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ABSTRACT

Biodegradation of an explosive compound, glyceryl trinitrate (GTN), was studied with a denitrifying microbial culture
grown in a sequencing batch reactor and a GTN acclimated denitrifying culture. The GTN acclimated culture, which were
fed on GTN for 1 month, degraded GTN regioselectively via denitration on C1 position as compared to C2 position
denitration by denitrifying culture that has never been exposed to GTN. Accumulation of two isomeric glyceryl dinitrates
(GDNs) in both culture medium suggests that GDN denitration is the rate-limiting step in GTN biodegradation. The first
order GTN degradation rate normalized to cell concentration of the acclimated culture was calculated to be 0.045 (+0.002)
L/g-hr. Increasing concentration of electron acceptor(nitrate) resulted in discouraged GTN degradation. According to
microbial community analysis, prolonged GTN exposure resulted in 25% increase in the genus level of the GTN
acclimated culture with the disappearance of two dominating denitrifying microbial species of Methyloversatilis
universalis and Hyphomicrobium zavarzinii in the denitrifying culture.
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1. M 2

Nitroglycerine-(Fig. 1) glyceride?] 3719] 22717}
7hel FEe skEAR, o' ol 33HA} Asconio
Sobrero’} #3 /33t o &}8FAH-E glyceryl trinitrate
(GTN)©|TH(Husserl, 2011). GTN] LogKowe= 1.62%,
322 1% sleFEZ RDX(hexahydro-1,3,5-trinitro-
1,3,5-triazine)2] 0.86° HI3] <F 28] =31 TNT(2,4,6-
trinitrotoluene)2] 1.86E.TF= SRR 83| =7} 1,250~
1,950 mg/LZ o} 8-ollof] EAjslel= 4EE 2=t
(Pichtel, 2012).

GTNZ #857Ao] @o] AM8=e seked=, A4t
A Hlee) T T30 Bebdda 9 Bibelol] ofs)
S LAATIM, APEACIA e TERA] Bk AR

Aol 9%}t =t v Camp Edwards AFEE ESF
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Fig. 1. Molecular structure of glycerol trinitrate.

AIE SIS70OIA 1.94%45 GTNO] AESAAL, s
=9 Hughe A7 152 2 517 mghkegl® A%}
=X] 23K (Pennington et al., 2006). 7Yt} Gagetown
T AR AE AR 39 0~10m A-IA 4,700
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2AZNA nitroglycerin®] A&

mgkg®] LEQ o] ASHAARE, F 30~40 mol=
84 mg/kg® FA3| A3t Thiboutot et al., 2004).
opge] it AFe} o] 7 AR GTN 292 AR
THOE FHA % Yol TSR Qo=
SR &tk AR AVl E GTNO] viEE U, BF 3400
A sk Higel ofsl SjAEle] T FEE 4.8 mg/Lell
E33IATHCyplik et al, 2012). $HoZ §=9 GTIN
< EF B Agkrol EAshs rlAdEl] o) EalEr=
A Attaway, 1994), =& B3lEe} ol FkH
TE LGN

AJeiAlL} A7kl ik GTNS =20l digt d+= &
5] APt FHol AT LDyl 80~100 mg/kgS 2
= AWZ F4E GTNS nitroreductase®l] 2] 3
glyceryl-dinitrate(GDN) 2 glyceryl-mononitrate(GMN)Z
g T glycerol2 AX &3] E3EAch(Dacre and
Rosenblatt, 1974). S5(¢l) AgoIA] =4S B2y
A 3kort, 0.1 gkg®] GTN AL Fof] wjw|gh 4]
o}z GDNsol WE717F 28 S7FAAL, GTNG] I
B 55 Agoz SRIHATKDilley, 1976). Bentley et
al(1978) =7, F-35F55E 4 off 7 458 tifez
A3 Ay}, FHFEE9] LCs&e] o1Fel vls <F 10
v =9ka1, ofFoll theh o B 8R] SAAY Al
379 LCsp 1 mg/L oPdo 2 Y]l 542 §l
thar sty 2eu 233t FE of
AollA GTNS] EeHdo] &<l
FHFEE Blal oS vz vh-S
LA = o491 ofgddke FAtK(Smith, 1986). ©] 23}
o wht WREIE 1004 1.4 ugLd] e FA7E
< ARk o, v= EPASIME 2o tigt A7dar
7102 5.0 ug/Le AHSIATHUS EPA, 2009).

