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To compare the denitrification efficiency, this study used
molasses and methanol were used as external carbon sources.
Specific experimental conditions were classified according to
C/N ratio conditions. The batch test showed that the denitri-
fication efficiency increased as C/N ratios of molasses and
methanol rose. The most suitable C/N ratio of molasses turned
out 4:1 considering the concentration of the residue chemical
oxygen demand (COD) and the denitrification efficiency,
which was 91.4%. Specific denitrification rate (SDNR) drawn
as a kinetic factor demonstrated that molasses and methanol
showed similar SDNR values as C/N ratios of molasses and
methanol increased. Under the condition of C/N ratio 4:1, 0.0292
g NO;s-N removal/g mixed liquor volatile suspended solid
(MLVSS)/day (molasses), 0.0299 g NO5-N removal/g MLVSS/
day (methanol) were found. Sludge adapted to molasses showed
that Bacterium Pseudomonas sp. and Bergeylla sp. dominated
through an analysis of microbial community. In addition,
some bacteria were high convergences than the variety of
microbial community. Accordingly, it was assumed that
molasses focus on growing microorganisms specialized in
denitrification and applied as a replaceable external carbon source
that can enhance denitrification performance.
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A4 AaNitrate, NO-N)E No = A 7] 7] 84l =
el Ao ZE3l|oF S (Wiesmann, 1994). COD/total kjeldahl
nitrogen (TKN)(C/N ratio) 1]-&0] Lo} gh4-910] 323 7.9
olliz A48 AAHE] S} lor], Ak 9 Ae

o] 2185] 001X %) 94 A% SHpH R WRg 7%
Z 2 (TN 20 mg/L) 9] 222 7|2S 2713+ 227} glck
olofl wrek CIN ratio7} 52 3142 A A57] QJaA = 21914
o7 QHEErAQ(External Carbon Source)& F¢3fjoF 3t
(Isaacs et al., 1994; Kim et al., 2012). 121} QR et4 o] =
Y2 2 T A7 7= et A 27F a7, o ek
A F=Y ol whE oFFH] 5 2 FH| 2 F7HS oF7]AIXItH Yoon
etal.,2010). 282 I 717] fJ8l| T2 A== Ao
Al(electron donor) Z4= oA EAL HEHE, ofehE Fo] Ut
(Akunna et al., 1993; Lee and Welander, 1996). o] &2 s}aloF
Fo2M OHIEARS pH 20] of &7} u].go] HHTiE
o] Itk E3F ek AR SR o] A3 g &
T Aske] B4 o] A7) = vl 9J© HH(Grabinska-Loniewska,
1991; Shin et al.,2002), AA|Z o2 = uj & Hdo| Z Ao &2
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& A QUth Jung et al. (2005) 2] Aol A= M Eh-E T4l o]
w2 FA4-S H7153=1] COD E-= biochemical oxygen
demand (BOD)/TKN ¥+=T-N (COD/TKN or BOD/T-N)H]7}
3.5-3.9 2710]4 At oEhe £9129,832 kgolu, o]
E} 460,000 0.2 SHAFSHH SkslR 9F 4,523,000€0] 4
Q= B st
R HEE-E R Eol &b, Fd o] ol w7t wl
ol SHo] Qi oo whEt 7]E 9] Qe o] A
£ 2T 4 Q= A et Zlidto] Fast Aok
2 943k EtA Y 0 2 A & 3-2-F(ethanol, methanol), A+
<+71=(chaff, sawdust), HAFEARE(distillery, cheese, molasses)
T ThFE =4S o83 -7 %1 3) = ¢ tH(Cunningham ez
al., 2003; Dutta et al., 2005; Su and Puls, 2007).
U (Molasses)-2 &2 A 23 0] BFAME 2 AYALE = A
Aloltt. 53], A TS Aol ¥ OV‘*I‘X@PQN oF
1,]-0 7—]0/\14_,] 14}\‘101331?_:‘_ _1Xﬂ ]1‘4— lﬂ—Uloﬂ/ﬂlﬂ— ].
F(sucrose), 3= F(glucose), T (fructose) O = :[Lﬁgﬂcﬂ A
t}. o|9} Zro| g8 g Ho| TR 2 JLAdE o] Q17| | &
01] QTEP_I_ oz AL 717} S4=5)c) T3 e
o} 515}z ©F200~300 9.0 2 mEkS (kg oF 1,000 ) H ch
ot 5o Atk AAAE 919 F5oleh 1 59 e
o183 B AT}t Al o] Yok LS H G AT
(Lee eral., 2010)0)14 B 452 0 ralgl o1, 2152 4]

