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Selection of Tolerant Plant Species using Pot Culture for Remediation
of Explosive Compounds Contaminated Soil
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ABSTRACT

Nine plant species were selected through vegetation survey at three military shooting ranges at northern Gyeonggi Province.
Plants were germinated in normal soil and three seedlings were transplanted to a bottom sealed pot containing sandy loam
soils contaminated with either RDX (291 mg/kg) or TNT (207 mg/kg). Planted, blank (without plant), and control (without
explosive compound) pots were grown in triplicate at a green house for 134 days. During cultivation, transplanted plants
exhibited chlorosis and necrosis in flower and leaf by explosive toxicity and stress. Only three plants, Wild soybean, Amur
silver grass, Reed canary grass, survived in TNT treated pot, while seven plant species except for field penny cress and
jimson weed, thrived in RDX treated pot. Appreciable amount of TNT (61.6~241.2 mg/g-D.W.) was detected only in plant
roots. Up to 763.3 mg/g-D.W. along with 4-amino-2,6-dinitrotoluene, an intermediate of TNT, accumulated in the root of
wild soybean. In addition, azoxy compounds, abiotic intermediates of TNT, were detected in TNT treated soils. RDX
absorbed average 1,839.95 mg/kg in shoot and 204.83 mg/kg in root. Most of TNT in plant was accumulated in underground
part whereas RDX was localized in aerial part. Material balance calculation showed that more than 95% of the initial TNT
was removed in the planted pots whereas only 60% was removed in the blank pot. The amount of RDX removed from
soil was in the order of Amur Silver Grass (51%) > Chickweed (43%) > Evening primrose (38%). Based on the results of
pot cultures, Amur silver grass and Reed canary grass are selected as tolerant remedial plants for explosive toxicity.
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UrRle F2871H4 52 S4EEE SARKIE Harvey
et al(19D)= Ad3TS FTAAHIZE RDX(Hexahydro-
1,3,5-trinitro-1,3,5-triazine)ol =Z&A171 23, F%
RDX thiiio] APel] SR, =5 7d F I =
SAEAE BEAT). Sens et al(1998) MC-TNTS
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RDXOl| =23t 7Z-Foll= o] EA sloll At ghelo]
Attt olde] A= (i) B SHAR] 248 4
EAEo] 23 RDXQ] 3 (i) 21EA3 2Rl o))
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7% BRAS T AP SFARAE A,
AEAE AFHI v £43 2HE RO E Table 13
2E thdA ZEAE oS ARSIt AR AHES =
W=Z(Jimson weed, Datura stramonium, Ds), =3-(Wild
soybean, Glycine soja, Gs), S<-"I55=(Korean clover,
Kummerowia stipulacea, Ks), =AM (Amur silver grass,
Miscanthus sacchariflorus, Ms), ©5r0]Z(Evening prime
rose, Oenothera biennis, Ob), Z+E(Reed canary grass,
Phalaris arundinacea, Pa), “FT3(Janggoochae, Meland-
ryum  firmum, M), 383 (Chickweed, Stellaria aquatica,
Sa), Wo|(Field pennycress, Thlaspi arvense, Ta)Z,
5 B,

Aol ARES EGS IRIEY
EFS 11 HEE e 7, 208 AR APIEshaL A&
ol et T4 B TS s Slsl S
2 30%] FEIAE F7FIin. o] Edel TNT(2.4.6-
Trinitrotoluene) ©-2 RDX(Hexahydro-1,3,5-trinitro-1,3,5-
triazine)= acetone®l| SIAIA ST B &35,
Ngaha 257 FolA 45l 2A WY AEFe
acetones 3AAH AASKAT. AFLAEGN o4
223, INT 2 RDX T 27 291 2 207 mg/
kg® &, o] FEE ZA7]% 00AER HEJAN 2449
s 2 gholl EETHGong et al., 2012).

EA(s0il texture)> micro-pipettet 0.2 F-2I5}] 2zt
ol o3l itk TNT, RDX EY2 HEF
& oF 13%, WAREF 15~18%, g 68~72%=2 &
ZAE (loamy sand)l] SQE3FETE. TNT, RDX 7172
blank Z71E%] pH= 22} 6.62, 6.562.2 ST o] oF

B} 7% 00 A%

=

Table 1. Native perennial plants selected for pot culture experiment through field vegetation survey at three military shooting ranges at

northern Gyeonggi Province

Common name

Scientific name

Family name

Jimson weed
Wild soybean
Korean clover
Amur silver grass
Evening primerose
Reed canary grass
Janggoochae
Chickweed
Field pennycress

Datura stramonium var. chalybea Koch
Glycine soja Siebold & Zucc.
Kummerowia stipulacea (Maxim.) Makino
Miscanthus sacchariflorus (Maxim.) Benth.
Oenothera biennis L.

Phalaris arundinacea L.

Melandryum firmum (S. et Z.) Rohrb
Stellaria aquatica (L.) Scop.

