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The Toxicity Assessment of Explosives Contaminated Soil
using Soil Microbial Activity Tests
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ABSTRACT

This study was conducted to determine the toxic effect of TNT and RDX on indigenous soil microbes by measuring
enzymatic activity. Denitrification activity, dehydrogenase activity, phosphatase activity, and fluorescein diacetate
hydrolytic activity were determined for military firing range, field, and paddy soils exposed to TNT, and RDX from 0 to
1,000 mg/kg and 0 to 4,000 mg/kg, respectively, for 2, 4, and 8 weeks. Soil microbial enzymatic activities decreased with
higher TNT and RDX concentration and longer exposure time. Microbial enzymatic activities of firing range soil were
higher than field and paddy soils, indicating that indigenous microbes in firing range might have been adapted to TNT and
RDX due to pre-exposure of the explosives. In addition, the toxicity of TNT and RDX decreased with higher organic
matter because TNT and RDX tend to absorb to soil organic matter. No Observable Effect Concentration (NOEC) values
of each microbial enzymatic activity were derived by the geometric mean of NOECs from exposure times (2, 4, and 8
weeks) and soil types (firing range, field, paddy soil). The derived NOECs ranged from 45.3 to 55.2 mg/kg for TNT and
286 to 309 mg/kg for RDX.

Key words : Soil microbial activity, TNT, RDX, Toxicity, NOEC

1. M £ E(l: AN AAGEY FAEZ HAHSITHOECD,
1993; ASTM, 1997; 1SO, 2012). 53k, AejAle] 7P 3}
2,4,6-trinitrotoluene(TNT)2}  hexahydro-1,3,5-trinitro-1,3,5- Hof| x)5he AHrRlEA 203 A} 7)15L st 9

ofr

triazine(RDX)= 4% TS 7 el =4= = EFES] Brole 820 249 S4S Bl &
Agency for Toxic Substances and Disease Registry GEZo]| oJ3t A FgkS Hrig 4= Aot
(ATSDR)OIA FallEd 2 431 UTHATSDR, 1995; BN 29EA 5448 HURl7] H8iA denitrifi-

ATSDR, 2012). TNT2} RDX$} 28 3ekie= A &4 cation activity, dehydrogenase activity, phosphatase activity,
Aol AREE AV EJ_Q} AL BE Sol o) 3 o fluorescein diacetate hydrolytic activity, S-glucosidase
2 HEEo] 098 doZ 4 Qo (KMOE, 2009), F activity, arylsulfatase activity 53 22 vAE a4 &

H ESF AuiAlel F v 5 ok BEFY] AEEA de SAs= WRiol ARET. TNT2F 22 nitroaro-
< 250 A9 Aok Wolaat 2E0 Hejel 719 4 matic compoundsi= denitrification activityol] =4 3k
AS 53 Hrist 4= lon, Bk W AMlele FEFE S M vAE Aewm dEA o], denitrification
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activity 58S &% 54%7F A7 7 widetA X
AT}, Siciliano et al. 2010y 2 o) Fodsl=
nitrate reductase(®l: nitrate to nitrite), nitrite reductase
(oll: nitrite to NO), nitric oxide reductase(%]: NO to
N,0), nitrous oxide reductase(]: N,O to N,) & Hl
71 %8S Bl TNT] tisk B vAE 54
S WA, e =2 TNTEl: 26 mg/kg soil)ollA]
T F59Y MA8E 7Y denitrification activity 7}
50% AslEE e RISt} Fuller and Manning
(1998)8] Aol TNT 57F 242F 7.8+0.4, 121+
4.5 pgmLY W, denitrification®] ZFz} 50, 100% A3]=]
= AL FESIHY. 28y denitrification activity ©]<]
o] b a4 ZAol tigh INTY] 545 st A+
=8P, RDXS] =4S PIE 84 84S o84t
B7RE A= A9 ol FoAAl &AL AT Gong et al.
(2002)°] AFllXM= RDXS}F 2 nitramine S}FE2IR1
octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine(HMX)7} ]
Az 84 G PAe F4S F7FIITE 12,500 mg
HMX/kg soil?] T2 QGAIZ] EolA 45 F<t
dehydrogenase activity®} denitrification activity®] H3}=
S50 folnld s2e] 54 9T SelsH Ea
At

