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ABSTRACT

Toxicity and uptake of 2,4,6-trinitrotoluene (TNT) in three different soils (OECD soil, natural soil and loess) to earthworm
(Eisenia fetida) were investigated at several different spiked concentrations of TNT (0 to 200 mg/kg for OECD and natural
soils, and 0 to 35 mg/kg for loess) and for different exposure periods (7, 14, 21, and 28 d). The LCs, values for 7 d
exposure were 160.1, 159.4, and 28.81 mg/kg for OECD soil, natural soil, and loess, respectively. The LCs, values for 14,
21, and 28 d exposure were almost the same as those for 7 d exposure, showing that 7 d exposure time was enough to
decide the toxicity (LCsg) of TNT to Eisenia fetida, because the highest concentration of TNT in earthworm body was
observed within around 5 d. The LCsy and uptake of TNT in loess were higher than those in OECD and natural soil. The
uptake of TNT to the earthworm were correlated well with the initial concentration of TNT in the soil and TNT porewater
concentration (R*> 0.9 in OECD, natural, and loess). The concentration of TNT in earthworm body decreased after 5 d,
possibly caused by natural degradation of TNT by soil bacteria as well as earthworm.
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2.1.2. A7 o] (earthworm)

AFo) AM8SE X|o)|Q) Eisenia fetida(redworm, AA-
14-1650y= OECD guideline(1984)°l1-] ¥31d =49
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SHATE. E4ke] kol 18ks(Cation Exchange Capacity,
CEC)2 sodium acetate 5 (SW-846 Method USEPA,
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A= TNTS o S48om WAIS2 23S 53
3] A xmah@q FAZ}F 300~600 mg A= EH= A
oJAANE 29HA e AAEUNA 109 o)t njek
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slom, TNT BASFHATLS RIS 60%2] 2
EF 100 go] vﬂo 7)o AFo] 10m}]S T3
%, Growth Chamber(5t/%F F7]=16A171/8217F, &&=
25°C, %= 40+5%)lIA 7, 14, 21, 28Y B<F s}
AL triplicate® 4738). A& 717 A]70]
o] A AEE BELion, & "ol A AA
alomn, & o]2le] ojd ®o|x FgskA] Kirh. A
T8 & U filter paper’dollA] 24X17F HEAIA AW
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I (Tlwon Freezer co. Ltd., CLN-30U)E ©]&3l -80°C
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23.1. TNT 499

HPLCE ©] &3+ 3}F7¢] #£42 USEPA method
8330A(SW-846, US EPA, 2007)& o]&3f] EAI5159c).
R EZEZAE nitrobenzene(Sigma-Aldrich, > 99.0%)&
F43t TNT (2,4,6-trinitrotoluene solution, F2486S,
1,000 ug/mL in ACN, Chem Service, Inc)2 S
AN o, o]z oE AMEEH methanold} waters
MerckAFZHE] HPLC grade2 st} AL&-&iict. &
Ao ALg¥H HPLCE AgilentAHUSA)Y] Agilent 1200
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series, G1329A auto sampler, G1311A Quanternary pump,
G1315B DAD AZ7IZ2 74" 2oz ZHHL 18C
column  (Acclaim™Explosives El, 4.6 x 250 mm x 5 um,
Thermo Scientific, USA)S ©]83l3th. EX2A T &
42 1.0 mL/min, ZH2EE 32°C, A8 FHZFE
5uLE Agkete] ARgSkaL, UV 3PS 254 nm= 33T
o]gd 2AL 24(wo phase) TETH FHoE
methanol@} water®] HE-S 50: 5002 33T}