Thlaspi arvense L.

Solanaceae
Leguminosae
Leguminosae
Poaceae
Onagraceae
Poaceae
Caryophyllaceae
Caryophyllaceae
Brassicaceae
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2PE "o, AE A5 pH F8H9](6.0~7.05 Tt
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oFEd2 HPLCE A3t TE HPLC AlZ=Hle
Varian Prostar Gradient System®.2 7ATEo] lom, Z+
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250mm, Sum) w4 2702 % 0.8 mL/min(Methanol :
Water = 55 : 45)9} 190~600 nm scanning mode®©]™,
Ze UV 230 nmollA] 2AISIT

EY U sleEd EAHE USEPACIA 7Idst S
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ojgte] ZgulrzellA 18217F B FEAL = T,
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71l Teflon-lined capSZ LE3IHT) &S Alg=
& 20°C olste] Zgut FEOA 1A FES 5
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FAAEAL Microtox®} 553 452 7F2 Lumistox
2 A o] w, MicrotoxllX =449 7IEEARE
AL HlEel tig A4S S5t ddiviEAE A
Rl Bl 248 gt ) vlasig. B4
& vlo|zg WHHo R B9k pHE DIW 50 mLol| EF
10gs ¥l # AolE the, 1A%F Fol] B4 pH
meter= ST 7B} Bl ET|58HY £ A
=gk FAEAEE-E717 kA vkt AR
T B2 olo} TEE WHoRE FAE

HPLC #2494 TNT, RDX, 4,4'6,6tetranitro-2,2-
azotoluene(2,2'-Azo),  2,2',6,6-tetranitro-4,4'-azotoluene(4,4'-
Azo) E  22'6,6-tetranitro-4,4'-azoxytoluene(4,4'-Azoxy)
9] Aefol] AME3F HFEAEL AccuStandard(New Haven,
CT, USAPIIA el Aol AMgE F28ulje} &
A8vll= 25 HPLCHEOIR M HE sHhEde ACSH

oAt

3.8 ¥ n#

3.1, ZE E9o| 22515 =4
FE AP A BEYe] A9 A -5 2Eeky A
Bsh= Table 29} 2T} TNT, RDX E%] EAL 3

Table 2. Physico-chemical characteristics of soils used for pot
culture

TNT RDX unit

Initial blank pot soil

Texture L;)::;y L;:::iy -
pH 6.62 6.56 -
Moisture content 2.40 6.98 %
Organic matter 0.30 0.33 g
Final blank pot soil
pH 7.59 7.86 -
Moisture content 5.00 6.56 %
Organic matter 0.28 0.28 g
Electrical conductivity 0.49 0.59 dS/m
TN 0.061 0.05 %
T-P 22937 23327  mgkg
Effective phosphate (P,Os) 28.03 30.98 mg/kg
Ammonia (NH") N.D. 0.005  mgkg
NO; 10944 12464  mgkg
CEC 13.24 1226  cmol/kg
Exchangeable K 77.22 9276 mg/kg
Exchangeable Na 77.24 72.09  mgkg

* N.D.=Not Detected.
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Ao EAo] TYsEg Z xjo]2 Holx] el

32 A8 M 9 4N =X

2012 29 13Y9)] SIFEE(TNT 2 RDX) 159
A El AE 955 AR 3, AP 35, 66, 100,
1340 F71H 02 AE APF- dolg S4sh AEA
st FEEITE RIQAEYR] ool AASk 2
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2AeE A= sferEd] ofgk 2EY A 54wl
7% Ast H= APdske Ao BEET olE S0l o
ZTol 2AE AEEE 66~1002 Atolell 6.13 cmol|A]
28.1 em= GFH o =Z HoldA StHA, INT Ve
223l 350l APEEIIT). AlEE ¥, RDX A7
= 11.78 cmZ =A% o] Zo] A& o] thz thH] 61%
sttt SdE ol sl do] LEhTA
T 3 RDX F7ollA] B5 Apdsisint. A7le 4
A 5% AV ot ofid o) ZdolE 5%t
slact. tiz=Tol eSS AAlEIs W o] 2
°F 6em= Al FTE ¢ ol FAZS Ho
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A 2.4 cmE FHASIEAL, TNT H7koxs 25 AP
STt

TNT -2 RDX FH7}ellA] =39 2ol dde =7
ol 22t 35 W 4.5% 7AEtar, ddolet Al
Qo] El= o] Yelsit) Bl AEFTIET el 21A0s
FToEES BAGE ERIEV] oHE BEE AL
A2t TNT F7PelMe 25 APE319ar RDX 37
ol ME Aol AFo] tET(30.25 cm) thH] 54% 7HAs}
Aot GolEEe 1009 B3t 5%t £719] 7o) v
UA] ettt 5ol A} 27 9 RDX H7He
7z} 51, 12 emHA] Aoy INT A7RollMde =&
do= Qs APgett. HHAER LRl S99t
F2 R AR Aol dds Bt thzT vl
T 52% B 38%2] Holdido] 7hasii ot s
AL Qo] A&F oz AR Ao wrken