GTNZ =eAlEol 70 A} sk dibzh 2t
Holgle], 72 ow HESH e et aeu
L&A WREZOA 30 mg-GTN/LO] 8~15417F Wiol]
AALJ =, 212 22417 (denitration)FF3-ol &Jal ©]
A Q1 glycerol-1,2-dinitrate(1,2-GDN) 2 glycerol-1,3-
dinitrate(1,3-GDN)°] A§d¥l T3, glycerol-1-mononitrate
(1-GMN) 2 glycerol-2-mononitrate(2-GMN)S A4 glycerol
2 B3)=tH(Wendt et al., 1978).
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EFol BHH 2% Pseudomonas %= GTN
reductased] &J3F EFAAY] RS0 & GTNS Halsle] &

& B Aador ARSIt GTN E3lolrM= P
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2 g22x] Hkgo 2 GTNS H3lisle] NO, = A8
ot I3y GMNS 83202 Fa)|EA] F9kth(Blehart
et al, 1997). ¥HH % Hjgst PAES GTNS T
ey dadog ARgsie] b el = A=,
2Ale diFE NO,Z #ilEH Ut o] AqelA =7]
5 03mM2] GTNS 62A|F F¢f, GDN2 90A]7F
Fof| 93] AAHAAT, GMNe] Eafloll= ¢F 260A17F
o] A2Q=0o] GMN ®3ll7} AlgFAA| o] ATH Accashian et
al., 1998).

Hk3-%o| 4 COD:GTN H|&

R §] -
10:1 274 sAIZE *2]8FA 200 mg-GTN/Le] 3]
AA=RIL, 2ol FHE 95 mg/Le] NO; = 5A7H]

Ak 2Eukgo 2 u5 A A=t (Pesari and Grasso,
1993). Accashian et al.(2000)S $1%:3]5E-2] HRg-ZollA]
SRR 100 mg-GTN/LS #2j8lEt], GDNe| &
A7) Rhgo] AFAALS ERlsidint. @718 v
oM FTIALAE e goF 28U Wl GTNS ¢Hds
Ralslg o, 3714 A3k 2] 2 9x)o ArE
Aergoz AATGOEN 1,3-GDN 2 1-GMN T o]
SA AL, GMNS] 2847 wkgo] AghdA o] Ak
(Christodoulatos et al., 1997).

Marshall and White(2001)2 S}oFE-2 A|237 Fla9]
g7 BEYOlA GTNS E38l= Pseudomonas putida,
Arthrobacter sp, Klebsiella sp. % Rhodococcus sp. 4
T vES EEsle 58S AR A3, 5714 W
AET o] C1 $1x|9] Ar|E Az oz AT
1 &, Rhodococcus spi= GMNOA| &8ib7] wkgo 2
NS AASI] GTNS € a8kt Arthrobacter
sp. strain JBH1> ©247] vkgo =2 AAE Aitol23}
=PMES 2 da ¢ e o2 ARRSIATH Husserl
et al., 2010). T Geotrichum candidume 2 mM ©]3}
FEoA GTNS 1-GMN % 2-GMNO=Z £3)j5}% o™
(Ducrocq et al., 1989), HA] 1S E3llsk= F30]

Phanerochaete chrysosporiums 37173 Z71o| 4 (Servant

d

et al., 1991), Pernicillium corylophilum DiercksS TFAx
H(glucose)?} FAUNHNO;)2] EA) 3lol|A] GTNS &
5t GDNZ GMNez2 3l o (Zhang et al.,
1997), AAEEE W22 94t} Cyplik et al(2011)>
slekEd Aakg oA wlEEE 3000 mg-NOs/L, 4.8
mg-GTN/L 2 1.9 mg/Le] nitroglycols $H3le 1%
HFE ON BIE-S 4.0, pH 79 ZAA, edn)gE3}

Frel PBES FET M 2EieEE 99
A Ao, EglA el EdET AE
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o] AA| Aol B2t g EdHE TH
B Ay, ERVAETS Alcaligenes xylosoxidans,
Citrobacter freundii, Comamonadaceae bacterium, Pseu-
domonas sp., Pseudomonas stutzeri, Sphingobacterium
kitahiroshimense, 2 Sphingobacterium sp.2 T3= AT}

