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NITRIFICATION
(ammonia oxidation)

Oxic |

Suboxic

Fig 2.1 Diagram of the marine nitrogen cycle,
Arrigo K. R. (2005) Marine microorganisms and global nutrient cycles.
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okn] A & (heterotrophic bacteria) Sl o8] A A L7 AAFEA R ALEE o] &

A7 A2 A A E KT
2.2.1 AAF3}l v A& (Nitrifying microorganisms)

Aikst wA =] Bk 2V At BEE ol s Agste A E
A3 Fo]E Schloesing et al.(1877)°] ¢J3te] mAEES] o3 A4rsrt 3l y
t}. o]% Winogradsky(1890)%= autotrophic nitrifying bacterial Nitrosomonas<}
Nitrobacterg 74 - #8lst= A& Pt L, 1970d o S A4 Painter(1970)
+  Nitrosomonas, Nitrosococcus, Nitrospira, Nitrosocyctis, Nitrosoglea; &
ammonia®] 2FS}RHFEH oUYXE AS 4 & autotrophic bacteria genera®
"Nitrobacter, Nitrocystis; & nitrite®] AFS}2HE dUAE A& F AU
autotrophic bacteria genera® Z}7] #5F3}%it}.

3t Painter(1970)2 A%+ 49] heterotrophic bacteria’} nitrite =¥ nitrate=
A F dula g on, 1 ol Eylar et al.(1959)& E koA Ha3k <
100078 €] heterotrophic organisms & <22 15707} AAslE & 4 J28 g
Focht et al.(1975) heterotrophic nitrification®] bacteria, fungi, actinomycetes©l
M= 7FssteS A AAT. 23y Barnard et al.(1992)& autotrophic
nitrification®] heterotrophic nitrification X.t} ¢F 108] 7}% W} =2 & heterotrophic

bacteria®ll 23] A E nitratex= 1 o] FA|HAAE 4= Qlvyal Tt



Table 2.1 Characteristics of the nitrifying bacteria® (Brock, 1997)
DNA
Characteristics Genus Habitats
(mol % GC)
Oxidize ammonia:
S o i | ,
Gram-negative short to long rods, motile
sewage,
(poral flagella) or nonmotile: peripheral Nitrosomonas 45-53
freshwater,
membrane systems
mar ine
Large cocei, motile; vesicular or freshwater,
Ni trosococcus 49-50
peripheral membranes marine, soil
Spirals, motile (peritrichous flagella); no
Nitrosospira 54 Soi l
obvious membrane system
Pleomorphic, lobular, compartmented cells;
Nitrosolobus 54 Soi l
motile (peritrichous flagella)
Slender, curved rods Nitrosovibrio 54 Soi l
Oxidize nitrite:
Short  rods,  reproduce by  budding, s -
o i ,
occasional ly motile(single subterminal
Nitrobacter 59-62 freshwater,
flagellum): membrane system arranged as a .
mar ine
polar cap
Long, slender rods, nonmotile; no obvious
Nitrospina 58 Marine
membrane system
Large cocci, motile (one or two subterminal
flagella): membrane system randomly Nitrococcus 61 Marine
arranged in tubes
Helical to vibrioid-shaped cells,
Nitrospira 50 Marine

nonmotile; no internal membranes

®Phylogenetically, all nitrifying bacteria thus far examined are either a or B purple

Bacteria




Al A4tz v A &< Nitrosomonas®t Nitrobacter®] ZAF3} Wk-g-2]6 tv}&

Nitrosomonas : 2NH4+ + 302 —-——> 2H20 + 2NO2- + 4H+
Nitrobacter : 2NO2- + 02 ——> 2NO3-
Overall Reaction

NH4+ + 202 ——-> H20 + NO3- + 2H+

o714 AMEE oUAE ANE MAREe] CO2, HCO3-, CO32- 3 e
71 gadog iy AeA g frleds FAsted ArgstrE AAbs)
A4 7F v Ee] A Tol W T8 9FS A ®H(WEF, 1994).

whelglol  Celld] 7329 2(C5H702N)S A &3Fo]  Nitrosomonas2}t
Nitrobacter?] Cell &4 24& Azlstd o2 2o

Nitrosomonas :

13NH4+ + 15CO2 ——————- > 10NO2- + 3C5H702N + 23H+ + 4H20
Nitrobacter :

10NO2- + 5CO2 + NH4+ + 2H20 ————- > 10NO3- + C5H7O2N + H+

he gl o} Celle] AHE dUAE AAetE w33} Cell A4S 23tol] 93
A A E R oA o] CellZ2 AEE&2 Yield Coefficient(Y)Z UEFH o]

B4 Yae Yol Aae] A9 029 g VSS/g NH4+-N o], ofdihd 4o

of o3& #W=F YIS 004~0.13 g VSS/g NH4+-N 3 0.02~0.07 g VSS/g
NO2--N o 2 yelg=d], o] Celle] #4750 odUA 7} A5 7] W&l A
o7 FuE ot sty ZAAs AAS ddudA e wrgo g wed uwl nitrifiero

3+ Total Yieldi= 0.06~0.20 g VSS/g NH4+-N oxidized ©]t}



Nitrosomonas$} Nitrobacter®ll ™3t Yieldgt= 0.08 g VSS/g NH4+-N<}  0.05
g VSS/g NO2--N = 7}7} A gsto] HFHo= st g4 o5 2o
1.00NH4+ + 1.4402 + 0.0496C0O2

0.01C5H702N + 0.990NO2- + 0.970H20 + 1.99H+

1.00NO2- + 0.00619NH4+ + 0.031COZ + 0.0124H20 + 0.5002 —--->
0.00619C5H702N + 1.00NO3- + 0.00619H+

Overall Reaction(Complete Nitrification)
1.00NH4+ + 1.8902 + 0.0805CO2 —---->

0.0161C5H702N + 0.952H20 + 0.984NO3- + 1.98H+

o] AFWgAol sty Ry Wk 0mg/Lrt AshE W seEE A
BE g6dmg/Loln NS VB WAFS 26mg/Loln], FLUE vl e
AR Hgshe go