22487 B3 &, tZF(control), TNT Z RDX
A7 2AGE AE2 AP} AR Lro] EAL
S AAS FA AAF € Ax2FEFS st thFig
1&2). BISHEY 25 959 A& F GolE
(61.08g), ZE(5021g), #EEMU3.14g), T2FZF
(22.60 g) TTAZ =& AP BAFS B, A&k A
AFe ZE(8.90 g), 28 (743 g), EFMN(3.39 ¢), T
WEEQ.75g) TAE =4 ST TNT 2 RDX
HhgZof| AAgE A5 SekEde] 54 9 2EYHAE
Qlate] izl wls] AJA|Fo] A3 Ut T
TNT H7Hol 2Rl 8%, S2E, F7A)], Ddol, &
TEE, 90|} RDX bl AAe 5UE, @
Yo7} B Faletaict.

TNT H7Holl A21e SR 2P 2 Aehi A=
2 t=F(control) tHH] Z}2F 1.13 g, 1.73 g2 29.6%,
22.6% #A8I3Aal, RDX F7Holl A2lg B9 AP
2 RS A S 247t 2.09g B 038g0E ET
the] 24.6% B 35.5% 7430 TNT, RDX L9E
Foll A dEPAFE A= 44 611g 2
13.08 g2 IZTF the] 15.6%, 28.5%2] 78-S el
WL, At 47 3.93g 2 6.83 g S50 AgAEo]
31.7%, 30.4% A3kt

2E0] AXRFTHE 70°CAA 2487 BE xS &
SA3IAT. Ao g o] & AEo| AxTH
T =4t tiETol AAIg 2Ee] AP = 24E(16.38
g), B8l (9.18 g), TEMIEE(R.74 ) o=, AlBHi=
ZE(1848 g), 4HE(12.10 g), ZJAN(5.16 9)0F =T}
Tefu TNT 37l AR5 2159 APdH<= 25E(2.56
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Fig. 1. Fresh and dry weight of aerial parts of the plants grown in
the pot (g). (a) Fresh weight, (b) Dry weight (Sa:Stellaria
aquatica , Ds: Datura stramonium, Mf: Melandryum firmum, Ta:
Thlaspi arvense, Gs: Glycine soja, Ks: Kummerowia stipulacea,
Ob: Oenothera biennis, Ms: Miscanthus sacchariflorus, Pa:
Phalaris arundinacea).

g), BA(0.70 g), LY0)(0.44 g) =o)L, AsPeE &
E(5.85 g), =AM (1.83 g), TY](0.23 9= W=7 &
2to)E BTt RDX H7Fte] A& APdHe 4E(4.66
), TEE(1.28 g), 2IHE(0.81 g0 & A= 4F
(5.62 g), EAAN(1.16 g), 21HZ(0.84 g) SH=HIUE. o
3} o] AEe] MAHw AxFae] Ans Fshd 2
Z, E9A7F TNT, RDX 53 22 3leEde] 548
A As3ke WAdgolet adE.

n

33.42H W slfEE s

SlobEd AEFollA s AEL soEd S
3Et 7FsAdo] 7] witel] XE| AAIgk 959 A= F
AP 717 S APEsEA] Al A|EF 02 At AES
Ao} AR Uro] slokeds #AEKT A
AU sleFEd 494 H71eE DNB 3482 TNT #4
AIE 1003 +7.5%(n=18), RDX EAIHE 99 +13.6%
(n=45)°|A}. RDXQ] EFHA} & offi= g AlFelA
34-80] 186%1%7] wiZeltt.
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Fig. 2. Fresh and dry weight of roots of the plants grown in the
pot (g). (a) Fresh weight, (b) Dry weight (Sa:Stellaria aquatica ,
Ds: Datura stramonium, Mf: Melandryum firmum, Ta: Thlaspi
arvense, Gs: Glycine soja, Ks: Kummerowia stipulacea, Ob:
Oenothera biennis, Ms: Miscanthus sacchariflorus, Pa: Phalaris
arundinacea).
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Fig. 3. Concentrations of TNT and its metabolites in shoot and
root of the test plants (Gs: Glycine soja, Ms: Miscanthus
sacchariflorus, Pa: Phalaris arundinacea).

TNT H7ll 2Ae 22, 29, 532 ABl=
29.25~241.17 mg/kge] TNT2} TNTS] E54HE<] 2ADNT,
4ADNTZ} 242} 50.48~291.99 mg/kg, 38.36~763.29 mg/
kgO 2 AZHUATE, AJRdle BEASEHUAKFig. 3).
AEA TS 723 A INTYS Z4E 0.19mg, &Y
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Fig. 4. RDX concentration in shoot and root of the test plants
(Sa:Stellaria aquatica, Mf: Melandryum firmum, Gs: Glycine
soja, Ks: Kummerowia stipulacea, Ob: Oenothera biennis, Ms:
Miscanthus sacchariflorus, Pa: Phalaris arundinacea).