EdolXY GTIN &8s AESH 2, f7l= A
ofi- Bl F3o] A FFS FL ok A EXS
At FEEFFE ST AR &F GTNY] &
2P (Kdy= 0.9(mL/g)E SEdTh. AMFel ARSSHA] ek
GTN®| Kdghe 2aAlE ARgehd 0.6~1.191 ¥ A4
AE AHESHA] o™ 7.9~10.52 FA F7KEo], A&}
8ol oJall F2o] F7sle] EdelXe] NG ofFe] A
H2 EAK(Clausen et al., 2011). ESF7ES FAkA
M oY TR FIAZRE WS Hdshe 9
&S o2 GIN FallE SX813aL, AV fi7lEel
Ao EN GTNS F&s8l o5& Ashrl7laL, A
37 w7 AT 5 e AlRbe] 2ol ehds] &
3= Ak (Bordeleau et al., 2014a). 121} B ZHA13
oA Egel S8 A71ET dUEHo] e B¢ S8l
d GTNe| AERaliHARE, JUEE F5r} w2 2ol
AE GTN Zali&ert F3Es] wWEx] ot Aske 2.4
7VsAdo] Akl sFtk((Bordeleau et al., 2014b).

oIt ol GTNS A&sH &7}t 7FssiAT, &l
ngER o] Adeoleld A a&/do] Aske
o EY 24 52 deAelde] dabEel gdndEol
ofsll GTN &sl7F 7Fsehhd, LAEY 2 Aek—= 2t
A 2 BETH 298 sHoE, Hae HgAe
o] 2EvkgFol BAFolaL AR AT
k& Zlolt}. ool B Allxe EEEANMS GTNS]
e Bl o F B A2 2ol it A5 38t
9t SBR(Sequencing Batch Reactor) B2HES-Zol|A]
vt 2V AET GTNOY 841X gaAnES 7}
Fajdsted, 7 rAE ool o3 GTNS] #3l4=, &
SiHE g AAE, AARATE = GRS AR,
nAETY WEE A8k Hlaskih
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2.1. EEID|YE & GTN &3 2HA0[ME bk
2ol F 2RSS g fJal, SA 3
FAEF 1A FAAZ HkEAolA BEn|PES A
Fstal, A3 4A SBROIA widstATh SBRES 2%,
pH(Mettler Toledo), -8=Ak~(Hamilton Oxyferm 225)%
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Ao 7 AT ATS A F J= £ 519 W
A 7](Kobio Tech, tHEHI=h)2 P8 4

[}
HEAE FY 1, 9k 225703 A 1ARE

o} ghaglo sepe] vlgheS Wa mykairia
g=
ar=

COD(Chemical Oxygen Demand), TSS(Total Suspended
Solids), VSS(Volatile Suspended Solids), TN(Total Nitrogen),
TP(Total Phosphorus), NO;-, NO,-, PO, pH ¥ &%
w3t

AEAR 52 sl T HiEEe seEdo]
2 AslEo] NOy7F A5 AL, &Pdel] ARREE o=
713l TNTS} RDX 48918 o= 3] AkslA|
A JAFHTE AZEAAL, ©] #H2] NOs, TN, TP %
COD %+ Z+ZF 290, 70, 0.7 ¥ 14.5mg/L, pHE=
6.6010ct. HIghE: T2 A (1)l A, #HEHA
S Hasle 4 e frleAMd 24 (cob/
NO;~ ©J&} CNFIE 3lqatt. o] HHxS 37| s
of 297k ON HIE WASHAA A& A8t

5CH;0H + 6NO;™ = 5C0,+ 3N, ,+TH,0+ 60H (1)

GTN =8 22AvA=E (18} GTN SH= ) ot
Zo] vjoFsiant. 2 AHEE~=(500 mL) 7l 314
A FakhzolA A EFrAAE 100 mLE YL,
24X AAJslaL FF 2718k 55 150 mLell GTN 2
NO;” HF 57t 242t 4 2 800 mg/L H== |23}
b kg Y5t gAado = mEgkE 3,160 mg/L
FYstEtl, ONHIE 5.93:10100) ©1F GTN %
Fg2= ARE w2 UEsla gLemukal (25000 A]
00 rpm® 2 WRHIGSIHA, 24 FHo 2 1081 A
1A A 150 mLE AASIaL 27 203 5YsH)
TN, NO; ¥ Wgh&-g Yol ). -8goj= viiE
A} vy GTNG] s=742 Adsigi=d, 3t &
AR AT} vk 2472 & GTN 4mg/L7t €431
AA= A