off ek 22} & FA| 2} 2] 2] F= Aol ek 40141 Q1 -

Table 1. Chemical composition of the molasses

Yo
ir
rm
k>
[0

(External carbon source)

ol AHS-EL S AR IR Table 19] 53}
Qopa: BakS FER T, SR8 Alela 5% A%
1202 ghulo] ZEE 5 9712 FFL 60-65%0]
o] % o 520 TH48-56%) 2.2 0|20} A 9. o] Slo] =
St mheo] 212 5-10% TH 0] Qo] Halrt 8
SR RS o)1 Qi Ao etk nlu 2 AR-L Ca,
P, K, Na, Mg, Mn, Zn, Co, Fe7} EZgt%]o] ¢l o, Fe 173.1
ke, K 51.0 gkg7} 7P BES. HELO. 2175131 9= Zlo @
Uehdti(Lee ef al., 2013).
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S|2Al AS(Batch test)

7] A 2 2(NO5-N, Nitrate) % =2 80 mg/LE 434
1 ©] CODe} 24 2 4: 0] ghakH](C/N ratio) of] w2}

Organic substance Content (%, 75% dry basis) Mineral Content (g/kg)
Total organic 60-65 Ca 9.2
Sugars 48-56 P 0.7
Sucrose 30-40 51.0
Glucose 5-10 Na 2.4
Fructose 5-10 Mg 4.0
Non-sugar 9-12 Mn 74.0
Crude protein 3 Zn 18.0
Carbohydrate 4 Co 6.6
Methoxy group 3-4 Fe 173.1
Organic acid 33
Ash 10-15
Inorganic substance 8-12
Table 2. Operate condition of batch reactor
Volume (L) pH MLVSS (mg/L) React time (h)
2 7.0-7.5 5,000 0~12

&334 Als4d Al2%
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Fig. 1. Experimental equipment of batch reactor. (A) Picture of batch test,
(B) Jar-tester.

Table 3. Experiment condition for denitrification according to C/N ratio

Concentration (mg/L)
C/N ratio F/M ratio, g/COD g/MLVSS/day
CODcr NO;-N
1:1 80 80 0.032
2:1 160 80 0.064
3:1 240 80 0.096
4:1 320 80 0.128
5:1 400 80 0.160
854 A1ES H AL S1EA] A3o] ALEH lab-scale 1t
5719l AA2-2 Lo, 571 F=9) o] §l= FAlkax(anaerobic) 2=
22 fABRATE. 3124 A7 2] 27] pHi= 7.0-7.50]), )4

= & =(MLVSS, Mixed Liquor Volatile Suspended Solid)
5,000 mg/L, BFS-A|7FS 12A]7171A] HHS}E 2Felslg cH(Table
2 andFig. 1). A8 %79 & C/Nratio= 271 1:1,2:1,3:1, 4:1,
5:12 53} tH(Table 3). 7] AAMY A4 5= 80 mg/LS
71& 2.2 COD F %=+ Z+2Z} 80, 160, 240, 320, 400 mg/Lo] 3]
o, C/N ratio 79| w2} F/M ratio= Z+z}+ 0.032, 0.064,

o
=
)
=N
o
=
)

>

Zy‘ -
i)
flo

8,0.160 g COD g/MLVSS/day ©.& 4 5}3t}. 3]
S Reaglel BAASE B 98] AdE
%70 2 v|E-2(CH;0H, Methanol)2 3¢13}

2 o e
=
0
=t
)

HIEF2IE(SDNR, Specific denitrification rate)

FET eheS 483 34 S S oA <l
AHE EESFALAL Jhth 5 8HA QIR = HIEEE(SDNR,
Specific denitrification rate)S &3} th 5954 AA}=
Eq. (1)& AH8-3to] B7tshel e, & RESAIE 59k Al A E &
AHd A0 ot = ool sl eenEd EE 5
2 v W5} A} 51 tHEom ef al., 2016).

_ (N, —N)
SDNR (g NO; —N removal/g MLVSS/day) = X (1
No : Initial NO5-N, mg/L
N : After NOs-N, mg/L
@ : Hydraulic retention time, day