A} 0.09 mg, EF 0.05 mgS 2 Fo] FA] 9t} Kl
ol SNX|Z(Ambrosia artemisiilfolia), T3} (Asclepias
syriaca) R WU} 0|93 (Solidago canadensis) 5= E
& Ul INT 5% HeleF IAIgle] AEA APFR/ASH-
T 0.5 mgkg ©13k2 TNTS 43199t} 3k 2ADNT
9} 4ADNTE= D A1&9] Aol AEHAaL, A1 4
EE T HAE AVJFolMTE 2ADNT(4.5 mg/kg), 4ADNT
(10.7 mgkgel AZHALE o] A= TNT 2 TNT ¥
SRS AsHelA] APFFES] TNT ofFo] AlgHa ozt
< AS v]SPH(Sens et al, 1998), ¥ AFM= &
A3t S Ho|x ot

RDX F7HollMe AFEsE 5aE dlolE A9t
7E AEAM RDXVF AEEAAL, G5tolE, HEE, 5
5% $AE RDX F&7F EJTh A4EE Ht
1,839.95 mg/kg, AISHF= it 204.83 mgkeS 2 S35
o] A= AsHET} oF ulle] RDXV} HEHUT €
202 RDX LPENA et FEe 25504 A
SHEETE AP RDX &57}F =34t A7l ©Jghd, of
M I5-(Robinia pseudo-acaciaye= ASHF- 5.77 mg/kg,
AP 172 mgkee] RDXE, Aol AEsNMIEN | (Helianthus
nuttalliny = A3 428 mgkg, AAE 8.61 mgkgol
RDXE FZlale] AepETE APdiel] 2~381¢ RDX7}
2=k (Schneider et al., 1996). A=A #HS 1#sPA
ZPFE- W RDXYEE 0.25~5.19 mgl 2 AHgE =

N

[

i, &=,

HE, FEE SAE SHEJAT TS AR U
RDX%E 0.05~0.43 mgl &, 2=, Bo), gulo|Zo g

22500 Hep 4v1e] RDX §557 U2 A2
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Fig. 5. Concentrations of TNT in the initial and final pot soil (Gs:
Glycine soja, Ms: Miscanthus sacchariflorus, Pa: Phalaris
arundinacea).

ZZ A9 (Accumulation factor, AFY= EXF W 29E&

Ho] A& Hglg olFsle] FH=w Aol (Karami
and Shamsuddin, 2010), A Z}AS=(Translocation factor,
TF= 217 Y28 FilM APIHZ LA8ds 53
A43 A9E Yehle ol AEOItH(Tu and Ma,
2002). TNT 7172 AFE 4.9~17.6°2% &3] 7%
A AHER oY, AR U TINTE BHEE 9] TF=
2B381A] B3tk RDX H7FEY] AFE 0.4~2.40]9a1,
TFE 23~21.02.2 AFETH =4 28It Burken
(2003) 2 Vila et al.(2007b)ll &l %7] RDX &%=
o] 89% ALr} w9 EEollA] Qo= HolHal, EF
W TINTE 3elold &8 3 oF 25%2] TNTT AP
Hoj| o]FE] A=} T3k hybrid poplarE ©]-8-F
32 F5 A¥Ee, TNT= AsHE, RDXE A
ol Mejroz AU} APAel B A7E F35
SHH, TNTE UIF-E Aehtdd &5 2 S350 &8}
31, RDXe A& APIR7HA] gHtEo] SA4ES & ¢

UATH(Vila et al., 2007a).

34. ZE EY L SlofEE 55

2155 AAISHA] 22 blankTollX ES HAIE] <
slofad 29l Bl ST AMZ TN} #asle]
HAZEA] 57} 83.5 mgke®E 7AEIAT) slerEd

S FEIL Aso] BEE AE XE EY TNT
= olHr} W& 3.75-69.06 mgkg Mol AL,
=, =3 A2 INTZF ARSI Fig. 5). S *
EEYO] INT 5= 27150 Hs] 543] ZAHU
O}, d7Igh vk} o] AEAE 58 TNTE BA &
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aquaticum)®l| 2J8F TNT £330 4 monoamino 33t
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Table 3. The concentration of azo- and azoxy compounds in the rhizosphere soil in the TNT treated pots

Plant

Average concentration (mg/kg)

Glycine soja Siebold & Zucc.
Miscanthus sacchariflorus (Maxim.) Benth.
Phalaris arundinacea L.