141.4mg/L(as CaCO3)°]t}.
2 YehdHd, o5 19k 2ok

Table 2.2 Oxygen Utilization, Biomass Yield, and Alkalinity

Destruction Coefficients Acceptable for Design of

Nitrification Systems

Parameter Equation Coefficient
Oxygen g 0, required
4.6
utilization g NH,*-N
g VSS produced (as nitrifiers)
Biomass vyield 0.1
g NH,*-N
Alkalinity g alkalinity (as CaCOs)
7.1
destroyed g NH,*-N




DO sxt AESHH #HAFAgegdodA AisnAdE AFE diksted dishe
=83 9kS 1| Xt} growth-limiting substrate concentration &% DOE 7}A] a1
Monod 2]<  Nitrosomonas® A%l  whste] mdgs Ao oA
half-saturation coefficient = 0.15~2.0mg/L 02 2 H 1% I HEPA, 1975).
AxpA o ® By Abstged g DO 93 W =AY thido] Hojgtomn,
EPA(1975)2] Design Manualol A+ DO& %7} 0.5mg/L ©]3}
bk ALstrE AR E AT A
H2ol= dakstel g DOl A 3 ol AAlel FEFS HA= &
a0l tiste] AFAd A7 FHH A UTh
g3k DO Atole] #AIE BoE w, A9 FPo2REH vhai 2
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A 2804

R4

ol

S RgAEE 2 R348 T4 s SRT 2 BAE, AT

- DO BEsF W SabA el Eald zAdAE dds AAsE A 7

- 71549 shock loading ZA3dl) = 4kA &3} heterotrophic W] A& 3}
Arrsl mAEe] Ao R 2ste] HQd DO =& Fo ).

- Arkst Aol Bk Ao Nitrite®] NitrateZ2] 32 rate-limiting step
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o] & 4 A F=FA o7 WA= NitriteZ} ¥ DO 321 @& o] 9

O o] gEO
tgsol:e

DOE A% &+ dew & Aoz yewra s



QA WMo Lol FIAA FFE

iz
rlr
poy
o

2 d#A gom digf 4~45T
o] x99 dojudrt HHe wkE2%E  Nitrosomonas® A% 35T,

Nitrobacter®] 7-¢- 35~42C o]t} 10~30C 9l A Nitrosomonas® o] A4&

(maximum growth rate)= Ut 32} 2t}

Table 2.3 Maximum Specific Growth Rate Values for

Nitrosomonas as a Function of Temperature

Temperature, C n,, d’
10 0.3
20 0.65
30 1.2

$le] Table.olA] Maximum growth rate= 10C 5 Alvtt}d 28] S7138Fe] Van't

Hoff-Arrhenius 213 w-¢- AR, 5~30CH Aol A HAkstol] digh %9 3
o] Arrhenius-type @Ejoll Z Sre=ths ARHo] of2] AatEol] oA HEEHA

CHWPCF, 1983). & AF3}& (Nitrification rate)S 30~35C o]Ato| A 7FA3tE=

| dojrt]
o

= BAF oA =], ol ol @ WelA e 2L F sHA e whgo
3ta 1 gsow EX

ot A 2&7F s el wel datske ol

o|N
N

S HolAH vAE AZuUFe duild Aol JojupA #
5~30TC< =EWRolA HA HAAE %k Nitrosomonas®] Maximum growth

rated] that &% 9] &S vEFRE Arrhenius-type equatione thS-¥ zth

ny = 0.47 80.098(7‘*15)

T = temperature, T



2.25 pH, Alkalinity

AAkste] i3k pHO| F&F2 AAEol whebd vt 2d3E yehde, =3 o]
g AFEo] & (acclimation) GAIE XA eF& 3] A (batch) Aol eh= A
gl stejof & Ao|th(Barnard et al, 1992). Wild et al.(1975)¢] A }e] w=
W pH 7.0 °lA]¢ Maximum specific growth ratex= pH 8.0 °l A2 Zte] 50%°] ™
o]E Alolol= A AAZE vt sl ¥bH Engle®} Alexander(1958) 18] 1L
Downing et al.(1964)& 7.204 8.0A}o] o] pHoll A= AAksto] )3k g dko] A9 gl
ow, pH 72 olstellA= AAbstgo] AP o= Aty Hastgl. w3
Hall(1974)> pH 7.02 9.4 Alolol A= gbdst AAksrt o] Foj 5 om, pH 6.3 o A
= AAs7E o] R A A Fdee HaLsS

U.S. EPA(1975)= “Process Design Manual for Nitrogen Control”el A pH 7.2
olstel A o] pH JFS HEt= A& tha 2ol Algtstat.

&

Wnor = (W, 7.2) [1-0.833(7.2-pH)]

w3, University of Capetown(1984)] 7R A0 pH 72018k Fe& 1
BhliE el thgat el Agts el )

Unon = (U, 7.2)(2.35)PH7:2

e/
Lo
all
i

Axe] wzZH pH 420042 AAsES pH 7.20142] AA3)E 9

ol2H oz dryold AA Imgel AHstE =Y 71mge &ZE| =7l AW EH=

o], A {k&-7lo A= e alkalinitydl Al = =2 pH7F A€t o= AA AE

il

st kel = AtaEE s f15te] open system®] FEHE TS FHEEE

ﬂl
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3} 2 THU.S. EPA,1993).
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Table 2.4 |Industrially Significant Organic Compounds Inhibiting
Nitrification (Hockenbury et. al., 1977)

Concentration of Compound Giving at Least

Compound
50 Percent Inhibition, mg/L

Acetone 2,000
Carbon disulfide 38
Chloroform 18

Ethanol 2,400
Phenol 5.6
Ethylenediamine 17
Hexamethylene diamine 85
Aniline <1

Monoethanolamine < 200

At nAES AL oyl FHejo] W73, un-ionized ammonia(NH3) -
Free Ammonia(FA)®} un-ionized nitrous acid(HNO2) - Free Nitrous Acid(FNA)
© w3 FxoA Aist mAEed dots 7A= Aom wolAla AvHUS.
EPA, 1993). FAX= 10~150mg/L¢] % %olA] NitrosomonasS A &)sl7] A &Fs},
0.1~1.0mg/L¢] M)A Nitrobacterol Al 3 3FS 7] Z th(Anthonisen et. al.,, 1976).
FNA+= 0.22~2.8mg/Le] H<lol A Nitrosomonas®} Nitrobacterol]l Al 4 &2 w] %] 7]
A Zbgth FASF FNA s bR Yok(NH3) 9k oFEH (NH4+) 3, 1e]al ofbds
A3 obdAke] e pH, &%, FEe AHAAE don, b3 22 v 7HA