X : Microbial concentration, mg/L

nid=e| =8
S} vk o) HebA gl 0 7 ARG &K of| T3] u)
= A Itk U wehg o] oF 171k A5

7}9] £ A|+= illumina NGS (Next Generation Sequencing)
X

EM(Microbial community)

oZ

o
A& Sl mE RS Bk vdE 2] Hlals
Microgen AJ¢]| pyrosequencing-2 2]Z|513Th Power water®DNA
isolation kit (MO BIO)E- 0]-85}0] &2 %] 2] genomic DNAS =
Z3}9ch. emPCR (emulsion-based PCR)2- 5=345}7] ¢J3] 16S
universal primer 27F (5'-GAGTTTGATCMTGGCTCAG-3")
2} 518R (5'-WTTACCGCGGCTGCTGG-3)E ARE-314iTh
PCR HF-&-Z7A-294°Cof A pre-denaturation 35, denaturation
15%, 55°Co]| A annealing 45 %, 72°Co]| A extension 14 HF-3-
< 353] BHESEG] o, 72°Col|A] 8427k extension WH-5-S 4=
BT NGS 242 ¢13f 70~75 mm PicoTiter plate (454 Life
Sciences)2} 8-lane gasketo]] A]| &5 Y11 Genome Sequencer
FLX plux (454 Life Sciences) & ©|-&35}0] G7| - E2 E435}
th BLASTE &3] Silva rRNA data base?} B 3}o] &
(species), <x(genus), I family), E(order), 7J(class), Z(Phylum)
© 72 ZFsick ©]% CD-HIT-OTU &2 E{o}E o]-8-3f
)RS 228 BASATHL ef al., 2012).
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Znt 3 oH
SlEA A 2ot
DI} eSS o RerAY o R ARGEE Bl A AY A
I}, C/N ratio7} &5 A v} whes) A7 5= A
S 9 4= Q1QIT]. Table 40f] UFERE ule} Zho) w|ehe-8- 2915t

742 C/Nratio 1:10]|A] 12A]7F 3242.3%9] &2 682 H
o, C/NratioZ7} 242} 2:1, 3:1, 4:1, 5:1 2 Z7}5HHA] ZAMA]
40 AAREL61.0,83.1,93.5, 92.8% = JEFTE C/N
ratio7} =2-4:1, 5:10)| 4 12 A| 7t —?—5’:7] 1A 214~ 80 mg/L
7190% o)/ A A = lek. S d-& Y 7ol = C/N ratio 7}

%

Table 4. Comparison of denitrification efficiency according to C/N ratio of methanol and molasses

E=24:1, 5:1904 90% o]Ake] &
of ubE T F &S v W
A AA T B 953 A
= olvjar olgie B4 Mgl

v g F

al.

opl

ol

[e] [e)
EEREN

1995). T3+ 24 O/N ratio 2t} FHH eh4o]

F 71l o8l 22F e.do] WAE 4=
1993). F2-& 0|85+ =2 A3 o] A} Kaplan et al. (1987)-2 &
JE& A& o-835to] ©F2,000 mg/L o] ALY AAE

B2 888 ¥tk C/N ratio
J_} merLo] Y w ot A ALY
2 e} e 1 Aol
o]AFA o] C/N ratiox=
5o g} thE 4= 912 (Monteith er
al., 1980; Skrinde and Bhagat, 1982), C/N ratio?} H 7| 2 g4~

=232 582 #3512 4= Itk Her and Huang,

- O [e)
T = 76]'5

ItHWeier et al.,

C/N ratio Methanol Molasses
Time (h) 1:1 2:1 3:1 4:1 5:1 1:1 221 3:1 4:1 5:1
0 80.0 80.0 80.0 80.0 80.0 80.0 80.0 80.0 80.0 80.0
1 78.2 72.2 71.6 72.4 71.7 77.4 75.8 73.7 73.3 73.1
2 75.6 63.8 62.6 60.2 58.8 75.8 66.9 66.2 63.4 62.8
3 72.0 54.2 50.2 45.6 442 72.9 57.8 58.4 49.4 50.2
4 69.1 474 40.3 33.2 28.5 69.5 50.2 46.8 36.4 34.6
5 65.5 40.6 344 23.2 14.8 66.8 443 39.6 27.8 17.7
6 63.8 35.6 24.2 14.4 10.5 62.4 38.1 28.6 19.4 12.5
7 58.4 34.2 18.4 10.5 8.9 55.4 35.8 23.4 15.2 10.2
8 55.6 339 15.6 8.2 6.9 52.6 35.0 19.6 9.0 8.6
9 50.5 33.8 14.1 7.2 6.2 51.4 34.8 17.2 7.7 7.8
10 47.1 323 13.9 6.6 6.0 51.2 345 16.6 7.3 7.2
11 46.8 31.8 13.6 5.5 5.5 51.6 34.4 15.2 7.2 7.1
12 46.2 31.2 13.5 5.2 5.8 51.8 34.2 14.3 6.9 7.0
R.E. (%) 423 61.0 83.1 93.5 92.8 353 57.3 82.1 91.4 91.3
Table 5. Characteristic of removal COD according to C/N ratio of methanol and molasses
C/N ratio Methanol Molasses
Time (h) 1:1 221 3:1 4:1 5:1 1:1 2:1 3:1 4:1 5:1
0 80.0 160.0 240.0 320.0 400.0 80.0 160.0 240.0 320.0 400.0
1 72.9 129.6 207.2 290.4 367.6 69.9 143.6 215.4 293.9 373.1
2 62.8 96.8 172.1 242.8 3173 63.6 108.9 186.2 255.3 332.9
3 48.8 59.4 123.8 185.8 260.4 523 73.4 155.8 200.7 283.8
4 37.5 32.9 85.2 137.5 199.2 39.1 438 110.5 150.0 222.9
5 23.4 18.5 62.2 98.5 145.7 28.5 20.8 82.4 116.4 157.0
6 16.8 10.4 22.4 64.2 129.0 11.4 11.4 39.5 83.7 136.8
7 15.2 8.2 18.2 49.0 122.7 11.0 10.2 19.3 67.3 127.8
8 14.2 8.0 15.2 40.0 114.9 10.1 10.0 7.5 431 121.5
9 10.5 8.1 11.2 36.1 112.2 9.2 9.5 7.2 38.0 118.4
10 8.8 8.1 10.4 33.7 111.4 9.0 9.1 6.9 36.5 116.1
11 8.6 8.2 10.1 29.5 109.5 8.6 8.8 6.6 36.1 115.7
12 7.9 8.0 9.8 28.3 110.6 8.4 8.5 6.3 349 1153