23.2. EAY INT &% F=794
Ul INT F=5 #249317] $18kq A& 2 g ACN
10mLE H|ZE 2j&o] HEF septa’} F2H 40mL
A wlo|(Fisher Scientific)ol] ¥, o3 $8=%
(Ultrasonic Waterbath; Branson Ultrasonic Corporation,
Branson 8510E-DTH)IA 18X 223915 o]83le] 3
Z3)aL, 1500 rpmollA] 30587 QAlEE|sle] Asds B
sieich. $2e PN sl me] CaCl §UL
ol 1:1(vv) HIEZ 843l RS HXA A B2}
B o] FRE=E 3} tHRobidoux et al., 2002;
Sarrazin et al, 2009). 0.45um PTFE syringe filter
(Whatman, ¢=13 mm, #6784-1304)2 oJ3}3}le] HPLCE
48131

p

233 EY¥ 3579 INT % 3289

=< (pore water)] TNT T =74317] 3} 5¢
9] AZxEYT 5mLe 10mM sodium azide(tNH3}=
>08%) S 50mL Oak Ridge Centrifuge Tube
(Teflon flourinated ethylene propylene, TFEP, Nalgene)l|
Yy, smLe SFTE YUHES S5Hr=1:1, wh).
&S 24013 B9 8] (Shaking incubator; JS
Research Inc., JSSI-100C)°A] 150 rppme 2 wHkSE &
5,000 rpmel|A] 2087 A4EE St ElN 35E
s o e dS HPLCE E43%ith d8A
0.45 pm PTFE syringe filter®2 33+ & EX3}3c}
(Liu et al., 2012; Ter laak et al., 2006).
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IKA, T10 Basic)s ©]&3l &3}slal, vortex mixer
£ o83t 187 wwkek § 1A Bt 259 &
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ZoA %280} 223t 1500 pmOE 3057 FAE
g3t Agg Alg F SmLE #5381 5mLY CaCl,
(10 gL)E FL43kd 2k AA=-S HAAF) L (Renoux et
al,, 2000), 4°C ¥7garellx] 2/3F FF gxjete] A4
(lipid)S A| A3}l (Belden et al., 2011), Clean florisil
SPE tube(Bond Elut FL, lg, 6mL, Varian}g ©]-&3}]
0.45 um PTFE syringe filter2 423t 8918 HPLCZ
Bt
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One-compartment modelS ©]-8-3F HEFF o=
(Widianarko and straalen, 1996)°]] thgh 212 oleje} 2t}

ﬂ=kC(r)—kc 0 )
dt 1%s 25w
714 C e ARE el ZFol Ul TNT E%(mg/
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2 Aol Ul INT ¥ E5d57(d7), kb= R|Fo] &4
2 FEY SV YA Sl e TNT 24
A (d eItk A (1)E C,0)-0 B2 o83l A&
shd, olfel e A8 AL = lom, el
TNT 23] 94 1A&EEE dojdtiar 783k, ol
2] (2)2} o] xHS 4 Utk

kICO
k2_k0

—kyt oyt
—e

C (0= (e 2
‘ol

2 2 AWss T2, LEEHY =S
AR A FAgE SR Sl o] A&HHoR
tsle JElE 7Y, AAaREs 7 Y A
o 93] AA ==, 3= metabolism¥} elimination®]
a1, O shue ARAESNe ofsl A E

7 k= B TNTY 13} 23] &

N

3.4% ® n#
31 AB2HEY SY

rie

ATl B HEWFOECD EY, ANEY, &)

ftilo

o JI9IFCE TNTE LG IFLAEYS Az}
ARE3IATE. Table 19= £ Aol AR Bl AEY <]
EA4S et pie AES et 242 4.0
4.8%2 AHAdollom | OECD E%o] 647 2FrHdo]ct,
F7Ek A RS AFAE(1.55%), OECD E9(0.67%),
FE0.20%) To2 YEPTE THALS FE(154mY
g) > AFAE(9.40 m¥/g) > OECD E¥(2.85 m¥g) o2
YERsiT.

3.2. EY TNT sk} X|ZHo| dESFT2te| 2HA|

32.1. B TINT EsliE=

TNTE BHglohd B2l oJate] Eqhelr AtdE
a7t 7hset Aoz 4EA oM, wWE BIEEE Tt
Adar ¥ vl t(Conder et al., 2004). Fig. 19]=
INTZ IFLENZ] EYOZHE] AFAEse] SJg TNT
LRSS e Zoltt. Fig. 19 YeRd nle} 2ol
2| A EASHA e AdElME Al Wl TNT
= AEFHoZ Baf7t H= AeE Yt 53] 271
2% 7} B2 OECD ES AAESIM TNT/} W
24| FaliEe ekl o FEHAA et olgt 7
S 11X &= Ed(first-order degradation kinetic
mode)Z UERO™, AR TElAle 2 3y 2
(OECD, 2010).