[e] =
3 HEFHE o] F i

NH," + OH™ <> NH; + Hx0
H" + NO;~ < HNO,
Aakstol]l Az 283 F v FEUoRNH3)¢F hEu(NH4+)] 9, 2
g aL o dikd 3 ofAke] jtell thgk Al4kE Threshold #h& s 3ol YERHSIA
ot
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Table 2.5

Ammonium-Nitrogen and Nitrite Plus Nitrous Acid-Nitrogen
Where Nitrification

Calculated

Threshold  Values of Ammonia  Plus

Inhibition May Begin(Anthonisen et.

al., 1976)
Inhibitory Equivalent Ammonia plus Equivalent Nitrite plus
FA or FNA Ammonium-N at pH 7.0 and Nitrous Acid-N at pH
Concentration, mg/L 20C, mg/L 7.0 and 20C, mg/L
FA
10 (Nitrosomonas 1,000 -
Inhibition)
0.1 (Nitrobacter 20 -
Inhibition)
FNA
0.22 (Nitrification - 280
Inhibition)
A7 astx AAAS TV 22 BHEAT = 42 TV x9 AisteSs A7
4 7 Atk Gujer(1977)= AZA el 744 AshdA Aol x| xo FHPEH
Nitrosomonas®] A& E=E oF 20% 42 & Jdoka At
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227 Nitrification Rates in Activated Sludge

&Y A FAANA Nitrification rate= =g 4 (Mixed Liquor)el 5%, Y45
o] AHAiw%, BOD, 183l inert solids, % SRT, heterotrophic organisms$}t
nitrifiers©] yield coefficientssS X3t FES Ao k4ol specific

nitrification rate(SNR)+= tWs 2] o =2 yeE o] At (Barnard et al.,, 1992).

SNR _ Nox _ Nox
-~ (HRD(X) = [ Y, zg(So—S+Xi+ Y (N, )ISRT

SNR = Specific nitrification rate, g/g-d

HRT = Hydrauric retention time, V/Q, d

Aeration tank mixed |iquor concentration, mg/L

>
Il

So = Influent BODs, mg/L
S = Effluent BODs, mg/L

Ammonia in influent flow oxidized, mg/L

=
S
=

1

Net vyield of heterotrophic organisms at design SRT including

—<
=
T

I

endogenous decay, g TSS/g B0Ds removed
Yw = Net yield of nitrifying bacteria, g TSS/g N oxidized

Xi = Influent non-biodegradable inert solids concentration, mg/L

Yo = Y/(1 + Kq SRT)

Y = Heterotrophic synthesis yield coefficient, gTSS/g BOD5 used
Kq = Endogenous decay coefficient, g TSS lost/g TSS-d

AxA & stA & AHolA =& SRTE 45 stAl HW, nitrifying

organisms ©] mixed liquor®] 2t & & A 3A #t} 3000mg/Le] MLSSH



=9} 20¥ 9 SRTE YatAd 34S 7} Process?’t A ojxttar 714 o,
SNR 2 2.7 mg/L-hr o], dxxz FHo] gl FFdE 1.2 mg/L-hr ot} 2
A FAQolA Aarss Aestn ZHeeE 2L o sttt AF Ao o)

199l @k SRTE 7H &qt i AJ&ge] E47] 2dolA hdd ditsts

_—

o] F7

do
:(g
>,
rlr
w
N
o
o
lo,
>,
)
o
il
ko
ofr
ol
s
=l
—
o)
!
DO
w
@
=2
>,
rlr
o
e
lo,
wn
=
—
[l
N
)
N

ToEEE AusE olF 4 Aen 11-13CAE dag s A 10
o olae] SRT7F =Hasdtta s th.(Barnard et al, 1992). Barth ¢}
Stensel(1981)2 5C<e] F4d7] AAs A 7599 SRTE ©] &3t 0.5mg/Leo]ste]

grvoby dx FEE dsgch

228 Nitrification Rates in BNR Systems

adubx o2 A% E7]¥+=  conventional single sludgeX.t}  second-stage
activated sludge reactor?] nitrification rate’} ®& Aoz <d#A Qv o=
second-stage activated sludge reactor® # WA GANA F7]Edo] A7 H

T HA @A) A= heterotrophic bacteria®te] 7o) £+3}% 7] wjE o] th(Barnard
et al.,, 1992).

Hanaki et al.(1990)¢] <79 2]} biodegradable organicsi= %X Yo} Ak3l=
A &l 3k A "k, Nitrite®] 2bsh= A@shA @=vhal s =3k 252 92 DO &
=+ ammonia oxidizers®] growth yield& F7MA1711, ol A3 2 DO F =9l
Aol 7F2~% H]7]4 A48 & (specific substrate utilization rate)S HAFSHA Fvha H
w2t 18y nitrite oxidizere 0.5mg/Le] DO FX=oA Z3kA A&l b=t

single sludge biological nutrient removal activated sludge & 42 ddtH oz
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& 7] (anaerobic) @} T4+ (anoxic)Z ) A biodegradable COD¢] 7 ¢ thHES A7
5o 2 % 7|(aerobic)Z oA nitrifierse] AFS 99k oA 1S AFIA @
t}(Barnard et al., 1992).

Randall et al.(1991)2 conventional activated sludge system¥ BNR system<]
H] 2.1 ol Al conventional activated sludge system XU} BNR system® Z7]Z=2

A H = ammonium®] FX7F SHolA A= ammonium loading rate7F SrolA Al H

do

22 BNR system®| % 7]%7} conventional activated sludge system®] < 7]ZHt}

A4 AAR 5 Adee ARt

23 A& AA 339 TE

AtAAe] HA ssRge] d$Oe R protein 5o FEHE nAFstE ALV}

ammonification 5ol ¢]sle] NH4+-No 2 Hal¥%F  NH4+-No| w| &84 3t

oA =], AxFAHe ZQ3sk A4yl 5T u, A
2 T dissimilation©] t}.

