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ABSTRACT

This study investigates the in-situ implementation of bio-regenerated iron mineral catalyst to remove explosive compounds
in ground water at a military shooting range in operation. A bio-regenerated iron mineral catalyst was synthesized using
lepidocrocite (iron-bearing soil mineral), iron-reducing bacteria Shewanella putrefaciens CN32, and electron mediator
(riboflavin) in the culture medium. This catalyst was then injected periodically in the ground to build a redox active zone
acting like permeable reactive barrier through injection wells constructed at a live fire military shooting range. Ground
water and core soils were sampled periodically for analysis of explosive compounds, mainly RDX and its metabolites,
along with toxicity analysis and REDOX potential measurement. Results suggested that a redox active zone was formed in
the subsurface in which contaminated ground water flows through. Concentration of RDX as well as toxicity (% inhibition)
of ground water decreased in the downstream compared to those in the upstream while concentration of RDX reduction

products increased in the downstream.

Key words : Electron transfer mediator, Iron reducing bacteria, Lepidocrocite, RDX, TNX

1. M B2

AN

Selels WA BOEslR SRS 99 Aeax
98l AR PARERo] olEolATL e}, AT
Braavt B E A AN A e B
R A7t skl ofal ErhjshAl La=aL 3
L PAe] B B Askreld] £3) st sek
E3& TNT(2,4,6-trinitrotoluene), RDX(hexahydro-1,3,5-

trinitro-1,3,5-triazine, Royal Demolition eXplosive) %

_Q, 02, to, miu

*Corresponding author : bhbae@gachon.ac.kr

HMX(1,3,5,7-tetranitro-1,3,5,7-tetrazocane, High Melting
eXplosive)o|H, ©]5ol|A RDXE "¢ FEst duUxE
71 WESTA anZsjeEda gk ofsf AAHA|
ol FH A4 LHPEZo|th(Haas et al, 2008;
Spalding and Fulton, 1988). RDXS] k3 AAA
53] Aol o] 1ol w2 SASFE RDXO <
g Ashr 22 R AAREAC 2 SlslE =
AtH(Yinon et al, 1990). ?17to] RDXd ==9 7%
T2 TFNEAL A 2 A S5 e

Received : 2015. 10.2 Reviewed : 2015. 11.6  Accepted : 2015. 11.28

Discussion until : 2016. 1. 31



RBESH] HPEZvol| o5 A5l U] RDX $H: A 8828 527 63

7ol Etnier(1989)= <8<l tsle] =23A7|Eo
E 105ugls AYsAaL, v= #7832 RDX
CCL(Candidated Contaminant List)ol] X3FA|7]aL <
BRI 71F (Health Advisory)2 2 w9 S
ol 0.2 ug/LE A3kl ATHUSEPA, 2012).
RDXE 2¢¥ Ed} AlekE A2eh7] s A&
32 FAEA RS o8 Al 5 7lEEe| A
|53 o} A8k RDX A2le 5714 BHoks 3714
W A&l Desulfovibrio spp., Acetobacterium malicum,
Shewanella halifaxensis | ]3] G320 7 E3|=l= A
o= d#A vk ik T HElEelR dEA e
Desulfovibrio spp= RDXE HAYO=Z ARE-3}31(Boo-
pathy et al, 1998), Acetobacterium malicum SA] RDX
IR o EARS AAdsh A7t (Adrian and
Arnett, 2004). Shewanella halifaxensis = 871’4 =71
slollxl RDXE walfslsiont, 3714 Zxdxle &alf vt
o] BSEA ebAUTHZhao et al, 2008). RDXS] FAE
2 Felle G E H I BEY B=S ol8% A7
7} BHSISHA 8= T} ZVI(Zero-Valent Iron)y=
RDXE MNX(Mononitroso-RDX), DNX(Dinitroso-RDX),
TNX(Trinitroso-RDX), nitrate, nitrite, nitrous oxide=
Eaflgitia &4 9o (Wanaratna et al, 2006), 7=
A vgAdesw e Zejoladilt 22 AMSIAR
AejE F7He] B el FYEEA RDX 3
T3 FEe 2HE JERTHNaja et al, 2008). TF
At 2HY 20)(CIT, SO, COY)Ye E33E Fe(ll)-
Fe(Ill) 5~2k8}E2] Green Rust= RDXZE formaldehyde,
nitrous oxide, ammonium®2 E3]3FATH Larese-Casanova
and Scherer, 2008). ©]elol= 418ld BEQ] Magnetite
(Fell,111,0,) &N ol Fe(ll) =842 37l RDX
o] ®al7t F7kslaL, 2all 2HEE MNX, DNX, TNX
7} FAE AT (Gregory et al, 2004). FAEH A4 v
3% 259 FEAEol og RDXY wle rlAES
T, BA(e, E i EYS BE), BEY A7, A
A wiZfA] 5ol $72 el o8l A Y U=
T}Borch and Inskeep, 2005; Cho et al, 2012; Kwon
and Finneran, 2006; 2008a; 2008b; Bhushan et al,
2006). 53], FislET A 3 dhEiglop EAlshe =
7 3llA, HAHR718 (natural organic matter, NOM)Z}
ARGl e., anthraquinone-2,6- disulfonate(AQDS))
< HHlgolollA] RDXES] At Ags 73zl s
2 RDX9] H3lE 3FA)ZItHKwon and Finneran, 2009).
gE ARAGNAIZ= vitamin B127} riboflavin 5]