N

(o

o=

ox Q

2N

1

Of

2.2, FAM=AH

GAnAET GTN T8 El 98 GTN EsllE=
2 AASEEE vlwslr] Y8l F2IAIE (resting cell) 2E
< Pttt HA oA wlidst SBR €Av|AE
2 GTN $HAHE-S 20,000 g(4°C)llA] 44l Ealsled]
F8lar, g3 20mM Sk A (pH 7.0)0.8 33]



e 200 nitroglycerin®] &M £l 598 L vE #3

A ok, &7 500mLe]l 2 AEEkmel 9
Fe FUskL 2713 ik S e R 250 mLo] H=

whgz Axe Z38 A by
2 UE3le] gewdbd(25°C)4 100 rpmo 2 A3
o), 7] GTN 555 6.0 mgLE 3}l
NO; = a5eHA &3ttt whgo] AL, g ARE 7+
o2 Agg AFsld GIN ¥ FAHE 55 UPLC
(Ultra Pressure Liquid Chromatography)@ 273} th.
HhS 271, 3ARE B 8AIRE AlEell tised= TSS, VSS
2 N0y 55 48t 72 rld=-S Edte] 4

3 RTE T £85I, BE HkexE migs

2.3. GTN =30|4=0f 2|8t GTN EsllE53&t

Resting cell 283} 27] GTN S AUES HAAIA
Febelar, 2 A ekA=(500 mL)ol| 3 m A E
GTNe] &3llE Wee 88 2mL 2 2k A4S
3t gl 250 mLS Table 13} o] GEjsle]
the- 2wk (25°ClA] 100 ipmeE HH3] wHhfe
FHA GTN 2SS S48t o] W, 7] nAE
EE(VSS)= 700 mg/LZ 1AL, wAES] <3k GTN
g2ks ERIs] S13l B HER tiET(control)E, 3
3 T 2o FAESHE AAE RIS % FAE
T(blank)= A =33kt wkEx7], 3, 6 9, 12 H
24, 487A17) AlRE AFSH NOs 2t GTN T8 &
Asjar, Whe-Z27), 12, 24 L 4807F A8 thsle] TSS
¢} VSSE S5t

o

}

Or

i

[¢]

g

M o

2.4. SIStEE W EAUHH

GTINGEEE>99%)> WEEd] gL == 833}
steel woolo] E01= T4 87100 BdsHAl &1 A
2 FetATAoA FEEt Rk o, W 38t
B4 Aggarel] HAsid) F9go] vig- & o
o2 Ao Exg FEAGASHA] 2317] wliel], a1
FE GTN AFE fsixe veks FHH= 2o] S7F

£ 9

—

2t
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ste] Ao 288 4= = GTN Foe vlilg- Algkdo]
ot Age] TF3HE &, o GTNS NaOHE A7)
7R ths ARtk GTNG ZaiikE]l 1,2-
GDN, 13-GDN, 1-GMN % 2-GMN¢| HF&E2&
AccuStandard(New Haven, CT, USA)A T35t
T3 Aol AMgSE B S8HEEe HPLC B ACS &
oAt