50 4 ® OECD soil, R? = 0.7073
\ A Natural soil, R* = 0.9048
N\ ®  |oess, R?=0.9458
LN

TNT concentration in control soil (mg/kg dry soil)

0

10 20 30 40

o

Exposure period (day)

Fig. 1. TNT concentration in soil via exposure period.

Table 1. Physicochemical characteristics of the non-contaminated soils used

Soil Water Holding Capacity Water Organic carbon CEC BET surface Pore volume Pore size
(WHC, %(v/w)) content (%) content (Wt%) (cmol/kg) area (m¥g) (cc/g) A)
OECD soil 429 6.37 0.64 0.67 14.0 2.85 0.02 20.7
Natural soil 51.7 3.98 12.5 1.55 16.7 9.40 0.03 18.7
Loess 34.6 4.82 10.2 0.20 10.8 15.4 0.05 18.7
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Table 2. The first-order degradation kinetic model parameters for natural degradation data of TNT in soil

Soil Co (mg/kg) k (day™) R? SSE
OECD soil 50.26 0.0385 +0.0060 0.7073 317.5
Natural soil 50.97 0.0672 +0.0093 0.9055 2123

Loess 1237 0.0148 + 0.0009 0.9104 1.873

Table 3. Parameter estimates for one-compartment first-order kinetic model applied to TNT accumulation in earthworm body

Soil C, (mg/kg) ki (d™h ky (d7h ky (dh R? SSE
OECD soil 50.26 1.327+0.186 0.591 £0.117 0.066 £ 0.009 0.9746 189.9
Natural soil 50.97 1.732 +£0.240 0.790 £0.152 0.086 +£0.011 0.9800 158.9

Loess 12.37 1.031+£0.217 0.249 £ 0.093 0.049 £0.015 0.9002 94.73
T, P — OECD Eo} AiEcke] 79 xzo] A S
w0l / o el soll =0 9000 £ TNT %57} 5% oM S48k S7lslglon, o

60

40

20 4

Earthworm uptake (mg/kg dry worm)

0 5 10 15 20 25 30 35 40 45
Exposure period (day)

Fig. 2. Kinetics for accumulated concentration of TNT into
earthworm body.

C(n=Cye " )

A7 Ce AIRE elAe] B TNT E%(mgkg),
Cie EO tigh TNT 9% S (mgkg)°l™, kg= TNT
o] xRS E5/da(delth ZdliAst Aak= Table
20 JepSl=T, 387 EY 5 w9 &2 R(>0.9)
s VRIS 1xREel S5 ARIES0.0672 d7)
>OECD E%(0.0385d") > 3%(0.0148d ") =22 €}
vl weld, FERTE AAEYT OECD EIA
TNTS] AFAEsN7F A&3tA dofytrt.

= AR 91814, OCED EXF AAERS 50 mg/kg
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SUolM 71 =& FEE YERISL, 59 o]Felle A
£ o= et FES| BeoE T AgE o
ERiSlott, OECD Ea AFAEY ol vlste] e
2 1 =27RIEF 19eIM Hd SRS UERISITH
oldt A= A|Ho|7t TNT LPEYl =39 & oF
5~79°] TNT 540l 7P ZetA w-sara)d + A
© AIZI7F =HH, o] & Alzte] EFC wet HAF TNT
40 WE @] iRl BES e BoE e
AT},

Al we} A"o] AW FAEE TNT $%E one-
compartment first-order kinetic model®] &3 A}
(Table 3), k= AAEF(1.73d")>0ECD EXH(1.33d™")
>IE1.03d") £ JEREOH, bE AIE0.79d™)
>O0ECD E%(0.59d")> &£ (0.25dHE 5L M= U
EpiTH