D

£

A=, riboflavin® THFEH 4SRRI A0 ZEATA,
F= W 8§ oA AV= Shewanella oneidensis
MR-1258 FH|EE A2 A viAA= dei4 ok
(Cui et al, 2001). 3ol ]3] FUH riboflavine &
e yeEgA ZEEAS TNT(2,4,6-trinitrotoluene )=
FoHo g Ba)E 4 glvka BuEa Ith(Ahmad, et
al., 2004). ©]= riboflavin®] RDX 3ol thgr =& 7}
S YuletH, dAEA] E i EES F gk
HAE 71 FeA8o)x9] riboflavine] FskE AT
of thek 71EAQ FH= wig oY H
Shewanella putrefaciens CN32(©]3- CN32)el| <]t A3
& g9oll riboflaving AAPAEH|AZ ARS-SPH RDX
H3l7F SX=, riboflavin®] RDX HEsNel A=A
= 22 9 RaEdo olu riboflavine A E
of] oJall WA AY eJFoA FUEAY dAgle] T
3l RDX 3|5 a9= HAtH(Bae et al, 2014). T
APAA ol BTl ARSE Ho| 1jHo] o] Holu &
2 AtAcE B¢} E3EERE Rk ESRED A% 9
AFolMe] A Fhego] =t} wEhx FEduiHglopt B
& HollM FBES ST AAAZeAAIE o8-8t
o o= keSS rTIe TIRkS el T
I, Zollx slekEs Ealist] Ask 29 W
A& = S Aol

2 dFolre 9 A AN A3l o)
B3] ES URE fEE SeEded ATE A
3l7] el 2D FRA AR ATl FFATTES] B
SHAE AAetAt. dheHAIE AAHGAAE =
riboflaving-, F3E0Z+= lepidocrocites ARE3IaL, 2k}
H EHYES S dHEElol CN322 AAYSE redox
active zones BAJSIES AP Axt SHiE F7)
o= FRAetAA, Aekr AFE 2 S SekEES
A&H o7 BE39ct. 1 A7), riboflaving HAAD ]
AR sk AEdhd FEFue AFolA F7RE /A
=HA RDXE 3 E3lighs ERlIstat.