G242 FEHAY vAEC] DOZF EASHA ¥ anoxic 27OA ALY HAE
=

9,
1o
rol
Y
o
ke
i}
it
ottt
=
rlr
iu}

5o} =
electron acceptor® 7]ES electron donor® ©¢]&3sle] oUYAE 3|53l MEE
A8k Aol

24 Al Imole?] NO3--No] 35 o] Imolee] OH-7} A= a1 357g9] alkalinity 7}

S 25e AL 45 Qe BANSS U olgdtu APl ArhraFS
2957} Qo] Belulvh AnEn FEF Alkalinity s 2Fe71918) £ E = obEA
23%E 2957 Aok
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231 2384 Ay & AA 4

(2) ¥E Yo} stripping
- PHE 1071101402 ¥olm 4% 9

WM& Air stripping® 5719 45

ek 540] 4@ C

232 A=A AF A& AA A

URHE ol (NH4+H)S

AL oH(NH3) =

lioptilolite Columng =34 7] 0 2 A

(1) Single Sludge Process
- HHZ7E 1o, Asatyt g@dsiatsEe] FEstEE g Hbgo] HQ 3 g©AY
T ©AYS o]&sit

(Methanol) ©. &2 n| A Eo] Hajjd uw A=

(2) Trple Sludge Process

- 571, Gmuel, AAaAEES Zzte] W

(3) Oxidation Ditch Process

SR R I e

- k3l % (Oxidation ditch)+= 3k Hb
o] Hkex2A #H47F Anoxic A

Al A € ot

- 17

ol M AAsHE T4 oIt



24 2443}

BEstA HaAe s dae AAE F 7HA FEHR ol FofA =4, 1 A

HA 7} ssl-olsztgol F HAZ &2 43 vkg-o]t},
22443t E Q= A&7 9l NitrateZF £A8= F4 A (Anoxic) 2 A4S

Hlstojof atm, 7] 8 7] A =x}3-o A (electron donor)7} 2 8 3}t}.
g4S fgk sbgAR gigt AE tgEA FaEHAEY ko dHx
o7 2

>-‘1

A=

s

!

N037 i NO{ NO i NQO i Ng

nitrate nitrite nitric oxide nitrous oxide nitrogen

A g g Ao Ao i ast= T alkalinityd] A%, AL o] A7 A

A FE s FRe ATITUS. EPA, 1993).

i

Aus wsRE o B wsle vYRE GA2H NS 9T & 9

2Folt,

Payne(1981)< heterotrophic organisms <% Achromobacter, Acinetobacter,
Agrobacterium, Alcaligenes, Arthrobacter, Bacillus, Chromobacterium,
Flavobacterium, Hypomicrobium, Moraxella, Neisseria, Paracoccus,
Propionibacterium, Pseudomonas, Rhizobium, Rhodopseudomonas, Spirillum, Vibrio
£  denitrifier®2 E/3F oW,  Gayle et al.(1989)2  Halobacterium}
MethanomonasE 72 ®7F3Fth ©]E bacteriai= nitrate ¥% ofyel A s
o] g3t = glom W FO pitrates} AA7F §lE A4Sl A 2 F (fermentation)
e WAL 5 A

autotrophic denitrification ¥ ol A bacteriax 7] ¥4 (organic carbon) T4l

el Y (carbon source)2Z  carbon dioxide®} bicarbonateE o|&T 4 Uk
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Paracoccus denitrifiers®} Thiobacillus denitrificans+=  denitrification 2} % of 4|

hydrogen®} reduced surfur compoundZE ©]&& 4 9 th(Barnard et al.,, 1992).
Payne(1981)<> Pseudomonas &°] EE 24 vAEE T 717 ditdoln %

A EEE o, vdd TR 7] sgES o8 ¢ Avkar Bassih
Bacillust= NO3% NOE AAT F dorvt NO29F N20& E7Fs3shH,

Moraxella®= ®©A2¥9 9% aromatic compound %S ©]&3kt}. 3 Paracoccus

o\
Ju
lo
N
i)
N
)

f
oy
X

denitrifiers= methanol®} #Z2 7ttt 7|A2RE E3-g
o] €& 4 3Jt}. Rhodopseudomonas®t Azospirillum= & 4 3174 (nitrogen fixation)
3 gdALSIE F3d £ Qe Aoew dyA 9 om Thiobacillus denitrificans &
A% HAAFEA (terminal  electron acceptor)® Nitrate®} 37 sulfur, sulfide,
thiosulfateE AFstA1Z 4 Sl th(Payne, 1981).

18]35 E3E heterotrophic bacteria?l Thiosphaera pantotrophai= Robertson

et al.(1988)] AT-A el olstd 7|z stel A Aikstel ALt E T 118

o] =29l 3}8}okE A (stoichiometric equations)s A &82 91 & 43} 37 of A
AR E o)zl Ao A (electron donor)$l  ®A7]Z(carbon substrate) @ -8
(acceptor)?] oxygen, nitrate, nitrite®] 43} AFE AR = MAEL Y& o =3=d)
2ol & Qv gdAs WS FAAENEH FEAdAR AAE Ho|ArT]=

B
Fuksl7] w&o] WkEuk-S-(half-reactions)o] 3}eFE 218 A 7] ¢35}

=
oo
ftlo

A
1 B 4+ - ., L 3
—3L N02*+—§"H+ + e - —GLN2 + —%HZO
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slo) Ao|N At 8ge ANAAL 286g0) ATHRE, 1g ANAAL 7

B>
rr

2.86g9] Atanzhio) sttt wEka o de] AHAbsle]l A ammonia nitrogen 1gg
nitrate nitrogen®. & AF3FA1717] A 4.6g9] AtAa7F o]EAH o HQEA &3

g Fol wrlede ol&stEE Al vzl A AL
2.86g2l Aavh A EHEYL & = S Aotk webA 63%°l @k A=7bA

UAE dokst 4= S Ao|ti(U.S. EPA, 1993).