E(ADNT % 4ADNT)S 2=l 93l 12 S-S
B3 A=A, 24- £ 2,6-diaminotoluenes?} azoxy 3}
dEL A 3 =707 F2sloldl(hydroxylamine,
NH,OH)2] 23l AA3Et}(Subramanian and Shanks ,2003;
Yoon et al., 2005). T3+ TNT= B0l &S 4
B8 Hkgol 93l azo- ¥ azoxy- SFHEZ FTEE,
oF 40%7} Bl HI7FgZF o8 Adste] F50] Ebe
3K Comfort et al., 1995). oJoll TNT 7} Bl
3l 4,4',6,6-tetranitro-2,2'-azotoluene(2,2'-Azo), 2,2'.6,6-
tetranitro-4,4'-azotoluene(4,4'-Azo) % 2,2',6,6'-tetranitro-
4,4-azoxytoluene(4,4- Azoxyys F7I= 3190 1
A3, 3, 29, 2ES AMIZE INT 7 EdelA
2,2-Azo0 B 44-Azo= EAZTHIOU, 44-Azoxy”}
0.4~6.58 mg/kg BAZ HAEEIATK(Table 3). ©] Ad=
7] Aol At o), TNTE w3llEgelr] el
TNTZ} azoxy- 22 azo- SIFE=E H&EH | EY U =
S ofmlgitt,

RDX 7oA A=S AAekA] %2 blank72] H
TEFEEE 229.7 mg-RDX/kgo|2ATh. WHA 2158 2)A)
3 HFEFEFEE 146.69~222.50 mg-RDX/kgO 2, Bk
o] RDX7} 271§% tlHl 24~50%7} A|A= A2, £
A AATAA 71 Eol AAFATHEFig. 6). 218l <]
3 RDX Fal7le (A=A oJF slereze] 43
= 3wl Gisdellre] Rl il el wl
SHT AEE(exudates)el] 23 ZERYE A5l
3 g BelEddl @ Aoz TR & Atk
Just and Schnoor(2004y= Z= RDX -8 F74Au[ol A

FLE AR Wl =FE ZE olx] RDXS 1A}
EIJAHEE N,09} 4-nitro-2,4-diazabutanal®] A%
o), ¥ FHsk= Uvell 9t §59 RDX7} 23l =]
= ARl 84 WF Azl A% trap F=F
27} RDXOl HAE gadhes e = Adsiaitt.
o] T 712+& Fste] 21333l (phytophotolysis)Z 3151
). Van Aken et al.(2004)2 =& vt XZ2(Populus
deltoides nigra DN-34)E AMESI] FA1SE 23S AA|
g Ay}, ¥Ze) A= RDXE C-1 SRHEZ £}

J. Soil Groundw. Environ. Vol. 20(6), p. 75~84, 2015

44" azoxy 22" azo 44" azo
6.58 (+£2.82) N.D. N.D.
0.74 (£0.16) N.D. N.D.
0.50 (£0.20) N.D. N.D.

350
;S 300
g 250
3 I
£ 200 T
8
§ 150
c
g
E 100
E 50 1

o

InitialBlank Ob Gs Ks Ms Pa Sa Mmf

Fig. 6. Concentrations of RDX in initial and final pot soil
(Sa:Stellaria aquatica, Mf: Melandryum firmum, Gs: Glhrcine
soja, Ks: Kummerowia stipulacea, Ob: Oenothera biennis, Ms:
Miscanthus sacchariflorus, Pa: Phalaris arundinacea).

ol askglth B Aol AEAWI7} ol el
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35 EF B =4 &4 41
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ol g F4959S sl 531 ARE I
t}. Lumistox® REANE (%) 7120 & SARAA
Y= Fig. 7 € Fig 84 ZTh 27] INT LAEGS
207.4 mgkgd] LEE0]oN TNT SAUEC R 74%9]
2 AN ASHAT A TE - AES 4
SR - blank EXIAE 51%2] LA =2 %7
Bl nlsled SR, 134Y o= EY Ul
TNT 5740] JR3hs SISt A& AAlTdax e &
AN, 4E ¢ SFeMe] WA= 22 17%, 20%
2 48%= THASIET], EA] ARl S97kA
7} 7V dASIAE. 7] RDX LA9EYe] FA54S
IEE (290 mgkg)UolE Bslarl, WA e 27%E
[-9- E3hT}, HFTESS] WA= blank EF 28%,
2E AATE 19.8-27.5%2 SAEU=H, 2JA, 2,
dalolE oz B FAFAdC] st 18y
RDX H7Hre] 7] 9 HETEYC] WA= 417
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Fig. 7. Acute toxicity (% inhibition of luminescent bacteria) of
TNT pot soil measured by Microtox equivalent Lumistox (Gs:
Glycine soja, Ms: Miscanthus sacchariflorus, Pa: Phalaris
arundinacea).
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Fig. 8. Acute toxicity(% inhibition of luminescent bacteria) of
RDX pot soil measured by Microtox equivalent Lumistox
(Sa:Stellaria aquatica, Mf: Melandryum firmum, Gs: Glycine
soja, Ks: Kummerowia stipulacea, Ob: Oenothera biennis, Ms:
Miscanthus sacchariflorus, Pa: Phalaris arundinacea).