N

Tz %
2.1 MSELE J0i M= & MY HE
Zul9] 7]Eo] E= modified medium(MDM)S Table
13} 28 Ao =7 Aok DIW(deionized water)ol] &
T3t 20 LE AIZSIAH. ©]% 60 g9 lepidocrocites
Yol 3g/L F5& AF3kaL, 100uM riboflavin 0.753 g
7 30mM lactate 85.5mLE MDMo| F3AT
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Table 1. Reagents composition for 20 L MDM production

Component g/L
Na lactate (NaC;H;0;) 2.97
NH,Cl1 1.34
KCl 0.09
CaCl, 0.07
Nitrilotriacetic acid 0.14
MgSO, * 7H,O 0.27
NaCl 0.09
MnSO; - H,O 0.05
7ZnCl, 0.01
FeSO, - 7TH,0 0.01
CaCl, - 2H,O 0.01
CoCl, + 6H,O 0.01
Na,MoO, * 2H,O 0.0022
Na,WoO, - 2H,0 0.0022
NiCl, - 6H,0 0.0022
CuS0, - 5H,0 0.001
AIK(SOy), - 12H,0 0.001
H;BO; 0.001
NaHCO; 2.521
NaH,PO, 0.47
PIPES buffer 9.07

KAIST A& w2 iE A WsE©lst CN32)
£ 353t Tryptic soy broth(0.3 g/100 mL)°l 1 mLE
st wdsla, 16417 Hell 38 123 v MDM
o FYsict ES FESH 20 L Azl F 1LY
HIYE CN327F a3t 7] 240 2% xshd
MDMe| 4~6 A7t AA7RAE 2E71El] 3715 AlAS)AL,
AEAR] wRkS B3l SuiE ST f19F 22 W
MOz F 60 L] AEe] FEF0E 37) 8710 Fv)
st

AP 372 Bhe-S Tt 2ol et §7] =
74 o}l Tryptic soy broth(TSB, 30 g/L)ollA] wlj kst
CN32Z 26°ColA] 150 ipmOE AlEH o2 WHAA &
HIEtdaL, A 7] DAl FE3te] 23] Al F
12,000 rpmellA] 587 94 EEAIA Holle TSBE Al
ATt MDMS NaHCOs8l°] 30 mm PIPES buffer
= o]g3sx FH|E o (Bae and Lee, 2013), 1 MY
NaOHZ Tj&o 24 pH 7.002 ZAsAct. Frd
MDML& "i#3dte] 4225+ 0.5°C)oA YZhA| AT
Batch tests ¢Jo}e] FAb: Z7AoA AESHH o2 3
% lepidocrocite= 250 mL serum bottledl] Hil LFH]|
F A9 3 15 v DBE38ITE MDM(180 mLyS
0.3 g2 Lepidocrocite®} &7 S5mL2] sodium lactate
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Fig. 1. Plan view of bio-regenerated iron mineral catalyst
injection and monitoring well installed on the site.
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Fig. 2. Schematics of ground water monitoring wells installed in the field test site.
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Table 2. Injection date and volume of bio-regenerated iron
mineral catalyst in the field verification test

No. Date Volume
1 2014. 06. 14 60 L
2 2014. 07. 26 60 L
3 2014. 08. 12 60 L
4 2014. 10. 04 60 L

NaCl 25 kg& FHAY 34 1 ml] Zo] ARSISIT
NaCl £3] & FYRIANA =33 A4 ECe= 44.39
mS/em, GET 28.65%C|Th. FHAF T A X3¢

2 233 AR, F=, 152m A% )83
FUAYIE 20m Zolo] 1R1X] & 522 AZ3IT. o]
T HEE ARSEHA] §aL AAGTFE ol 8et] FAAE
S 100 Lhro 2 3915190k

23. MEsY ZEs0] I | & 2

BAJo 2014300=

FE 12" 1HEe=w F 4Hd ?JQOiE‘r(Table 2). 74@
A11E~29)e JI2E=27 9al, woll ofsf Edgto] 7}
A= 59 HTAZE WA vl d8E ZFds)
i FwE FYsA @uth Ful= &% 20L9
Nalgene 871G 370)ell Z0H)7) 7Fssh RS AFzlks]o]
HiE o} Zu|EQlAS AAg thE, WEE Jisie] AY
Aoj| A A|Z3+ 1S redox active zone % AFH FHY
si9ar, vl el B 9 20L A F 60 LE T
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(a)
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Fig. 3. Photographs of field activity. (a) Bio-regenerated iron mineral catalyst injection, (b) Ground water sampling and measurement.