3.23. B INT &= mE A|go] AU S4¥=
o] W3}

Fig. 391 =273t 7, 14, 21, 280l =0 AU
TNT 2550l tigh E TNT 559 J3S e
Helth & B4kl tiste] ERl TNT =9 AHo|
AUl INT == vl =2 3R> 0.97)S VFERY
o], Z|Fole] INT AHFZ A=t EFIAE A4,
TNTE EYIAIZRE 8EA1K & o8 &3P 3e 5
sto] AFst Aol SHek= AEE 7H e A
o2 AlEHrh. OECD E%K(Fig. 3a), AAEK(Fig. 3b),
HE(Fig. 3c) 7 5L HBS Tl AH=HE=RE E
FH TNT 557} S718E AE57] 557 3%
2 IRk As & F At
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200 4
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150 A
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A - =T
A — i
0 =¥ T . . ‘ ; ;
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TNT concentration in natural soil (mg/kg dry soil)

150

(c)

E
o
2
f 2 _
S ® 7days, R?=0.9862
D2 1004 A 14days, R?=0.9744
2 m  21days, R?=0.9874
= & 28days, R?=0.9810
Q [ ]
X -
T -
Qo -
ERT e
g —
o
g
P 3
b= —— .-
5 -
w ¢
0 .
0 5 10 15 20 25

TNT concentration in loess (mg/kg dry soil)

Fig. 3. The correlation between earthworm uptake and TNT
concentration in soil: a) OECD soil, b) natural soil, and ¢) loess.

FES 93t OECD EY} AAEYIA =27]710]
7921 A7) 14, 21, 28Ul HIG TNT AE=H &
b =& Aog veRdt) otk 783 140l TNTS)
ANEH =7 FA 2oluA] §gkom, 149 o] Fll=
A TINT F=7F wi¢- SolAe o2 Yehsitt. o]
st = Fig. 200l Uehd A o] oF 59 o]Fof A
Y s=7F g4 Aske AR oylon), ¢4
oA Hdl S85=E el £ A7l we} sk

250

® OECD, R?=0.9999
Natural, R? = 0.9984
200 4| ® Loess, R?=0.9986

>

150 - K, =2.9330

K, =5.2063
100 -

50 A

TNT concentration in soil (mg/kg dry soil)

0 20 40 60 80
Porewater concentration (mg/L)

Fig. 4. Relationship between TNT concentrations in soils and
porewater.

AAAR] 4 FeHle FARE 402 vEhtorn, A7)
FHE oY 7] 3EF 819 HIkRE, ], o
M Zo] Tyl wet 49 7Erle 2 5 e A
o7 AlgE

g, JE Aeole EXH TNT $=7F 5718l
w2l ZHo] AU FHFsEE F7IsIoH, o TNT
AW FHFEE 227K 149004 dehtor, 149 ©]
Foll= 57t s S 2 A AgE AAH
©F OECD EYF} AR vlate] etatA] F71st
3 ZAasheE Ao ® YEldth Dodard et al.(2004)
Enchytraeus albidus(white worm) Aol TNTES S<FA|
71 O ARE w2 Al TNT 528 249319, <o
30~35A1%F o]Fol] TNTZ}F Hd3] AleAle 2s Bz}
Aot wEbA] 2 Aol Aol Aie] TNT S=7} 7
Hog =g ishs 2108 wlFojHol E¢o g
B AH=Ee BN TNT & #islel 2@3st #ds 7t
AE Aoz AlgH),

EE B9l thiete] =273 2195} 28UelM 9] TNT
AR sEe vf- e 702 Yeyton, ol EXR
TNTZ} i E3l=Ql7] WEes Alsdnh weby
TNT 5457 1429] eZE7|3k0] AFe 202 Als
=, AUES s=oke] #ALR] 77139 siAs 2ls)
A 7 B 149E VIR0 sk o] ARd Ao

2 Yehstth

3.3. 33U TNT sz} X[go| MEFete| A
Fig. 491 325U TNT 559 E9R) TNT 5%
o] TAIE JYeRIS=T], Be EY Il diste] v
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Table 4. LCs, of TNT in OECD soil, natural soil and loess for
Eisenia fetida

LCso
Soil
7-d 14-d 21-d 28-d
OECD soil 159.4 154.0 154.0 154.0
Natural soil 160.1 158.2 158.2 158.2
Loess 28.81 28.81 28.81 28.81
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