o2 Folgk ApolE HolA| et

Weyer and Geol(1995)= &3gH}H|2]o}(photobacterium
phosphoreum)ol] 2]3+ Microtox™ Aol g8 744
7F 50% oldold =5/ (extremely toxic), 35~50% I
= (highly toxic), 10~35% &ZF57d(moderately toxic),
0~10% 2= (slightly toxic), 0% ©l3h= F=3lelal &
Falach AEAM] 5 %, INT 37l AAlg 2=
I B AMESS] EgAEEs 271EY il 4
54% B 57%7} sl WEAdlM SRR =4
7o) slESlTE. TNTE 21=9] A4 574 Helol
A HiEEE ARl sl &Adskd ZARAE] ofst
of INTZ} AARAY ali=o] 540 AHUSS 9
njgct. 2efv RDX 719 27] 2 HFESFY 34
588 OF 30% HRte R #ASEH| FEATAR =4

A7t ARSI efskeh.

Schnoor et al.(2006)2 hybrid poplar =28 A EZZ
TNT®} RDX &5 2 AlA AsS A7shax], 573
|Ho] 5AE MicrotoxZ S73ITE. 1 2= 734
Fojlale] Z4do] 13Y & AAFJ. 2 A-ET}olA
T AEAAT Aol AX degAsiert HAsilen g,
AZ2A00] 2Jgk TNTS} RDX &% #Ao|edx, A&
of ofaf HeE Ed 52 A=A Stk =29
E4o] ofmEA] TNTS} RDXO HIs| 7] wjiole}
o Uk

3.6. 28 X

Z7] @ HF ZAEST 2EA U sekEd v5
A A= F35k] INT 2 RDX HEgZ2] E24A
A3l cHFig. 9 & Fig. 10). 2152 AeA] e
blanke B W Z7] TNTH thH] 60%2] TNTZ} A|A
HATE B, AES A% TNT F7Hrelxde 271
2 oM 95%°] TNTZF AlA= AL, 5% Rho] B ] &
Fol9t. Blanke} HIWEHAS wf TNT A|AEC] v
SR AN FE TNTES 1% viko g 33
S S Fo|tE. TNTE azoxy SIRMER 30

ool AU, vI7idz o8 Agd Aow wekEn)

RDX #2719 blank M= B vE = 7[E} 3
73421 29lol| <J8f oF 30%2] RDX7}F AlA= AT} v
252 27] RDXAHE] AARRES EA1(51%) >
2EE(43%) > GIOIZE(38%) > ZE(31%) T=0lNL, 4
Eo] F3F RDXHS Z£(0.99%) > 41832(0.78%) > &
A (0.12%) > Z20]Z(0.03%)°]AT). ©] FolA 2= >
THEE > EINY o= AAF] itk 2] ES
RDX 57} mEEgonz A A58 RDXY st
Wit F5Atelse]l e oWsktt. Schnoor et al.
2006y =2t LZHE “C-RDX 20 mg/L 8]
Ha W] =3A1A wejdst 29, i 60d & £
A gA 15%, RT3} 17.2%, ZAFEE 13.3%,
ZHRE 39.5%02 F 85%E AFEEA A7) 239
2T EAFAE &9 89.1%, Y713 0%, FHF=5
1.9%, ZHi= 92.6%= AHYEITE & Aelxds Hcst
SFEAS AMSSHA] gt F718) ARE ERIT 4 FIAINL
2ES 7o g S sebEAe] AEsle BEY 2 BEY
BHolA setEAS Fatar, AEAW] S &
AgS Fale] HMER Wiy, FFHog oA
T Ude-S ov)sh

opge] AT ATE FTHH v 2ok £ Al
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Fig. 9. Material balance in the TNT treated pot culture (Gs:
Glycine soja, Ms: Miscanthus sacchariflorus, Pa: Phalaris
arundinacea).
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Fig. 10. Material balance in the RDX treated pot culture
(Sa:Stellaria aquatica, Mf: Melandryum firmum, Gs: Glycine
soja, Ks: Kummerowia stipulacea, Ob: Oenothera biennis, Ms:
Miscanthus sacchariflorus, Pa: Phalaris arundinacea).
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2o RDX7F APHRE olFE R AEgis)st
Slthd, AP RDX 57 Holok & Zeolot. A3 2
7}, 2AEAY RDX T EX4(720 mgkeyt E3(554
mgkeg) THro 2 Ylal, EY RDX HFeks 146.7
mgkg® 2 7P Uigith 8RR Bl A te

J. Soil Groundw. Environ. Vol. 20(6), p. 75~84, 2015

2520 Hlg] EokolA 2] RDXS Frate] APt
2 o]FEhar, oMo AEBE|E RDXE Al AT
3 Ao P 4 o

123 B

d

1) =] Sl S HESS Ak AEES 44
a17] Sfal, AFAReIA ek AEES AEst pot
NS ArETE SleFEd H7tel AA1EE die]
AEEL YT g seiEde] 547 ~EHAE Q)
slo] JgEC] AZ3T. 11 F, B 2ELS A
F 9 dolide] Ao arsE sfekEdd g
yedAe] AdSs gRlsnt.