S 5) WAHIAE A AP e
+4 F Ao JRFEERDX)P] AEHoZ FY5
—T’—, AE7} 217 eot 2 1Sk el wiso] Alst
o}, olof] AEEY FEZlo] 2gt AAE redox active
o) IR YR BATEE A9 ) ST 3
A AE Fxo] A HelE AxE HrFei.

24, HEEULE F0i EI—IE% o A
FHARUEHBAANA MRS AFHSH Ak sfeks
A T s 5 E‘%Ei%‘a AAsIT). WA ZUE
7‘%5401 9)= ulh:]é ;GJ\ZCQE_TL]. Zg_f;].oq
sl 715 AASKAT 24 2] & e
< 2 AdEelM AFErE AAsta,
E}/‘l RUHH MBS do] &7 FAAEE AHIA
. AQFHE FEABEZ Fig 3049} go] FASHIZ
pH, DO, ORPE 73133l 40 mL njo|dol| dR=A]
NaHSO; 8 mg 713 & 233+ A 80 T 31oF
EAS BT E OE vlo|dedle Aoks ¥R oF
AEE AFHT the, WEBHAES o83 858
=319}, FEAEAFE 35 18] F7I= sleH, A
A7) 2 3= 201439 5EEE 197K & 838 A

Alataact.

AFAEE 4°CE FAHE ofe]zuize] Yol HR4
Z PEdE, SEAEE #8202 um PTFEEZ o

lN' H

J. Soil Groundw. Environ. Vol. 20(6), p. 62~72, 2015

Table 3. Limit of quantitation (LOQ) of each explosive compound

analyzed by UPLC
Explosive MDL (mg/L) UPLC LOQ

compounds HPLC UPLC (mg/L)
HMX 0.022 0.004 0.009
TNX - 0.003 0.008
DNX - 0.004 0.010
MNX - 0.007 0.018
RDX 0.022 0.004 0.009
TNB 0.026 0.003 0.008
TNT 0.024 0.005 0.013
2ADNT 0.025 0.007 0.016
4ADNT 0.022 0.006 0.015

78k UPLC(Ultra-Performance Liquid Chromatography)

Z FAEIY B s
stk ERAR
SW-846 method 8330A°]

] WHES US EPACA
F5ATHUSEPA, 2007). 3}

2] A7IA] —24°Co A B

7N

ke EAS Waters UPLC H-Class® H-213191=t),
B2 Acquity UPLC BEH C18Z+(2.1 x 100 mm,
1.7 pmys ARSI ol MlehE=65%:35%, <%
40°ColA 3 0.2 mL/ming 1587 &)k, 34 230

nmellA S8kt

obgst ge B4

ze) EH

Al Zk(Method Detection Limit)2} 73 #SHA Zh(Limit of
Quantitation)> Table 39| 22Fs}Sitt.
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Table 4. Results of tracer test for identification of ground water flow (Test conducted from 2013.10.5 to 2013.10.19)

Well

Al A2 A3 B1 B2 B3 c1 2 s

Time
Initial 381 254 170 346 303 396 378 200 640
30 min - 202 238 179 295 500 724 302 819
60 min - 241 188 165 296 484 - 244 779
(u;fm) 120 min - 205 190 174 291 a7 - 204 807
180 min 44,000 210 178 167 283 432 - 215 864
Iweek 29420 312 180 337 3097 430 - 338 795
2 week 6515 309 217 332 260 407 - 403 850
Tnitial 018 012 008 016 014 019 018 009 031
30 min - 0.13 0.11 008 014 024 036 014 0.4
» 60 min - 0.11 009 008 014 023 - 0.11 038
Sa(lO‘/IO‘)‘ty 120 min - 0.1 0.09 0.08 0.17 023 - 0.1 0.4
180 mn 2834 0.1 008 008 0.3 02 - 0.1 042
Iweek 1825 015 009 016 164 021 - 016 039
2 week 360 015 0.1 0.16 136 020 - 019 042