HAE %, TN 2 TPe AT ZAIEYH &
3lo] A9, COD, TN, TP= HACHAR] &3
vialZ #493}31 DR 400002 =5 =433t A
GTN 02um PVDF syringe fliter®2 A& 3 &,
Waters UPLC H Class® #23}5ivh. #4210 #%
0.2 mL/min, H,O:ACN(Acetonitrile) = 60:40, T} 214 nm,
ZAe% 40°C, A& FUF 2.0ulo]™, Acquity UPLC
BEH CI8 column(2.1x100 mm, 1.7um) ZHo=Z £
3t GTN w3liikE-S F790] ol o] gejxo
2 AREAET A7) WY s9E EARelA Bl
H,0:MeOH(Methanol)?] BI-&S 80:4004] 7%, 1&9]
Ax 109002 W8l 6 T AR U, 12
ZAx 80:2002 ghelsie] SEIF &St Ak Aa
(NO;)= IC(Ion Chromatography)@ #2313}, 24k
Ar T B8 A9ole 35 A7 HE91(100 mg/L)
el SAHHES 10~208] A3t Iss ol
(183 MQ-cm)Z FAAIZ1 A]E= 0.2um PVDF syringe
fiter® <3} ¥ Metrosep A Supp 4 column, Auto
sampler®Z T4%E Metrohm Compact IC 761°0.% #-2
sl B4 20e 889 (1.8mM Na,CO; + 1.7mM
NaHCOs), % 1 mL/min, suppressor A}*4-8-4LS H,S0,
100 mM= AFE3IATE IC &4 Al A& 1set Al &
A 2710 FARE, VARl BFEES o] B8
FAEAIEE AT

2ANAE 9 GTN VA=Y PETRS )R
Aol 225t Illumina Misque FHIE ARSI NGS
(Next-Generation Sequencing) W'Ho2 F-2131%c}

)

Table 1. Experimental conditions for GTN degradation using GTN acclimated denitrifying microbial culture

Reactor Initial conditions (mg/L) GTN accli@ated
GTN NOs-N COD COD/NO;-N miCroorganisms

Blank 8 - - - not inoculated

N-200 8 200 9,500 48:1 inoculated

N-800 8 800 9,500 12:1 inoculated

N-1200 8 1,200 9,500 8:1 inoculated

Control 8 200 9,500 48:1 sterilized before inoculation

J. Soil Groundwater Environ. Vol. 24(5), p. 42~54, 2019
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Fig. 2. Temporal changes of (a) COD, nitrate and phosphate concentration, (b) total volatile suspended concentration in the denitrifying

sequencing batch reactor.

3. Results and Discussion

3.1, EFEHEx 2
SBR 2 @HRS-Fo] 2153}
7)ar, weke FAE s

gAn|d=e 98

%
X
hins
s
ili
fr

shH 2] COD F57F 200 mg/L
ooz I71slal SBR WS W vAlEe] HwslA S
ARt AFHoE vid 419 0.8mLY eSS F
Yokt gAE, v vAE =) PgsiEEA Y

|22,
o] =28l tkFig. 2a). SBR 228kS-Zo] Q5=

AN oy 5783 8] X7Vl pH 7.3(20.3),
NO; = 2183(x4.9) mg/L, PO/ 04(x0.5) mg/lL, COD
£ 240(+10.8) mg/Le]lar, PAE FE(TSS)E 2,800
(*142) mg/Lo|Aet. A FdFFolA 72 55l 9
st 712 DO7} 7Rt o, 3A1ZE el 0.2 mg/L ©]
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sl2 7hasle).

AN YE wjkS 93 SBRY &4 Avh= Fig 29}
2t} SBRY| HEYget ead@Ere) Y &, oF
6~9A1Z7kA] CODSF NO; 7} e Zasisled], 53
NO; = 99% oPd AA=A. L ©o]F CODe t© o)
ZHAEIA) ¢l oF 25 mg/Lg FAISFIAL(Fig. 2a). VIAE
A|3EQ] TSSE 2,700 mg/L A== & 0] YIATHFig.
2b). ololl AR 3941 AlolE APIEHIE BT
AFEOlA HiES pHE 8.0(x0.2)E 2PETgolA uf
=39 dZE)EE Q8 Z/8Ial, CODE 4.5(%1.5) mg/
L, NO; = 0.3(x0.6) mg/L, POSE= 0.6(x0.2) mg/Lo]%]
o} weke FRJoZ uE Aol Zadk gk o
Uzjel ghiglo] AFERY] wiEel PE F5(TSS)E
2,669(x189) mg/LE L&A F-AEAC}

Aol CoODS NOsE 0%} BR3-0 & A A=)
on, AAFFE 242 34.132.7) 2 35.4(+0.8) mg/L-
hrZ 9A38I9THFig. 3). SBR 4 717+ Bt vkgx 1)
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Fig. 3. Estimation of zero order removal rate of (a) COD, (b)
nitrate during steady state operation in the denitrifying
sequencing batch reactor.