2) A&l o5 TNTE AsHiell F4= i, RDXE A
R olFEe] FAHUCH, o] A= A A7Ad
o} I8t

3) &S AAIRE INT 37 EYS] 345493 &
A=z Z27] tinl Har 57%7F FHAewo] slepEe
=3lgo] Lo, RDX 7] 27] 9 HEE
o] HEAEEE 30% olstE A= o] HA7AT AA]
314 Ut

4) Z7)/AF BES 2 AEA U APRARRE 3ok
= Jesle] EA5AIE 4Age A=, TNT 37}

= 27155 i8] 94% TNTZF AAEAT, A=)
FTE INTES 1% HRe|31t. RDX H7HelA &9
A7 51%Y) 953 AASS B, &L AHE 4
& % RDXE A 1161 mgkg, AEHE 80 mg/kgl &
A8l 224 W RDX F7°] 7P =30

5) HERERl BN, 222 slofEAdd st wiAde)
55 2 AATS 2 thad) BERREZ FAEE 4
A A87ksAe] B AETeE AHEHIML

‘l?

il

1 o

o

Ab A

riot

B dAqes 3FE FHY71€9Y GAIA Project
No.173-111-036 A|YoZ FPEFUTh. 242123
o] =28 FAl G plEE A7 tizelAl ZA=HYd

References

Bae, B., Kim, S.Y,, Lee, I.S., and Chang, Y.Y., 2002, Kinetics of
uptake and phytotransformation of 24,6-trinitrotoluene by indig-
enous grasses in hydroponic cultures, Kor: Chem. Eng. Res., 24,



SE Aol 013 SeFE @ AR HBE oD A% 14 83

675-687.

Bhadra, R., Wayment, D.G,, Williams, R.K., Barman, S.N.,
Stone, M.B., Hughes, J.B., and Shanks, J.V., 2001, Studies on
plant-mediated fate of the explosives RDX and HMX, Chemo-
sphere, 44, 1259-1264.

Burken, J.G.,, 2003, Uptake and metabolism of organic com-
pounds: green-liver model, John Wiley and Sons, 59-84.

Cataldo, D.A., Harvey, S., Fellows, R.J., Bean, RM., and
McVeety B.D., 1989, An Evaluation of the Environmental Fate
and Behavior of Munitions Materiel (TNT, RDX) in Soil and
Plant Systems: The Fate and Behavior of TNT, USDOD Project
Order No. 88PP8853, Pacific Northwest Laboratory, PNL-7370.

Chang, Y.Y., Y.S. Kwon, S.Y. Kim, LS. Lee, and Bae, B., 2004,
Enhanced degradation of 2,4,6-trinitrotoluene (TNT) in a soil
column planted with Indian mallow (4butilon avicennae). J.
Biosci. Bioeng., 97, 99-103.

Chen, D., Liu, Z.L., and Banwart, W., 2011, Concentration-
dependent RDX uptake and remediation by crop plants, Envi-
ron. Sci. Pollut. Res. Int., 18, 908-917.

Comfort, S.D., Shea, P.J., Hundal, S., Li, Z., Woodbury, B.L.,
Martin, J.L., and Powers, W.L., 1995, TNT transport and fate in
contaminated soil, J. Environ. Qual., 24(6), 1174-1182.

Fellows, R.J., Driver, C.R., Cataldo, D.A., and Harvey, S.D.,
2006, Bioavailability of hexahydro-1,3,5-trinitro-1,3,5-triazine
(RDX) to the prairie vole (Microtus ochrogaster), Environ. Tox-
icol. Chem., 25(7), 1881-1886.

Gong, H.Y,, Lee, K.P, Lee, J.Y., Kim, B., Lee, A., Bae, B., and
Kim, J.Y.,, 2012, Assessment of soil loss at military shooting
range by RUSLE model: Correlation between soil loss and
migration of explosive compounds, J. Soil Groundw. Environ.,
17(6), 119-128.

Harvey, S.D., Fellows, R.J., Cataldo, D.A., and Bean, R.M,,
1991, Fate of the explosive hexahydro-1,3,5-trinitro-1,3,5-triaz-
ine (RDX) in soil and bioaccumulation in bush bean hydro-
ponic plants, Environ. Toxicol. Chem., 10, 845-855.

Hughes, J., Shanks, J., Vanderford, M., Lauritzen, J., and
Bhadra, R., 1997, Transformation of tnt by aquatic plants and
plant tissue cultures, Environ. Sci. Technol., 31, 266-271.

Just, C.L. and Schnoor, J.L., 2004, Phytophotolysis of hexahy-
dro-1,3,5-trinitro-1,3,5-triazine (RDX) in leaves of reed canary
grass, Environ. Sci. Technol., 38, 290-295.