4 SA4L LumixToxE A3 SA4319 =4,
Vibrio fischeriz A2/333F NaCl 2% S0 1B
3t A9 Yal, Lumis mini® WETF A|Z 370l A
ke Ak zlolg st WEEARIEE Akkst
Stk o] wl phenots ¥F O 7 AMESIe] WISt

RDX Aol ARESH EFEZLS AccuStandard(New
Haven, CT, USA)AA Tui3l5Ath. RDX 3% FAHE
MNX, DNX % TNX= $lEstdrd 798 2Rt
AL, 1 w=e 27 99, 52 2 99%e]3ich. A
of ASH F=8), FAEHE ARSE 2o A
183 MQ - em®]al F7]8ufE 25 HPLCEo|leH, o}
£ 3eEae ACSEOIUTh

3.1 A A
At} sgol ek FAAEAHEL ARE Aol we
W3S A=sfof slEg FHA 9 Adele 30, 60,

o Ze] EC9t salinity ¥AAHE ek 55 &
2k 20139 102 52~109 19Y
+ Table 49} 2} F22F FY 60 $oll 7915 54
s, Bl 2 B3 WAME AFEANF7E 7Vt W,
Aggao] 7P AL C1 BN AlgAFH7E B8l
=4S & g0tk Al BAL A7 B FERAES
FUYshe == ARE] 30, 60 H 12080l EC 2
salinitys Z43}A] Z3Hth.
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n
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Fig. 4. RDX removal efficiency according to dissolved oxygen
concentrations in the liquid medium.

7+ AN A&EHoZ AEE AHE] EC 2
salinityS #2498k Ax} Al FUANA 1805 ©F AIRE
o] A3t wt ECS} salinity’} 2A3ATE A2 2
B2 #GolA ECS} salinity’} oM S71819aL, 71
A% T7h= B2 oA AFHSI odH e F
22 Ao g Aalr 55 WEke] W ARkl 27t
21 AlollA B2 a1 ERIE & ot

Ed 9 Al Ul 8F 2khe FE Wl QEY 2
A3lE pH W3l W& RDX #3] &8-S =338
NSRS ol8e AY An), WIEE

5
=
A 557 3| FE Sppm oVdOE E& 7 RDX
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Fig. 5. Mechanisms RDX degradation by bio-regenerated iron
mineral catalyst.

7F A9 BalEA de 2SS = UATH(Fig. 4).
SAEERET 25 W2 £ 4ppm oJslolA= RDX7}
AAE7 = sk w23l &80l A3 Aslele 2 g
olgk 4= Ut} o= Fig. 59} 7©] anaerobic 30l
AT =& vAE(Shewanella futrefacien CN32)%}
HAEe] o8| SdE ARG uZiEZE (Riboflavin)o] 4k
slEjo] Aafrel 27k 9] AJAde] Aali=ar RDX Shell
a3t MG Al wE JEFo s ddEt
L= A0 FE7) 3 ppm AER "ojAH E) a8
o] ¥ tEE ZS BEE 5 Jer, RDX &
a7F 7] 2087 A= wWEA| Xl%gﬂ/_‘]”} o] o= &5
7h ARH o2 AT ole 1 Zal g ol A
MNX, DNX, TNX9} 22 nitroso ﬂPgO] A F
A =)o} HA} ghlol] F83F IS ke e A
dutglgjolel] FEks = Aoz dEny, 85 JAe] &
=7} 2ppm ©]8k7F EH 100A1ZF oWl 25 ppm]
RDX7} $H38] Hale= 7/4\% g %3}‘5\‘:}. **?5] T*EUL
ks AR E71A 2R ¢F |
= $H4elA RDX 23l < }@VQ’Q?Q‘E do]‘:]‘ o]
3