AE FE(VSS)E §he AF Al@ETds #%)
2,520 mg/LoISaL, WEE FF Aol 2,430 mg/LE TSS9
90%7F VSS o3t PAE FEe dukslst NO;m 22
S W AIE A PAESEE AMSSl] FePE o
2} (29} 2t
r _ENOsN  341x10°g  24nr
DN oySS—day 2.52gVSS—hr" day
=0.32gNO;—N/gVSS—day ?)

471 3 BleFaadoll A HlEEE 3,000 mg-NO; /L H|
5 CONH] 40 279 Eihgx2 AHsids o &
=5 0.79 NO;-N/g VSS-day9} Hlwaha oF 50% o)
Ul (Cyplick et al., 2012). Z#U B AFME &
o] mE S Haslslr] fs CNF] LIRSl o

2l Bejsh 2 v UE 2 Wl

~
-

UALS Algkela7] whitolet dd=r, g F3d =
HekeS-S gago s ARSS W IS5HE 2EEe] FX
ol sl Axto]ltk(Sedlak, 1981). ©]oll SBROIA]
TR wljF FoA we 28-S 71K rlAETo| )
F=lo] gF o F GENkgo] dofudtial Fslal, GTN
Rl gEnYEZ ARSI

3.2. FAMEAE A

GTN =874E2 SBROIA st 2AvAE= &
2AEAF A= Fig 494 2o, Aol F8 Ave=
Table 201 L3It %27] GIN F%(6.0 mgLyEe F
UAE oA BF 12} whEo g HIHQN, Ei HE
st tizrllae 2700 theo] S3tE o] Fxrt A7
U Bl doluA] 29dth wks- gAI7E o]Foll= GTN
TEAE RREXAA 271 EY] 96.3%7t, EAVNE
o SJair= 76.1%Rk0] A=A, ST AHEQ] GDNeJ
AR}, 2] dhgo 2 AAE NOsE T PAE
o] AME3I7 10l 5= 242 0.06 2 0.10 mg/Lol
E3HA

T AE ol g IZHAIAYTE GTN TSI E
ol A 0.36(x0.04) hr'o]w, ERAENA= 0.17(0.00)
h'2, GTN 3PAEo] 28] o & &S Bt
(Table 2). ¥ U] VAE Tt 2oz vjiE &
Tof Fsgt xRS @rE 2 Gl 28] ARdah,
GTN P8 == 2ar| &l 212} 0.146 2 0.137
L/g-hrolth. GTN &8PAE VSS BiE =7} 2,473
mg/LE BANRYES] HAEE 1,240 mg/Lol B3] F 2
v &7 SkAINE =S3boll] GTNG] efdsko g 217
2~3mm FEe] gt FAFEE A%, & ik
Jee] g HE g HA itk ol
Clausen et al.(2011)2] ZAy}e} o] AERs)7} EAYshH
GTN®| F&o| S7psl] S st Aoz waErh
THAE GTN 318ES] gk g gEol visf of
10% =34}

q= (€))

S

A7NA, k= 13} (), ¢ PINE FEo Hi
313 IZHAIANSE(L/g-hr), X FIAESSE Hagk(gL)

1k 8A1ZF ¥, 1,2-GDN# 1,3-GDN F%+= GTN &
Su BB ZHzE 4.14(x0.01) 2 0.85(£0.10) mg/Lo]
AE Y GBI 27t 2.34(£0.06) 2 2.29
(#0.00) mg/Le] A=At EF 1,2-GDN/1,3-GDN
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Table 2. Data summary of resting cell experiments

