.6 0.36 6.1 27 57 17 0.03

* Ratio of COD to NO3-N consumed in the incubation period.
** Calcutated from the amount of N20 and N2 accumulated in the incubation period.

Table 6 _Result of the batch experiment with changing initial NO3-N {(Run 2-1~2-3)
Initial COD were 60, 238, 588 mg/1 for Run 2-1, 2-2, 2-3, respectively.
Initial COD/N ratio were 2.4, 2.4, 2.2 for Run 2-1, 2-2, 2-3, respectively.
Initial MLSS was 3,470 mg/1 after diluting three times the original sludge with the reaction buffer.

Initial NO3-N COD/N* ACOD/ANO3-N*Final COD  Final NO3-N  Final NO2-N  N20/(N2+N20)™**

RunNo. = oNA] (Phase 1) (Phase 1) [mg/] [mgN/] [mgNA] [%]
21 2% 0.61 32 8 97 1.1 03
22 100 0.42 38 24 44 17 78
2.3 273 0.41 39 75 143 42 12

* COD/(NQ3+NQ2)-N ratio in the vial at the end of Phase 1.
** Ratio of COD to NO3-N consumed in Phase I.
*** Calculated from the amount of N20 and N2 accumulated until the largest N2O concentration was observed.
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3. 5 PMANOs-NEEOKE (B5RHKRun2-1~2-3)
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ol BRI ND, 90H HLUBE LN TOHE L5052 ENO-NFBUER S LED-8L, ZoHRyE
FiIITws, =, FRVCIZBVWTEHERYYI T AR I NS, BEXELIIFKTENLEEILNS,

FIIBBLUOCIcBwTid, WILEMET LNINFERT2HEEHFROLNLL, REJIIBVCTHEDAT
KECEDEWLAAELSIAI LR LITLIFREShTWEY, T hi, HBXEAE L OBTLOCIHE
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FOCHEEOMEEE G H S, RFIBICBWVTSRTOMEZ Pk L2 ICh4 CHLEPRELAZ Lo ER
Th, BWHELL20H EWVIHISRTTIR, HFRGEHIBVRIICIIT TR EERVBIZBWT L WL E 2 wash
owINTWATERENE V. 28, R 775 —TidEEY 4 710 LIFRERIIETICAEY. BLHEEN
ER BT RE LB ABRE SN TV IS EEVILETH S,

N2OBHHB IOV T, NO-NAER L TV A& TREESKE C RFIAB L US0HBLUE O RYIB) |
NOWNFERE L TR WEGFTIENH-NEROFEICEDL ) 2 (BRI S3w RYIC B X U50-1008 H O R5Y
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VB AIINORHEDEF IIREL R AERAFRCE SN TE N, AFEOHREEARL TV B,

2L BRI, KRR THWAY 77 4 — T ERE L B L TFATRODONE » - 72 JiZidiE
BEHRVETH D, BBV TIEDOSE TNOER BRSNS Z LA FREERY, FRIHENDOY 12 mgig
BIHIE L8810, BItoE5 /BB TE R k- T ATRER LD 5,

UEDEBTEIpHOE B EEB L CI hh o729, NoOBHEFKE WSS LA S VIS L TiE, REEOpH
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