Fl

2 "Fo] £ o vFe Akie RDX EE A
CN32—Riboflavir—>RDX 7=Zol| 231 -8 3= A

o7 HAEtHBae et al., 2014).
e ERS 71 P02 fAH7] wWEeE

=

Jo] AFFURE H3H) §F Mt e 54 ¥4
£ Ajsnt ARRIRE S0} BRHOR RDXE

11174@} T IS i) 82T B2 A9 7
T+ ES Ul EE ARt i} 45 Eo] ¥l
3 A zR0E WA Fule] FL-S Y 21D
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W FEAEY DO S48 RDX 2 A

ks ‘;-l 3 H%Ql PAE RIS 23}, DOgto] HAE
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Fig. 6. Correlation between dissolved oxygen concentrations in
ground water and RDX reduction and subsequent formation of
metabolites (Data based on samples collected on July 28, 2014).
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Fig. 7. Effects of solution pH on RDX removal by bio-
regenerated iron mineral catalyst.
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Table 5. RDX concentration profile in the up stream, bio-regenerated iron mineral catalyst injection region, and down stream region

(Data based on samples collected on Jun. 14, 2014)

RDX concentration (mg/kg)

Sampling position

Section Soil depth Average
Left 0~50 cm 2.37
Center 0~50 cm 1.59 2.17
Right 0~50 cm 2.54
Left 50~100 cm 2.46
Stremf‘;egion Center 50~100 cm 2.19 1.98 1.90
Right 50~100 cm 1.28
Left 100~150 cm 1.34
Center 100~150 cm 1.54 1.56
Right 100~150 cm 1.81
Left 0~50 cm 437
Center 0~50 cm 441 4.34
Right 0~50 cm 424
o Left 50~100 cm 3.00
I“Jecrté‘;ri‘m‘l”e” Center 50~100 cm 244 325 5.09
Right 50~100 cm 431
Left 100~150 cm 3.66
Center 100~150 cm 17.25 7.67
Right 100~150 cm 2.09
Left 0~50 cm 63.20
Center 0~50 cm 24.54 30.10
Right 0~50 cm 2.57
Left 50~100 cm 1.94
Down stream region Center 50~100 cm 2.74 232 11.60
Right 50~100 cm 228
Left 100~150 cm 1.56
Center 100~150 cm 428 237
Right 100~150 cm 1.28
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Fig. 8. Concentrations of RDX and its metabolites in the ground
water up stream and down stream of the bio-regenerated iron
mineral catalyst. (Upper figure represent ground water flow from
A wells to B wells; Lower figure ground water flow from A
wells to C wells (Generated from samples collected on Jun. 14,
2014).
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Table 6. Oxidation-reduction potential and pH of ground water in the monitoring wells

Date
Sample 2014.08.15 2014.09.13 2014.10.3 2014.11.8

ORP (mv) pH ORP (mV) pH ORP (mV) pH ORP (mV) pH
Al 15.4 6.90 4.7 7.02 40.2 6.99 —61.9 6.86
A2 92 6.84 —84.3 7.16 —66.4 7.06 -90.7 6.95
A3 -30.1 6.76 -17.1 7.06 -1423 6.93 —64.0 7.07
B1 -15 7.36 -82.8 7.77 -91.2 7.20 - -
B2 -51.3 7.54 -159.6 7.56 -83.3 7.26 -85.3 6.81
B3 -87.0 7.12 -149.4 7.02 —58.2 6.78 -156.4 6.49
Cl —60.4 7.57 -163.7 7.48 -121.7 7.45 - -
C2 —134.6 7.44 -135.8 7.31 =315 7.20 -77.8 6.89
C3 -16.2 6.96 -36.6 7.26 —40.7 7.26 —62.2 7.00
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Table 7. Results of acute toxicity analysis and equivalent phenol
concentration (Ground water sample collected on Jun. 14. 2014)

Ground water Toxicity Phenol equivalent
sample (% inhibition) (mg/L)
Al 32 15.69
A2 31 14.99
A3 29 13.68
Bl 32 15.69
22 A& B2 31 14.99
B3 23 10.39
Cl 23 10.39
C2 30 14.32
C3 19 8.65

7] witoll S le oS, £ A7 Al ostd
FUH Zuflof] oJs] FAE redox active zoneS FI3H
< ARkH o g FRAshs FolE Bt
4. & =