AL

A 2L=8-A| (oxygen, nitrite, nitrate)2] AAE siA = & - dH 5o EA=
Z1Ed Ee ot - Ha HUME e QR EN 2E Ao ArE BasA @k
gAvkgo] FElE GAEA ofFo|d w, P dwkHow AR Y= SR EA
(external carbon source)< W &S (methanol)o]™ A}a-ofx|ZAe] wWgkgo] ot

wEee e g,

1

& CH,0H + Lmo - Lco, + H + &

6 6
nitrate®] WFZHF2-3} methanol®] WFEWFS S FafA wHE HES AL thSy) 7o

o] A w=ZW nitrate 1gd 1.9¢9] methanole] Z 2 3FA ).

NO,” + —g'CH3OH - %COZ + TN, + Lm0+ om
AAFANA EASFo] AAEE hydroxide (OH-)E carbonic acid(carbon
dioxide) ¢} HF-§-3}o] bicarbonate iong A}/ 3Fil nitrate 1gd bicarbonate alkalinity

357go] AP 1 Wrg-2e t23} Zth(McCarty et al, 1969).

NO,” + —‘ZCH3OH + FHCO, — SN, + —éLHzO + HCO;

71842 AdUAE Aststed AXE AT By olyg}  heterotrophic

microorganism® M EZ¢ AEE w4 BHAE FHIEE 58 A nitrateHS

AA7] flste] das AR o e Fo] Has}
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=
o
®
&
jmt
<«
o)
—t
=3
=
o]
(@)
<
flo
Ho
lo
r]I.
IR
r]I.
oo
i
=
L
a
o
ol
Ol
ol
2
ne
2
N
=
o,
(il
oX,
o

(biomass yield)& ®% m#stE WES AHlo i3t st 2AS FA s 9%
s Algetdlen, HF WA 53 ZHHUS. EPA, 1975).

0.056C;H,NO, + 0.47TN, + 1.68H,0 + HCO;

NO; + 0.67CH,OH + 0.53H,CO; —

0.04CsH;NO, + 0.48N, + 1.23H,0 + HCOj;

0O, + 0.93CH;0H + 0.056NO3 —

0.056CsH;NO, + 1.04H,0 + 0.59H,CO53 + 0.056HC O3

o)
o

o] Ao

¢l WErS ke 247 oln, AF A kS 25~3.0 g methanol/g nitrate nitrogen <.

X

2 AHA A A (nitrate-nitrogen) 1lgg A 787 Yaia Lad o] 23
2 Yebgth Tk WEEe 5o EA5E nitrite®t oxygens A ASIE dlol =

a8sEd, & Ee BaFe Tobr] AL el Ho| el

(McCarty et al., 1969).

M =2.47 (NOs-N) + 1.53 (NO,-N) + 0.87 DO

M = methano!l required, mg/L

NOs -N = nitrate nitrogen removed, mg/L
NO, -N = nitrite nitrogen removed, mg/L
D0 = DO removed, mg/L

oAw st F7lEZo tisto] AAF o oF & Ao s 283 CODE Holshe=
218 &3 ) (Stensel, H.D. 1981).

o
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_COD  _ 2 8
N ]._]..].34 YSNET

Yoer = biomass net yield based on COD, g VSS/g COD removed

91 2ol A AAtE o] x]= VSSe] COD+ 142 g COD/g VSSZ gl &
= 10%= 78k

AaAAd 2a¥= 77171489 de Adtsides ® evbe] WS 286
oxygen/mg nitrate nitrogen 2| S ©|&3t= Aot} o E 590 o3
Aol tatel 1 FHIA WG ATl 200meg/LeH, o|EH ez A

A& 2~ 70mg/L7F AlAEA D tHU.S. EPA, 1993).

2.4.3 &3 =93 (Kinetics of Denitrification)

24 Foee AaE, frled AlAS 22 ue nAEsAdd ves A A
WA GEe] A& o]gFdemA HAMEE & U

Monod-type 2] nitrated] sxo] tha] @daAnAEe] HAES AAA7] 95

of AHgEo]d & or], 1 wgAe g 2t

u, = specific denitrifier growth rate, d’

1, = maximum specific denitrifier growth rate, d'

D = concentration of nitrate nitrogen, mg/L
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Ko = half-saturation coefficient, mg/L

o] Ao MEHAFKD) /b AAHALE FEOEG BY 4ow 07

r]I.
oo

(b, = )0 A85x, sz A48 A2 $ED)7F BEFAFKD G 5o
B S (1 = (G R)xp)oR AEEth
D

<=2 2 & (net specific growth rate)& SRT(solid retention time)e] <=o]w Tt}

©. = solid retention time, d

u' = net specific growth rate, d

AAA A4 A A& (nitrate removal rate)= "IAES] Ay #d QoS
Z

gdol £3d & Utk

-~

_ _ o~ D
dp = Y, = qD(KD—f—D)

aD
YD

nitrate removal rate, g NOs—N/g VSS/d

denitrifier true yield coefficient, g biomass (VSS)
grown/g NOs—N removed

7, = maximum nitrate removal rate, g NO;-N/g VSS/d

Al 57 A 7H(solid retention time, SRT)2 A A 2 7] 4 & (nitrate removal

=
=
rate) } #HEA S 5 9la, Gad Zo] ndd 7 oodn
[2) = Ypap — by
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by = denitrifier decay coefficient, d

3 f7] 718 whEe AR AL 9 VARE AL {7

) so) gama e 2o mdHeld 4 Aok

5

_ o~ S
dDp qD(K5+S)

S = concentration of organic substrate, mg/L

Ks = half-saturation constant, mg/L

ro
ro

T & glomz o A

Al

ftlo

Z12] 3L nitrate®} electron donor =7} €3 &

= Y9 Monod-type X &t} (Grady et. al, 1980, U.S. EPA,

J

5

o]

ol

rlo

REY

1975).