£ Aollxd= TNT9} RDXS EY 54 93 37t
3}7] 913 denitrification activity, phosphatase activity,
dehydrogenase activity, fluorescein diacetate hydrolysis
activity(Schnurer and Rosswall, 1982; Skujins, 1973) &
g rlE 54 24 ARs SRSk ol flal
AR SeA] i 9 Qlok, = B AFH 2 246
Rom, 2, 4, 857 B Ao EqkM EY rlES]
FA 93-S ERISI TNT9} RDXO] SA49ES Wit
At

2. Mg & 9y

2.1. TNT2 RDX

TNT®} RDX+= ZFZ} nitroaromatic® nitramine A 22
SPFEAS Fshs QPEEE (Tan et al, 1992; Li et
al., 1997; Sunahara et al., 1998) (F=)¢ksloll FFwto}
ARESIATE. TNTSF RDXY 318h4] 9 8 =eslsh]
5745 Table 19 YERAITE £ A7elx= TNTS}
RDXE oMEUCIEHS ARSSle] 22t 60 g TNTIL,
100 g RDX/L A48l (stock solutionye THEo] Za4H
of] o} 4°CollA FFR st ARSI
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Table 1. Physicochemical properties of TNT and RDX

TNT RDX
CAS number 118967 121824
Chemical Formula C7H5N306 C3H6N6O6
Molecular weight 227.13 222.26
Physical state and color Yellow solid White or grey

powder

Water solubility at 20°C

130 60
(mg/L)
Octanol-water partition
coefficient (Kow) 1.6 0.87
Soil organic carbon-water 300 1.80

coefficient (Koc)

Table 2. Physicochemical properties of soil used in this study

Firing range soil Field soil Paddy soil

Soil texture sandy loam loamy sand silt loam

Bulk density (g/cm?’) 2.6 2.6 1.3

Water content (%) 35 47 40

Organic matter (%) 2.0 1.6 4.0

pH 5.5 5.7 43
22. E SY

TNTS} RDX9| 549ES elslr] S8l seksdol
7P WIRsHA =Ee Ul AFEA TeiA] o] B
S AFsI] ARSI, R Z sleHEe Eo]
HA] G2 AEA] A BT ok B} THEE A
AT o] = BEYS AFs A3 AFE E
PrEE I 7 T8 F 10 W A(<2mm)E AR
sl 2 Rk} VEEEE AARE & ddsA E3tsie
Bt 7 B B8l 542 Table 200 U
BRI AFEA jERR] ) Qlol, = Eoke] B
P s Bafo] 2 ARIE, FEALE, PRIERZ e
RS AFEA SEA] Bk Qlok Eoke] T
T 26 Mgm’, = EYO B9 13Mgm’, TEEES
Jok B 47%, = EF 40%, AHAF Fekx] FH B
35%2 Yof BEYe] 71 =oor M EY BF 84 &
4 A A 7] R PR fAEEE S FE0
Aot EY 715§ Ae = EY 4.0%, AHEE
ez FH EF 2.0%, Dok EYO] 1.6%= = EY]
7P =& Ao VERITH pHE ok EF 5.7, AMEA
oekx] FH ESF 55, = EY 4302 A EQF B ¢k
23S HATK(Table 2).
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Table 3. Experimental conditions for soil microbial enzymatic activity determination

Denitrification Dehydrogenase Phosphatase Fluorescein diacetate hydrolytic
activity activity activity activity
Soil (<2 mm), (g) 5.0 2.5 1.0 1.0
Incubation temperature (°C) 25 37 37 37
Incubation duration (hrs) 10 24 1 3
Filter SmartPor® GHP Syringe Filter (25 mm, 0.45 pum)
Measurement UV/Vis Spectrophotometer (OPTIZEN 2120UV, Mecasys, Republic of Korea)
Wavelength (nm) 630 436 630 490
References Gong et al.,, 1999 Weaver et al., 1965