B AFellx] AREAelA A5l o3l LaE EEAA
Ao FdEE T sleFEde RDXOH, A5 &
ST uE olsEe 2 RIS olE Alofelr] ¢
3 A=A FBESE ELol FU3H redox active
zones Fdslal, o] A|9s FHs= Akl RDXO
T 2 =4 WstE dSsIh. AEA 44T 9
s ST Ser s, pHF E2 S RS BE
Sl &gk RDX a7t S7F=Ile). ol wt &gl
A redox active zoneE FHAJEIZ FAISH] H3l
2RSS FHoig AdslHA FulE s

TUTS B3 AFoE FYE AES =S
ORP ZA4zto g sl FAYE7l FA== redox
active zone2 J5I9tt. 1 AF} redox active zoneS
S35 SER-E A8l RDXVF S&7) A2l Hls)] &
ooz TSR, wAEER] TNX §57F S7HES)
of. &3 skRH AekrY] SR ARl vls)] 6k
o2 st ode] AvE Hol =SS FES
= A AN FAT7E olsske ARl AX|st
o AFo=Z sl siFEdS Agst] FARS F

A A

E A= 34 349719 GAIA Project “TA}
P B AER Hsle 9% 99A AgTks =47]
(173-111-036)"22 A& "k FAo]H o]

References

Adrian, N.R. and Arnett, C.M., 2004, Anaerobic biodegradation
of hexahydro-1,3,5-trinitro-1,3,5-trazine (RDX) by Acetobacte-
rium malicum strain HAAP-1 isolated from a methanogenic
mixed culture, Curr. Microbiol., 48, 332-340.

Ahmad, 1., Fasihullah, Q., Noor, A., Ansari, I.A., and Ali,
Q.N.M.,, 2004, Photolysis of riboflavin in aqueous solution: a
kinetic study, Int. J. Pharm., 280, 199-208.

Bae, S. and Lee, W., 2012, Enhanced reductive degradation of
carbon tetrachloride by biogenic vivianite and Fe(Il), Geochim.
Cosmochim. Acta, 85, 170-186.

Bae, S. and Lee, W., 2013, Biotransformation of lepidocrocite in
the presence of quinonesand flavins, Geochim. Cosmochim.
Acta, 114, 144-155.

Bae, S., Lee, Y., Kwon, M., and Lee, W., 2014, Riboflavin-
mediated RDX transformation in the presence of Shewanella
putrefaciens CN32 and lepidocrocite, J Hazard. Mater:, 274,
24-31.

Bhushan, B., Halasz, A., and Hawari, J., 2006, Effect of
iron(I1), humic acids and anthraquinone-2,6-disulfonate on bio-
degradation of cyclic nitramines by Clostridium sp. EDB2, J.
Appl. Microbiol., 100, 555-563.

Boopathy, R., Gurgas, M., Ullian, J., and Manning, J.F., 1998,
Metabolism of explosive compounds by sulfate-reducing bacte-
ria, Curr. Microbiol., 37, 127-131.

Borch, T., Inskeep, W.P., Harwood, J.A., and Gerlach, R., 2005,
Impact of ferrihydrite and anthraquinone-2,6-disulfonate on the
reductive transformation of 2,4,6-trinitrotoluene by a gram pos-
itive fermenting bacterium, Environ. Sci. Technol., 39, 7126-
7133.

Cho, C., Bae, S., and Lee, W., 2012, Enhanced degradation of
TNT and RDX by bio-reducediron bearing soil minerals, Adv.
Environ. Res., 1, 1-14.

Cui, H., Hwang, HM., Cook, S., and Zeng, K., 2001, Effect of
photosensitizer riboflavin on the fate of 2,4,6-trinitrotoluene in a
freshwater environment, Chemosphere, 44, 621-625.

Etnier, E.L., 1989, Water quality criteria for hexahydro-1,3,5-
trinitro- 1,3,5-triazine (RDX), Requl. Toxicol. Pharmacol., 9(2),

J. Soil Groundw. Environ. Vol. 20(6), p. 62~72, 2015



72 Fad

147-157.