- - S D
dp - qD(K5+S)(KD+D)

nitrateo]] ™3+ ¥k %= AFS=(half-saturation constant, KD)¢ #+2 0.1~0.2mg/L=

of9- Al B 31 (Christen et. al., 1977, Engber et. al, 1974, Moore et. al., 1971)%

rr

Row, AdWtH O R nitrate FE=7F vl WA Grbd @@ ¥ UAA &
=

e o] @A Ps DO Gl weHAAY eI 2 W HojH
=
_ S D K
dp - QD( K5+S)(KD+D)(K0+OSO)

Ko = half-saturation constant for oxygen, mg/L
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So = DO concentration, mg/L

9] AelA KO/(KO+SO)2 &2 9] on/offS AAstE Aestsoln IAWPRC
modelo] A= KO9 e & 0.1lmg/LE o] &3k},
nitrate AAE F7122 AAL} w$ LHSA ABF oz BdFAste
)

ZNHAAERE £

PN
T A

- - S
qs = 45(K5+S)

g, = substrate removal rate, g COD or BODs/g VSS/d

g, = maximum substrate removal rate, g COD or BODs/g VSS/d

ZHlo} AAE o] Rk o R ALRE =
= 4= 9t (Stensel, HD 1981)). ©]
2o A HA g5 nAE AXIIAHE fslA AFE S = nitrate?} 71E Y +&

= ®dsy] SAaA AREEHARL, F oA FES WAZEFS 9 2oA=
nitrate®] &5 HAFSHZ] f1ElA AME T 142+ ABAE AlET o] &4 COD#ol

ap = (1—1.42Y9) 2‘186 4+ L4z

Ys = biomass true yield, g biomass(VSS) grown/g COD removed

] A2 Aol 7]¢91%F true yielde} net yieldd] #AE &3 2}

v _ Ypap— b, _ Y,
Dy dp (1+90cby
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Yp, = denitrifier net (observed) yield, g VSS/g NOs-N removed

N
op

]_

& Aw7} ¢l

=

s

HAS ol2X o7 YD #HS %37 935te] bdel 0.04 d-1

ro

Lo
N
ftlo

g

Table 2.6 Values for Denitrification Yield and Decay Coefficients

for Various Investigations Using Methanol(Park et. al.,

1973)
Temp., .
g, d' Yy, Yo by, d’ g, Vs Ks
T
variable wvariable 0.57 0.05 10

variable variable 0.63 0.04 20
variable variable 0.67 0.02 30

0.12-0.32 0.55-1.4 - - 20
0.16-0.9 0.57-0.73 - - 20
variable 0.53 - - 20
=2 0.58 0.77° 0.04° 10-20
0.131-0.34 0.542-0.70
0.84 0.04 20
7 3
0.25 0.49 0.65° 0.04° 16-18
0.83-1.6
—d 0.7-1.4 0.04°
7
0.30 0.61 0.65 0.19° 19-20
0.12-0.24 - - - 20
- - 0.04 10 3.1 0.17 12.6'
- - 20 10.3 0.18 9.1
0.1-0.45° - - - 16-23
0.3-0.56 - - - 16-18
a g not given, but 6¢ = 8.0 a = Nitrate removal rate
b Calculated Yox = Net yield based on nitrate = gVSS/gNO; —N removed
¢ Assumed Yo = True yield based on nitrate = gVSS/gNO; —N removed
d ©6¢ =3 to 6 days by = Endogenous decay coefficient

e with a 1-hour aerobic stabilization step

f Based on total COD (methanol plus any nonbiodegradable material)
Ys = True yield based on COD = gVSS/gC0D

Ks = COD half-saturation constant(based on total COD) = mg/LCOD
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21\5 = Maximum specific COD removal rate = gCOD/gVSS/d

Burdick et al.(1982)< Bardenpho &2l A WA FAFA(Anoxic)Zol A9 €3

&S A¢sta, 23 7] food/biomass (F/M) loading ©f ¥#Hx|o] 3% &3t}
SDNR; = 0.03(f) + 0.029

SDNR; = specific denitrification rate in the first anoxic zone, g NO3-N/g
VSS/d
F/M; = F/M loading ratio on the first anoxic zone, g BOD/g mixed |iquor

VSS in the first anoxic zone/d

The Soap and Detergent Association(1989)e] AR atof] 23 dwkd o=z A
A FAakszo Ao 2d8L 0.04014 015 ¢ NO3--N/g VSS/dAte] 9] 3t zke=

n
i
o
lo,
)
S
!
o
S
X
ro
po
o
fr
e
)

A a1 JTHU.S. EPA, 1975, The Soap and Detergent Association, 1989). WA 7 A
4 (The rate of endogenous decay)< &3 SRTe stgolw, AA7LA F HA
FAbaZze e ddE&S HARSHY] fste fFid wEeAe o 7 7Aoot

(Burdick et. al., 1982, Stensel, 1981).

SDNR, = (.12 x 60706
0.175 A
SDNR, = Te.

SONR. = specific denitrification rate in the second anoxic zone, g NOs —-N/g

VSS/d

Y = net TSS production across the entire activated sludge system,
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including inert solids and biomass, g TSS/g BODs removed
A, = net amount of oxygen required across the entire activated sludge

system/TBOD removed, g 0,/g BOD

denitrifier2 3} & oxygenol A nitrate® electron acceptorE A== =
Ao71 & 2FAZ o] FAXH, A WAV @& 93 HQ3 T4 (enzymes)Q

Faolth £FuMGe B ATl Arnt oE Thel ¥

oX,
o
12
2L
o
rlr
P
o
fu

(denitrifying enzymes)”7} <A F2 A ot3} it}

Aol ot =gkl EAgkgo] YA et= AbAE s 0.2mg/Letal Bl
(Focht et al, 19755, dAEdA TANME 03~15mg/L2 HisAtt
(Burdick et al., 1982). ZZ#]1} Robertson et al.(1984)2 R4 o] ule|g]o} Fo] HF

A AF=8-A (terminal electron acceptors)® AFA4ef o}l A A ALE FAl o] &T

T Jdoa 3993, Kugelman et. al.(1991)2 %2 DO FEoME 2kAae} ofAAA
AAE Ao o] &3 F & Ao= AtsAt