23 £ D14 52 BY 4
A ok, = EYl TNTSH RDXE
(e}

|

2 , 57 At & Bk niEe] &
2 Y HzE SRIsIAT EY 50g F 2] water
holding capacityAF&7d Hetx] =0 EF 16%, UoF E
F 12%, = EF 19%)9] F 33% 483h= oHEL
olEY SHS A183le] TNTF RDXE EY QFd
AFY A¥ F== TNT9 RDXS EY A 54
e, FAHFEE, AR U £ AdF7E Fdk
TNTSF RDXO| EY =4S B71e o 7P WIvskA AL
SEE = HYE ZFSYECHLI et al, 1997; Mark
and John, 1998; Gong et al, 1999; Frische, 2002).
7} AR 33] WiEsle] Feilon 7 s B4 &
4 A= TNTSF RDX7E LAHA] %82 EGS AREs)
of BASIPYT EY W TNTS RDX 5% 22 100,
200, 300, 400, 500, 600, 700, 800, 900, 1,000 mg-
TNT/kg soil2} 500, 1,000, 1,500, 2,000, 2,500, 3,000,
3,500, 4,000 mg-RDX/kg soilo]it}.

TNTS} RDXO] WBE S4FES wotebr] <13t wA
= 854 84 g W 2 AZAL Table 300 4
3}t Denitrification activity 232 Gong et al.
(1999)9] WS we} =35I} Teflon tubed]] B Sg
I AF v 10 mL(4 mM(NH,),SO, (Sigma-Aldrich),
15mM NaClOj;(Sigma-Aldrich),
phate buffer(Sigma-Aldrich), pH 7.2)Z #7} 3k %, 25°C,
175 rpm ZZ39A 1072 5<F akeiaint. A3 A4
A BAEE AR U ole] 423}= denitrification ZHFolA
WASHE Yo}, nitrate, nitrite?] FEol F¥FS F7]
el o]& ®F7] flste] 2417 1003 $ AlgellA
Zv7y 2mLE AASE 22 F3(2mL)e 4M KCl
(Sigma-AldrichyS 217tk Wt AlZF 10417 3 630
nmelXe] FFEE S48

Dehydrogenase activitys S4317] 93t 2-(p-

I mM potassium phos-

Table 4. NOECs of TNT and RDX using microbial activity tests

TNT RDX
(mg-TNT/kg soil) (mg-RDX/kg soil)
Denitrification activity 513 295
Dehydrogenase activity 55.2 309
Phosphatase activity 47.8 286
Fluorescein diacetate .

hydrolytic activity 453 302

iodophynyl)-3-(p-nitrophenyl)-5-phenyl tetrazolium(INT) assay
E AFESIITHWeaver et al., 1965). Teflon tubedl EF
25g, 0.1%(w/v) INT solution(0.5M Tris buffer, pH 7.6,
Sigma-Aldrich) 2.5 mLE Yol 37°C Z7o|A 24217 vl
YAZl & tetrahydrofuran(HPLC grade, Sigma-Aldrich)
10mLE ¥l 436 nmellX 9] FF=E S48

Phosphatase activity'= 50 mL teflon tubed] E<F 1g,
toluene(Sigma-Aldrich) 0.2 mL, tris(hydroxymethyl) amino-
methane(Sigma-Aldrich) 12.1 g, maleic acid(Sigma-Aldrich)
11.6 g, citric acid(Sigma-Aldrich) 14.0 g, ZI2]3 boric acid
(Sigma-Aldrich) 6.3 g& 1N sodium hydroxide(Sigma-
Aldrich) 488 mLoll ¥al ZFFE AME31 1 74 34
3k & p-nitrophenyl phosphate solution(Sigma-Aldrich)
ImLE ¥°] 0.5M CaCly(Sigma-Aldrich) 1mLS} 0.5M
NaOH(Sigma-Aldrich) 4 mLE 2] 630 nmollXe] &3
5 ZA3IHtH(Weaver et al., 1965).

Fluorescein diacetate hydrolytic activity =732 ¢35}
of EY 1g¥ 60mM sodium phosphate buffer(pH
7.6, Sigma-Aldrich) 50 mL, 4.9 mM 3,6-diacetylfluorescein
SM20mg 3,6-diacetylfluorescein lipase substrate(Sigma-
Aldrich) in 10mL acetone) 0.5mLE 50mL teflon
tubedl] o] mwrslyP o, mylo] ¥ & acetone
(Sigma-Aldrich) 2 mLZ 23l 490 nmol|x]e] F4=E =
A3 TH(Weaver et al., 1965).
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Fig. 1. Soil microbial activity of TNT-spiked (A) firing range, (B) field and (C) paddy soil after 8 weeks exposure.
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Fig. 2. Soil microbial activity of RDX-spiked (A) firing range, (B) field and (C) paddy soil after 8 weeks exposure.