Gregory, K.B., Larese-Casanova, P., Parkin, GF., and Scherer,
M.M., 2004, Abiotic transformation of hexahydro-1,3,5-trinitro-
1,3,5-triazine by Fe(II) bound to magnetite, Environ. Sci. Tech-
nol., 38, 1408-1414.

Haas, R., Schreiber, 1., Low, E.V.,, and Stork, G., 1990, Concep-
tion for the investigation of contaminated munition plants, J.
Anal. Chem., 338, 41-45.

Kwon, M.J. and Finneran, K.T., 2006, Microbially mediated
biodegradation of hexahydro-1,3,5 trinitro-1,3,5-triazine by
extracellular electron shuttling compounds, Appl. Environ. Micro-
biol., 72, 5933-5941.

Kwon, M.J. and Finneran, K.T., 2008, Hexahydro-1,3,5-trinitro-
1,3,5-triazine (RDX) and octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetrazocine (HMX) biodegradation kinetics amongst several
Fe(Ill)-reducing genera, Soil Sediment. Contam., 17, 189-203.

Kwon, M.J. and Finneran, K.T., 2008, Biotransformation prod-
ucts and mineralization potential for hexahydro-1,3,5-trinitro-
1,3,5-triazine (RDX) in abiotic versus biological degradation
pathways with anthraquinone-2,6-disulfonate (AQDS) and Geo-
bacter metallireducens, Biodegradation, 19, 705-715.

Kwon, M.J. and Finneran, K.T., 2009, Hexahydro-1,3,5-trinitro-
1,3,5-triazine (RDX) reduc-tion is concurrently mediated by
direct electron transfer from hydroquinones and resulting bio-
genic Fe(I) formed during electron shuttle-amended biodegra-
dation, Environ. Eng. Sci., 26, 961-971.

Larese-Casanova, P. and Scherer, M.M., 2008, Abiotic transfor-
mation of hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) by green
rusts, Environ. Sci. Technol., 42, 3975-3981.

J. Soil Groundw. Environ. Vol. 20(6), p. 62~72, 2015

L OIBE - olFD - BT - ol

1.

- s
Naja, G, Halasz, A., Thiboutot, S., Ampleman, G., and Hawari,
J., 2008, Degradation of hexahydro-1,3,5-trinitro-1,3,5-triazine
(RDX) using zerovalent iron nanoparticles, Environ. Sci. Tech-
nol., 42, 4364-4370.

Spalding, R.F. and Fulton, J.W., 1988, Groundwater munition
residues and nitrate near Grand Island, Nebraska, USA, J Con-
tam. Hydrol., 2, 139-153.

USEPA, 2007, SW-846 Method 8330A, Nitroaromatics and Nit-
ramines by High Performance Liquid Chromatography, Revi-
sion 1.

USEPA, 2012, Technical Fact Sheet fi Hexahydro-1,3,5-trinitro-
1,3,5-triazine (RDX); 505-F-11-010, Office of Soil Waste and
Emergency Response, Washington, DC.

Wanaratna, P., Christodoulatos, C., and Sidhoum, M., 2006,
Kinetics of RDX degradation by zero-valent iron (ZVI), J. Haz-
ard. Mater., 136, 68-74.

Yinon, J., 1990, Toxicity and Metabolism of Explosives, CRC
Press, Boca Raton, FL.

Zhang, B., Kendall, R.J., and Anderson, T.A., 2006, Toxicity of
the explosive metabolites hexahydro-1,3,5-trinitroso-1,3,5-triaz-
ine (TNX) and hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine
(MNX) to the earthworm FEisenia fetida, Chemosphere, 64(1),
86-95.

Zhao, J.S., Manno, D., and Hawari, J., 2008, Regulation of
hexahydro-1,3,5-trinitro-1,3,5-triazine(RDX) metabolism in She-
wanella halifaxensis HAW-EB4 by terminal electron acceptor
and involvement of c-type cytochrome, Microbiology, 154,
1026-1037.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