&334 Als4d Al2%
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A 10 External carbon source; methanol
—O— C/Nratio 1:1
—/\— C/N ratio 2:1
80} —{J~ C/N ratio 3:1
—— C/N ratio 4:1
o —(O— C/Nratio 5:1
~
eh 60
E
L
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Z
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0 :
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Time (h)
(B) . External carbon source; molasses
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—/\— C/N ratio 2:1
800k —{ C/N ratio 3:1
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o —O— C/Nratio 5:1
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£ 404
Z
20 A
0 T
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Time (h)

Fig. 2. Denitrification characteristic according to C/N ratio of external
carbon source. (A) Methanol injection, (B) Molasses injection.

C/Nratio S 3.6:1 2 2 1135}9ch o] &0 = &
I &2 AS o 4] & C/N ratio= 4.3~5.8:12
T} Lpepget
IOl W2 7718 AlAS/d AiE Table 5°ﬂ LE}
t}. C/Nratio7} =&rE 242 582 3t A0 2 1
ﬂ-”o u}, C/N ratio 5:10)| 4] &F2lo) &8 % ] S A <lst
I W ERE T} ) 2ol 2 Ao A HEC 71100 mg/L
ﬂ%& 4@4@%%ﬂ%%%zga & N o
3:1 ofstoll Al oF TAIZE - Bl Eivo) 345 AHEl ol
290] TG Ehglo] . 4 E)907] W) Rolch Figures?
9} 30f| et A1HE F-8f) C/N ratioof] whE 24 d 5 771
£ 5220 WU ARG ol A2 ek
FA3E A C/Nratio4:10]4 90% oA &2 83 1
03_0_ , 27| COD %= 320 mg/L7} ©F 40 mg/L ©|3}7}A] A
AL Q) o] ZA A ZHE COD H% o o3t A3k nju|st
A0 2 ARk Aol ALHE TS Ba)7k 212 sucrose,
8.7] 0] 60~65% (Table 1)7} Z3}=]
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4000 —{ C/N ratio 3:1

—— C/N ratio 4:1
—O— C/Nratio 5:1
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(B) 500 External carbon source; molasses
—O— C/N ratio 1:1
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40000 —{~ C/N ratio 3:1
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COD,, (mg/L)

Time (h)

Fig. 3. COD removal characteristic according to C/N ratio of external
carbon source. (A) Methanol injection, (B) Molasses injection.

i

of Qlek. o= SR AR(CN ratio 5:1)0]14 B 1H50] 7
o] 2 9A| 7}k o] 21 E o] COD Xﬂﬂg(69~7l%)—‘—1’
SASIT o] alet Ak Fa) U vlAE ] T v 41 o
&3 TS P2 AR A oR s 4= Qlth(Lee et
al., 2013).