o] 74.6-82.8%= UERY, 49.0-53.2%31 Yok B, 1
3 57.0-70.2%8) = ESRT =94THFig. 3A). RDXY
A9 743k 2,000 mg/kg soil ZANA AFAH ulek
A 0 BEFe] a4 3H4(77.9-82.5%)°] Yok E(59.0-
65.0%)% = E(51.8-65.1%)HT} =S4T} o= AEH
k] FH EQRY] A9 AHE FH Fo= TNTS
RDXO| & 7|7t =2H7] Wil EY vdEo]
TNT®} RDXOl thall &= o] TNT9} RDXOl| =Zo]¥
o] gl qloke}t = Ee] nAEd His] TNTY 54

TS A Be AeZ HAGAEY Mark and John
(1998)8] Aelre EY vAE 3 A8S B3l sof
Ao AHH R =FH AP AeA] T EYelA
TNTOl AadS 711 pAES Bo] st 2 A9
Ae} AR Aaks Bt

TNTS| =4S H7ksbr] 9l ARS-E vl 7HA19] a4
g4 - phosphatase activity’} AFA Tekz] £ EQF
(74.6%), Yok EK(49.0%), = EH(57.0%) ZFA 7}
A vre BAE WY A Tl 39 B o}
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Fig. 3. Soil microbial activity of (A) TNT-spiked firing range
soil, field soil, paddy soil (500 mg/kg) and (B) RDX-spiked firing
range soil, field soil, paddy soil (2000 mg/kg soil) after 8-weeks
exposure. Non-spiked firing range soil, field soil and paddy soil
were used as control.

E&FlA fluorescein diacetate hydrolytic activity= ZH2}
82.8, 53.2%%2 UEIGI, += Eo|A dehydrogenase
activity”} 702%% 7 B8 G4 Aol ZAHULH
olgfg PE 4 24 SR wE Aol 4 a8
Al Foehs v =2 zleldl] 21§k o]tk Skujins,
1973). Dehydrogenase activity®} fluorescein diacetate
hydrolytic activity< denitrification activity2} phosphatase
activityol] I3 g PlEC] Fojehs Al WhEo]7]
ul) ol (Skujins, 1973; Schnurer and Rosswall, 1982)
7P =& ZAol 349 3o 8 Addn RDXE ¥
QHA AHAR dgA] FH EYY 54 A4S
denitrification activity’} 82.5%% 7P& &3%3L, dehydro-
genase activity’} 77.9%% 7FF WSith dof ERY
739~ fluorescein diacetate hydrolytic activity(65.0%),
dehydrogenase activity(59.0%), = E%2] 7% phos-
phatase activity(65.1%), fluorescein diacetate hydrolytic
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activity(51.8%y7} 217+ i, Haghe] 54 44 Ve
o], RDX7} E4 Aol miXle 93 7F 54 84
of me fofdt AEFS AT 4= QU

3.2. EY 7/|= 0| ME D|d=E 4 2y

=

gt

A F% olaly] 2HAME = EU
ok Bl g BAol| & o7l gilent, 700 mg-
TNT/kg soil, 3,000 mg-RDX/kg soil ©]e] ZANX &=
= Bk 4 gX4o] qlok EqRe] a4 ERT A
B (Fig. 1). = ESS f71E o] 4.0%2 A
A7 veR] FH EY(2.0%), Yok EXF(1.6%)7 Blns}
o] =9k} Figure 4= 700 mg-TNT/kg soil 3,000 mg-
RDX/kg soitS S AAAE W AFEA ojgkx] 9, Qlo,



EYo] 84 FAL2 AT AFIAl & B 54
HET 28.2-30.2%, AFE IEEA] = B 27.
30.1% #Aa® Whd, dof ERS 40.0-44.3%% © 2
o2 7431t RDXE 994 = B fx 3
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& Ul vAE<] dehydrogenase activity(73.0%), Yok}t
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7} 232} 60.0, 71.8%= 7FF A YERY, dehydrogenase
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62.1%% 7P =& A4S B o AAE vekx]
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Fig. 5. Effect of exposure time (2, 4, 8 weeks) on soil microbial
activity of field soil spiked with (A) 500 mg-TNT/kg and (B)
2000 mg-RDX/kg. Non-spiked field soil was used as control.
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