(2) Temperature

v A& o] FA =9} 73] nitrate removal rates= 2%=o] o3 A A JFHro

W, 20C o] 4rThE olste] el T Be dee with

(o3

AESA FA it &5 JFFE 29 Arrenhius-type TFEA LubF o
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_ T—20
4dp, 17 — (ZD,zoe( )

qp = denitrification rate at temperature T(C), g NOs-N/g VSS/d

qp o = denitrification rate at 20C, g NO3—-N/g VSS/d

Hl 5 olg| gt Shrh &ANtSS R sk FE&ekARE ol dAT 2=
ol A rE fr&3 ERE ofU e} theta(©)@t = 7o wep WE Eojof gt}
Table 2.7 Temperature Correction Coefficients for Modeling
Denitrification (Endogenous Rate)-U.S. EPA(1993)
S] Reference
1.08 Lewandowski, Z.(1982)
1.09 Barnard, J.L.(1974)
1.20 Van Haandel et. al.(1981)
1.08 Van Haandel et. al.(1981)
1.03 Van Haandel et. al.(1981)
1.08 Marten, W.L.(1984)
(3) pH, alkalinity
dutxow  HAibstaAol A pHZE AdtE= A Wiz 2RI A=
Alkalinity7} A% pH7F Asdtt. webd dAdsndsds gy 94 s

(denitrification rates)ell tH3F pHS @2 Avtar A 3

a8y A7 A3 (Focht and Chang, 1975)0] w2 =d o] i3k pH 3k
v $- thekdt #Alol dEd, Dawson et al.(1972)0] w2w # 2o pHE 7.00]H
U.S. EPA(1975)°l ¢J3lH 6.00]3t} 8.00] A= & &o] Astecta sttt

rlo
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denitrification ¥}

d o

&l nitrifiers X.oF

o
[e)

o
B 314 o A

-
1

1| & & (inhibitory compounds)®l
(1993)

EPA

I

]

-

1

(4) Inhibitor
denitrifiers

K

el

el

heterotrophic aerobic respiration< # 3 =

Aol

2=
=

3

3}
=

2 ddses

o

AT

°

2 Hi

[©)

MUk
ki

ol
010

ol

S|
=

Al

-

1

&t

o

=

=

A€

PN
T

B of) A]

/2)1—

2.5.1 &|24!(Batch Reactor)

e

el

ol M 3%

™
;OH

;Ot

X7

X

ol

571

S

-1 0

Q.

Al o]
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2.5.2 ¢ 4l(Continuous Reactor)

: Plug Flow Reactor)

Az 21 dee] gay 8 o=

AT,

R FA1 ko)
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: Continuous Flow Strried Tank Reactor)
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A 3 AFFX 2L FAH
31 438 e

B oARE 948 dA5d Aunddsd 292 EdgE Az 24058

Yaom A9 % Apstdch maRe] Helds gt 44 Lmeh PH DOE

z7A94E CODE 4000mg/L , NH3-N< 1200mg/L , T-P7} 100mg/L , Alk7}

4800mg/LE Bt57] 93k

Ethanol¥ 2.56mg/L , NH4ClS 4.58g/L , KH2PO4<S 0.44g/L. , NaHCO3< 8.1g/L

& 2ol FAh

ZAHFE 20L715F 30RPMO.Z 24417+ wwkbA] Z o),
%‘—

Table. 3.1 AF A ZA| 7 T=
s
Ethanol 2.56(mg/L)
NHA4Cl 4.58(g/L)
KH2PO4 0.44(g/L)
NaHCO3 8.1(g/)

oluf 9] AlmirtolyE} MR E0] Moprb=d g JYES Ty 96
dFA A Buffer , 9eF} B : Magnesuim sulfate soultion
F&Y C ¢ Calcium chloride , 9% D : ferric chloride solutions& F7}4 o=
oM A= Holrks A0 oA FEHIF FEA AHFES

o,
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3.2 PPFR A3 %3

Fig. 3.1 ZA =4 A=

Fig. 32 P& 9FEE AT
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3.21 PPFR 24 @&A 9 7= 4 54

< reactor 8 79 WESV|2 FAEHY vpA e wkE-7| = @74 ol Hh
L7125 PHT5 T 7.8 AFololl A, @ 7] %= PHR ~ 85 Alo]of A,
F, AArst 3ol A 20]24 0]kt A F s T

NH3-N A A7} 9k-greactor SHA = &= wf 90 % o] 9] =& AAES EATt
A AAES "AEo] PPFR #AollA] Algko] Ao wel wkg-7le] 2 &-&ho e}
A Ae] S7Hg

E71z9F d71x7F AAE A WA a7 Ao AAHeR s gl vt
714 wke7] L VA wEUlE &8 AR 4 Zab A (NO3-N)7F EAlekA] & s
A7 AHE FA &35 | SelA A

AR 9EE7] L DO FAbAhze EAEHA] @AW

FA S = FAaka A7 FAEHS aZle] FHXE Yk

I714 wrE7] bR yol A A (NH4-N)o A AslES DO &4 st A3
#}.

oldg e FAWFIF wFEr] 93] CODcr,NH3-N,NO2-N,NO3-N o3t 23S
sk th

PPFR& 4L 717Fe] Reactorh A5 ofglar Aabsh 51 @Aw35 g ZhxoAxl
| 3
ZS|

FHATFoRA AYrtEAAela B&

2y 7 o] Reactoro] wHb7], 2% A AAFF7]E DA ste] AESEANSS S LS

.
9% %4 4 3k k.

7} 7ko]l Reactorel 4%+ #H57F o2 22 ols gl wEl AESSH ukSo] 25
CODcr¥ NH4+2] A4 a&°] T7F st
A g9 o] FEFHE MAEES AALAE o835ty nAEEY UA] WEHIE
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Fig. 3.3 SBR SYSTEM

Fig. 3.4 PPFRY +x
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Table. 34 245 4 SHHY
& & =
pH A (A= sladso2 | pHUE ARE)
CODmn (mg/L) AW (A AZE A A o Ataan g A
SS (mg/L) STEH (3 FF)
T-N (mg/L) 433 =% (220nm)
T-P (mg/L) 33 = (880nm)

Table. 4.1 ZA #HSF A4

Concentrations
pH 8.0
Alkalinity (mg/L) 4800
CODer (mg/L) 4000
T-P (mg/L) 100
T-N(mg/L) 1500
MLSS 6000
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4.2 Reactor ¢ WH3I =