olol w2t sl] AR ATHE Fol UL ofReraflo R
A 85F -9 C/Nratiox=4:1 A 0] 713 A4 o
sl 00 5] IS AT B o

ety S £t e g ol A ZF C/N ratio®f| w

i
2]
)
Z
=
SN
o flo o
H1
e
0
°
X
m{m
o
aa
i
o "
i
o
=
32
s}
=)
e
o

& R
removal/g MLVSS/day—E— H gk C/N ratio 2:1, 3:1, 4:1, 5:1
ZA A= 2+ 0.0195, 0.0266, 0.0299, 0.0297 g NO5™-N
removal/g MLVSS/day & =2 5%t} G ¢ A| SDNR-2
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2 0040 C/Nratio 1:1,2:1,3:1,4:1, 5:1 274 Z+2}0.0113, 0.0183,
3 —O— Methanol
2 ~O— Molasses 0.0263,0.0292, 0.0292 g NO5™-N removal/g MLVSS/day & &
2 0030, ST}, Henze (1986, 1989, 1991)= 21 24 7] 242 E3] SODNR
2 £0.036~0.401, 0.060~0.144, 0.024~0.120 day™ 2]l 4] 2
£ 0020 go] 7Rs5teha B skl Henze®} Harremods (1990)9)
o
- Aol A= A ESH E st A 2| E HaE 7% SDNRS
S 00105 0.014~0.072 day™ 2 A3} t}. Kujawas} Klapwijk (1999)
;'9 L T A5} acetate S 0] 831 3| EA] A3 0] 4] 0.144~0.024
2 0000 . . . day” o] SDNR gh& =& v} I} 2 A58 58 7|12 A7
ki 2t 2 1 . of v wet A} BT} FARRE Y U] JAAGEE =ET A
C/N ratio S &4 900t ST QAL =gl w2 AVE H kel
Fig. 4. Comparison of SDNR with C/N ratio of methanol and molasses. 2 ] Hjeke £ A] HjEA o] thA =2 A o & Vet

(A) Methanol injection
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[ I I I I I I I I I
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(B)  Molasses injection

Pseudomonas Bergeyella Acholeplasma Other

[ I I I I I I I I I
0 10 20 30 40 50 60 70 80 90

Proportion (%)

Fig. 5. Changes in microbial community according to injection of methanol and molasses.
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S Q| HErA Y] 0 & ARESH & %] 2 u]AY
Fiek gel 255 s Aoll= 5171 Rt
o, WgkZol 255 SR ol= F 87712 &
FE A o] F 37719 EFto] vt ol
Ao A FAlo WAE A ol A-3-H ngE
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A RO = Yebdt: 9 eSS A v E 2419
33.8, 25.1, 10.4%9] X3S RoH, 1 9 n|YE
30.7%E5 UER]. miekeo] 235 e A|ofl= Methylobacillus
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o] Z}2+19.4, 13.2, 10.2, 9.3% 2] - 31-8-2 YEl A ch(Fig.
5). o] 2|9 % Rhodobacteraceae W|AYE0] FHQIE =] o]
Ul RS 22 ok A SOl WA veelobs thof
3k e mAYEof 48] QltiMichalski and Nicholas, 1988;
Sasaki et al., 1990; Hiraishi et al., 1995; Takeno et al., 1999).

HekEo] 218 SeiRlols Yitd o m oo 2 vl E
o] A5}l ATk Methylobacillus sp.ol| SESFel Methyloversatilis
sp.-2 Benazolin-ethyl, 37| & 2 nitrate S A| A 5l= # O 2 A]
71E Ao A= gl 7] ofsts v ER HalE T Qlok
(Cai et al., 2011). ol 2-3-5 SRl A Yepd 7 &
| A& 73] W Sk= Pseudomonas sp. 2} Bergeyella sp.©] 52
3] Z713t Fo|th. Pseudomonas sp.= 2= 22 n|REof A
de] s, o, 7REsto| =dol B, {714 43S 5 o
3t 771&= a2 AR 4= It Choi et al., 2014). TS
o) AE EFo] 877104 S17HE FHAste] gdef St
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o stk B84 49 A3 U A BE ON
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ratio=ZHF COD F= ot 9 888 1 e uff 4:1 2 LERGE
o, ojuf & 552 91.4%0°]|ch 552 QA= SDNR<
&3 23 CNratio7} S7Fehp5 G} weh2-2 AR
SDNR ZF& H¢.0m, C/N ratio 4:1 Z79]|4 0.0292 g NOs-N
removal/g MLVSS/day (molasse), 0.0299 g NO5™-N removal/g
MLVSS/day (mehtanol) 2 UEMGT]E vAl&E 3 A4S 5
3 Pdof &35 &2 Aol = Pseudomonas sp.2}; Bergeylla
sp. Bre2]ob7} -3} | S ER1E 4= QlSiTh Ee v E
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