e

GTN acclimated microbial consortia

SBR denitrifying microbial consortia

mg/L uM mg/L uM
initial GTN concentration 5.89(%0.42) 25.94(+1.87) 5.85(x0.06) 25.77(+0.28)
final GTN concentration 0.22(+0.08) 0.96(+0.35) 1.40(x0.01) 6.16(+0.06)
final 1,2-GDN concentration 4.14(0.01) 22.72(£0.07) 2.34(x0.06) 12.86(+0.16)
final 1,3-GDN concentration 0.85(x0.10) 4.67(+0.54) 2.29(x0.00) 12.55(x0.02)
final nitrate concentration 0.06 0.90 0.10 1.65
material balance (%) 109.5(£6.9) 122.5(x2.4)
first order removal rate (hr™) 0.362(+0.041) 0.167(+0.002)
average VSS concentration (mg/L) 2,473 1,240
e
wEo] ZAuy) HlgS Aieh GTN w8TE 9 & ’ P
AN 242 49 B 100]th GTNE FRHC1 2 @ Y- l2oon
C3) 2 FHE3PI NO,7F glomg AN regio- 5| O~ Control
selectivity)glo] FA9Z @A) whgo] dojdrpn £
1,2-GDN/1,3-GDN HI&-& 2.00] E|ojo} $ItHWhite and 2
Snape, 1993). T FZHIEHIZ WIS GTN w8mld §
25 @dugEe 2zt deros gt gl TY No,
715 AASIATE. GTNY 2247 vhe-9iA= mldEo)
w2} Aolsict. 2t Geotrichum candidum= KAHZF O F2

C29l| 4 (Ducrocq et al., 1989), k& ZIit<Q1 Phanerochaete
chrysosporiums Cl1 9X| oA GINS E3l|sIHth
(Servent et al., 1991). At 7143 ZZA vt &
FEL C20llM A 2] HhEo 2 GTNS
E3|519tH(Christodoulatos et al., 1996). EX|A £
3l 422°] GTN B BEL, Arthrobacter =2 ClolA,
Klebsiella &2 C2o14 NO7IE AAS WHd, vz
Pseudomonas putida®} Rhodococcus &2 AB)Zo|x] ¢k
QFTHMarshall and White, 2001). %3] 23S E3tst
W, GTNO| Zali7h Aztee Ae rAEE, oS A
3] PAE GAAA g 2lo|d] Ao Al
4 FAE AL GIN TS E HHgxe
109.5(£6.9)%, BAFAE HFEZE 122.5(2.4)Z 10~
20%2] A7} WAYSIGITE. o= UPLC #4elA] GDN
7 ol dEAle] w=rt @] EelEA] oot gk A
23 71Q18F Aoz FhE), GDNeA &by wt
5ol A5=™ 1- 2 2-glyceryl mononitrate(GMN)7} Al
gt 2 AFtellM vt HOE GMN F odEA]
S UPLCE &8l =gsiglont, S/ vUh =0} &
A F3ITh =3 GMNo] S8l Aol o
e g mAEtT). §hgEedlA GDNo| A= =
A== #gol0aL, GDN 37} GTNS| &EsfAlgdAl ]
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Fig. 4. Changes in GTN and its metabolites concentration in the
resting cell experiments. (a) GTN acclimated denitrifying
microbial culture, (b) denitrifying microbial culture.
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ZgFo] 4% o]s}o] Il (Pesari and Grasso, 1993),

HPLC #4721 Foll AlsHa87|EEkeE 2 f2), o
e 9 septumll A HAYSHE GTNS] FaR=AHe F
A& 4= okar st (Accashian et al., 2000). L&y
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Fig. 5. Results of batch experiments with GTN acclimated denitrifying microbial culture. (a) GTN concentration, (b) nitrate concentration,
(c) estimation of first order reaction rate, (d) temporal changes in volatile suspended solids.
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Table 3. Data summary of GTN degradation by GTN acclimated denitrifying microbial culture

NO;-200 mg/L NO;-800 mg/L. NO; 1,200 mg/L
average VSS concentration (mg/L) 770(x57) 793(x18) 915(x21)
first order removal rate (hr™) 0.034(%0.001) 0.034(+0.001) 0.034(x0.000)
removal rate normalized to cell dry weight (1/gg4y-hr) 0.178(%0.008) 0.172(+0.010) 0.149(0.002)

oz 2 FAETE AlQetal GIN S8P8ES +
et A, GTNY &3ll7F GoWtth(Fig. Sa). 271 NOs-
200 mg/L HH&-Zol|A], 9AIZE Fol] NO; 7} 25 AAHA
2ol E3lal(Fig. 5b), GTNO| A A7 17Hs<t #
AHA} HEg-0 2 7haE|o] 4827t o]5dll= 0.5 my/LRk &
FettHFig. 5a). 7] NOy &&=5 4 &2 odfl 57
AAZ SHAEC] 28 GTN Eaflgols & J3o)
glomz Fold 2 GTN &= NO;~ B0 =
HHo|th(Fig. 5¢). BE WHZANA IXHAAFFEL ko
=0.034(x0.001) hr'Z FY3FATHR?*=0.99). HHHo|| T}
o2 FU3 NO; = &84y 3 viiE 4gS =3
3lod, NO;™ 1,200 mg/L HES-ZollA HAE F=(VSS)=
%7] 700 mg/LAIA 24A17F ©]F 1,035 mg/LE 1.484]
F7FtAaL, B REoME rAlE gl ASHUT
(Fig. 5d).