Karami, A. and Shamsuddin, Z.H., 2010, Phytoremediation of
heavy metals with several efficiency enhancer methods, Af#: J.
Biotech., 9(25), 3689-3698.

Major, M.A., Reddy, G, Berge, M.A., Patzer, S.S., Li, A.C., and
Gohdes, M., 2007, Metabolite profiling of '*C hexahydro-1,3,5-
trinitro- 1,3,5-triazine (RDX) in Yucatan miniature pigs, J. Tox-
icol, Environ, Health, A., 70(14), 191-202.

Medina, V.F., Larson, S.L., Agwaramgbo, L., Perez, W., and
Escalon, L., 2004, Treatment of trinitrotoluene by crude plant
extracts, Chemosphere, 55, 725-732.

Palazzo, AJ. and Leggett, D., 1986, Effect and disposition of
TNT in a terrestrial plant, J. Environ. Qual., 15, 49-52.

Sarrazin, M., Dodard, S.G, Savard, K., Lachance, B., Robid-
oux, P.Y., Kuperman, R.G,, Hawari, J., Ampleman, G., Thibou-
tot, S., and Sunahara, GI., 2009, Accumulation of hexahydro-
1,3,5-trinitro-1,3,5-triazine by the earthworm Eisenia andrei in a
sandy loam soil, Environ. Toxicol. Chem., 28(10), 2125-2133.

Schneider, K., Oltmanns, J., Radenberg, T., Schneider, T., and
Pauly-Mundegar, D., 1996, Uptake of nitroaromatic compounds
in plants: Implication for risk assessment of ammunition site,
Environ. Sci. Pollut. Res., 3(3), 135-138.

Schnoor, J.L., Aken, B.V., Brentner, L.B., Tanaka, S., Flokstra,
B., and Yoon, J.M., 2006, Identification of Metabolic Routes
and Catabolic Enzymes Involved in Phytoremediation of the
Nitro-Substituted Explosives TNT, RDX and HMX; Final Tech-
nical Report, SERDP CU1317, Civil and Envrionmental Engi-
neering The University of lowa, lowa city, U.S.A.

Sens, C., Scheidemann, P., Klunk, A., and Werner, D., 1998,
Distribution of 14C-TNT and Derivatives in Different Biochem-
ical Compartments of Phaseolus vulgaris, Environ. Sci. Pollut.
Res., 5(4), 202-208.

Sens, C., Scheidemann, P. and Werner, D., 1999, The distribu-
tion of C-TNT in different biochemical compartments of the
monocotyledonous Triticum aestivum, Envrion. Pollut, 104,
113-119.

Subramanian, M. and Shanks, J.V., 2003, Role of plants in the
transformation of explosive. In: Phytoremediation: Transforma-
tion and control of contaminants. (McCutcheon, S.C. and Schnoor,
J.L. eds.), New Jersey: Wiley-Intersciencee Inc., 389-408.

Thompson, P.L., Ramer, L.A., and Schnoor, J.L., 1998, Uptake
and transformation of TNT by hybrid poplar trees, Environ. Sci.
Technol., 32(7), 975-980.

Tu, C. and Ma, L.Q., 2002, Effects of arsenic concentrations and
forms on arsenic uptake by the hyperaccumulator ladder brake,
J. Environ. Qual., 31, 641-647.

USEPA, 2000, Drinking water standards and health advisories,
EPA 822-B-00-001, USA.

USEPA, 2006, Test Methods for Evaluating Solid Waste, Phys-
ical/Chemical Methods, SW-846 method 8330B.

van Aken, B., Yoon, JM., Just, C.L., and Schnoor, J.L., 2004,
Metabolism and mineralization of hexahydro-1,3,5-trinitro-
1,3,5-triazine inside poplar tissues (Populus deltoides nigra DN-
34), Environ. Sci. Technol., 38, 4572-4579.

Vila, M., Lorber-Pascal, M., and Laurent, F., 2007a, Fate of
RDX and TNT in agronomic plants, Envrion. Pollut., 148, 148-

J. Soil Groundw. Environ. Vol. 20(6), p. 75~84, 2015



84 ololg - HPE e

154. with luminescent bacteria, International Association of Hydro-

Vila, M., Mehier S., Lorber-Pascal, S., and Laurent F., 2007b, geologists Congress, June 4-10.

Phytotoxicity to and uptake of RDX by rice, Envrion. Pollut, Yoon, J.M., Oliver, D.J., and Shanks, J.V., 2005, Plant Transfor-
145, 813-817. mation Pathways of Energetic Materials (RDX, TNT, DNTSs),

Weyer, K.U. and Geol, P., 1995, Vertical ranking of toxicity tests NABC Report 17, 103-115.

J. Soil Groundw. Environ. Vol. 20(6), p. 75~84, 2015




<<
  /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