HAo A 7lsEa Y& PPFR &4 tete] nAE] A% 2 4 FaS
7NA ¢ dE 295S Table 4.2¢] Ve QL)
Table. 4.2 27+ 9] Reactor ¥ 3%
1 2 3 4 5 6 7 8
=Y H 806 | 798 | 816 | 821 | 827 | 781 | 776 | 176
PH| (1+9) H2S04 (mL) 15 0.5 1 15 15 15 1.2 1.2
S 755 | 772 | 778 | 771 | 762 | 725 | 724 72
DO (mg/L) 5.6 6 603 | 627 | 626 | 004 | 003 | 0.02
Temp.(°C) 297 | 313 | 303 | 291 | 304 | 314 304 | 30.6
PPFR &3¢ 2329 Reactor H3lEZS 24 sjrd A3l whgo] zZdojrtd
NH3-N©o] NO3-No. 2 ntyAgozRN Fxo QF H+ol& 9 93l F=9
PHE wolx| A wAct wetba ZF Reactordl 7@‘_*&:@} Hk-S-o] ZdAojubA HWH %9
PH+= A4 PHXEUY SrolA Al s, diksl qhgo] dojybx] ko PHe A5 A
U Az A AlestE vAESd o8 PH7F =7F stA Eth
w2t F957F Reactor o 5019 %ol wel PHE F7]3 o2 34915}
[e)]

(1+9) 3}LA} O PHE %43 HAE= o A] Ao 3ol ol §F-O ‘] ] ol - =2
= = e = 5 =), 7] A =5
=]
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4.3 NH3-N

A F o] NH3-NEEE Agielr sz seuA Adass S48

g9 NH3-N¥= 2 AAE

Table. 4.3 PPFR& A
[e)

A
>

Sample % 8 Reactor Removal rates (%)
ZA 41 197 8.0 95.93
ZA #H 42 357 29.9 91.62
Z A #H43 4225 1.2 99.71
Z A 3 44 890 6.1 99.31
Z A #H45 1530 16.4 98.92
Z A #H 46 1730 8.5 99.50
ZA ) 47 1730 2.1 99.87
Removal rates (%)
102
100

98
96
94 A
92 A
ag -
BB
BE -

197-» 8.0 [357->299|4225->12 890-r 6.1 [1530-»16.41730->85/1730-» 2.1

EHE=1 | ZHE 2| TH T3 | N4 ZHE s | TH s | EHEH T

W Removal rates (%)
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4.4 NO3-N

Z2|9)52] NH3-Ns 5ol me NO3-N %8 #4ah9irh

Table. 44 PPFRE A A 24 ¢ NO3-N¢ AAE

Sample 1" Reactor | 8 Reactor Removal rates (%)
ZA H 41 18 13.7 23.88
ZA H 42 27.8 15 94.60
Z A H 43 36 11.7 67.55
ZA| H 44 1185 87.3 26.32
Z A H 45 137 59 56.93
Z A H 46 149 97 34.89
A H 47 155 118 23.87

Removal rates (%)

100

=10

20

FO

e0

S50

A0

30 B Removal rates (%)
20 - I I

o i B
ﬂ = T T T T T T

AN N - R - SN S

’F"I&@ 4‘%@ 'f’%‘@h *ﬂ&@ ff’%@ ’f‘ﬁh& #‘%@

> g > e e g Ed
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4.5 NO2-N

NO3-N¢| Frmoju& &3t 23 NO2-N¢| 525 48l

Table. 4.5 PPFREA A2 49 NO2-N9 AA &

Sample 1" Reactor | 8 Reactor Removal rates (%)

ZA #H 41 1.8 0.3 83.33
ZA #H 42 34.5 1.8 94.78

Z A #H43 36 1.2 96.67
Z:Xﬂ H 4 57 12 78.94
Z:Xﬂ H 5 103.8 25 75.91

Z A #H 46 103.8 28 73.02
Z A ) 47 110 20 81.81

Removal rates (%)

120
100

50 -

6o -

40 1 = Removal rates (%)
20 +

0 - T T

" v 2 r J.:"n.
@’&@R @@x @ﬁx *ﬁr‘&'@;ﬁ@ e g @%@X
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4.6 CODcr

Reactor®t®] 7]&

s SAE

LAEAS 2FA R AR
o] COD 5&5& 4 stgr}.

3 A1 A

gatet= 4

Table. 46 PPFR&A A g2 COD9 A&

Sample = 8 Reactor Removal rates (%)
ZA 41 100 44 56.0
ZA A2 110 33 70.0
ZA 43 142 46 67.60
ZA 44 370 21.3 94.24
ZA A 5 750 30 96.0
A #1576 3200 40 98.75
A #H 57 4500 78 98.26

120

Removal rates (%)

100

I I I I E B Removal rates (%)
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4.7 MLSS

Table. 4.7 PPFRE A 244 MLSS9 %

Sample 1" Reactor 8 Reactor
ZA 951 5780 5960
ZA A 52 5960 7860

ZA 953 6460 6670
Z A #H 44 7520 8400
Z A #H 45 8720 9400
Z A #H46 12340 9500
ZA #H 47 13550 8300

16000

14000

12000

10000

B 1HReactor

B 2 HReactor
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PPFREAS 53 nAZL o g3l ATEE thast 22 AL A

1.
PPFR 1st 2nd 4th 6th ‘th 8th
NH3-N 1,490 875 813 154 4.2 1.7
NO3-N 20.5 2.7 1.7 1.7 0.1 0.2
NOZ-N 7.8 3.0 6.0 7.2 0.6 0.6
COD 405 - 152 - - 73

Inflow wastewater NH3-N : 1,720 mg/L
Inflow wastewater COD : 4,500 mg/L

nAES o] &3t AHS =& %% #H<99 NH3-N, NO3-N , NO2-N , COD ¢

2. PPFR &4 7} Reactormtth Axtsl 51 @do] FAlo] =3f5)of ZJa)% o]r

28 Eg A4 Fom &R WHoRE AYHREs FAH 3

3. 2t Reactoroll Al 7], =7 B A4 F57]5 & sto] A=

ﬂl

oz o]Bgel met YBEA wgel o8] Z71 Hvh
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