olo] Z} ¥kS-% mAEwEd Hislst 1XAANST ¢
S APgshA Table 33 2th 7] NOy %7} 200,
800, 1200 mg/LE S71ETE g7k ZH2} 0.045(20.002),
0.043(:0.003) 2 0.037(x0.003) L/g-hr= 7+HAa3Ed,
FAAZEAA] 0.146 Lig-hroll B8] ¢F 30% FFo=
EF3I9) ©] ¢ 32 3713 SBRZE Al W &
=4 0.60~0.97 L/g-hroll 18} 107! G=0]A]7HAccashian
et al., 2000), @713 gollA] #ZE 0.005~0.0006 L/g-
hr(Christodoulatos et al., 1996)°] HIEPH 10! A% H&
Zrolot.

S SRk vl e wet o F vy 9 HA
do] GTN Edlloll = FTF Tl s Qi
Z71°] GTNY AESH F3ll= Tt Hcometabolism).
2 QA=A S K (Pesari and Grasso, 1993; Zhang et
al,, 1997), GTNS && 18]11/5-2 AAoF A8k
theket vEe] EEEwWA, GTN E8ll& 3ol digh
AT7=2 HAHJY. A Geotrichum candidum®] GTN
s 718 2 A4 Tl 9 1] gk
“HDucrocq et al., 1989), GTNS Eh/AAhdoF AR
sl= 3714 vAES glycerol ¥ pyruvateZ} S wj
GTN E3&0] Z71skth(Halecky et al., 2014). GTN

2 Ardoz AMgshe MAETE uigdo|

b2
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(NH,):S0:Z #7138 GTN Eafgo] Z71819th(Blehert
et al.,, 1996).

Ak 2 57148 ZAGME o eads Hrkshd
GTN #3837} SR == (Saad et al., 2010), YA
71EES Fallo L3 UAE 3 ¥ ofet A
g i} o] GTNS SARIOEZH EgA ] o]Fo]
A|A = AcHBordeleau et al., 2014a). T7|A-F4kA 2tk
352 Bz %7] NOy %% 3,000 mg/L, COD
22,000 mg/L, GTN 1.9mg/Ll = Aol 594 W)
GTNS AAER oY &do| 5 13Y0] A28F W, =
o] TME A7 o SASHAIR A B
GTN AAdd= 7Y, 24 6dd HEHATHCyplik et
al,, 2012). o o] R ekAdS T3P GTNY
IS FFEH o, 2 AellAel 2o] NOy 5% 5
7to = GTN Eall& 74Es BHud vl gt o] An
£ GTN TS BENA ol Bolgt Weh&} NOs=
iR} ZHAGEAZ ARSEOZHR] GTN A|AEo] 7+
2:31997] wiiolg}t seked)

3.4. 0|8E #o|

34.1. SBR BAWYE 14

SBR 2wtex7t A IEHE PN 71ZK(Day
410l SERBE AEE AF s GTN 8HA=3 2
o] &) Mol FHsl vAE S AT SBR
22052 Proteobacteria 77%, Bacteroidetes 16%,
Chloroflexi 4% 2 7|8} 3%Z TAEUL, = 3405
477%°] S3BIAYk. 1 oA Methyloversatilis universalis
Zo| 48.1%%2 -3kl UL, Hyphomicrobium zavarzinii
Fo] 13.2%, Y22 Hyphomicrobium denitrificans &
o] 29%E A8k AthFig. 6a). $(Genus)Z T3}
A, HEE-S S§AhYo R ol83= Methylophilus <5°)
48.5%% 8l om, tROZ  Hyphomicrobiume]
19.7%01 34t

g2 de3t gAgo= wEes AMgslgens
Methylophilus % VIAE0] 33 RASE AL}
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