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1.1. 479 ¥W~H

Ak 2003 o] %, wul AFAFA A stk H FEEY] 290
TR/ S A =eld AEE A A o7t H AL 9tk
g A stFF =5 24,6-trinitrotoluene(TNT, C7HsN3Og)7F &=t o]
= AAAQ B 54, T B2 Ed¥e] flEAEA A 98
AS 7ML = Ao® HuE 3 At} (Pennigton et al, 2002). ¥ ol
L Eeta A dAREdelY d'e AN Ses FEA EUE
o] WAslal, o] ZHF-E] TNT, RDX, T35 5ol Mouet B U &4
o] WA}t (Thomas et al, 2001). L&) 1L o]&3t QA& A S0 AL A%
FZo] 1A FAR olFsta A HFHdt FAAQA FAHEAE
o7l 4= 9t} (Nahen et al., 1997; Hwang et al., 2004).

Fig. 1.1. Figure of firing range



= A el A= oln] ARkl AA TNTeoF ¥ sfo]
£ T3t TNTE v= 37473 (US EPA) 7+l C
TFAE 9o (US EPA, 1998), & 7I=% 0.020
mg/LZ wj$- olr EAEARZ HFF a1 9t} (Rossenblatt et al.,
1989). 18 al WiEa7)e E¥Fo] e Z4%7FE S8 TNT F-4b=
21 4,6-dinitroanthranil (DNAN), 1,3,5-trinitrobenzene(TNB)&= TNTX
o =40l f =2 Aoz I Ut} (David et al, 1983). webA| Fig
113} 2ol 9 &4 o8 w=E% AAFdA TNTE 33 B
ol &8t dAkstE el olv] AYHAe T2 U limeol] o)
L& o] TNT FAHEo] & d 5 7] wjol oo tig &7t 2.
Elasd

Kol Al&& clay surface® 9] 3}ekFo] &28 =
al., 2001; Li et al., 2004) EdA A= ol H giks oS 5
A Wk ofet AAAQ Bl ok gaAA ¢ Stk FHo]
(Semple et al,, 2003). LejA @A = AFAA Aol A ] Ko A ¢
7F w=ol=an vt

AA AHAY] AFEA(HSEE, EG W HASE, lime Ag)S 1L
#He gl Aol TNT #afid++= obd wEFstH, TNT F353s 9
g K9 A 2l7F TNT #Esiol mjA= Fakol] gk A4 JA| o}2 71A]
ek Aol
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3 Ko A7k FEsiol nA=
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2. 8 AT

2.1. TNT (2,4,6-trinitrotoluene)
2.1.1. TNTY &4

2,4,6-trinitrotoluene(TNT) = 3}oFF9o] dF o= 1900 of o]F %
AARoZ uALd EE Zey e A7 dE] o] &% oA
ATE 53], TNT7F A A, A4 Eﬂ’K 7F @A AY B A st

S o7 4 9riu oA 9 ., 2004).

—
-
e
Q
bt
o
e
o
=B

]]/} Oﬂ EﬂE ful = H )
g7)e} 246W Aol UE=Z7|7F wlAdl g (benzene ring)E T4 O=
Akl 9lar, 88242 CHsNsOgol ™, 7%+ Fig. 2.1.7 Zt} (Ayoub
et al., 2010).

CHj;
O,N NO,
NO,

Fig. 2.1. Molecular structure of 2,4,6-trinitrotoluene

ol g TNTO &3j=+ ¥4 i (130 mg/L, 20C), EY
9 FrlEdolyt EGdAtel A FFEA F7] wollog Kow =
39) TNT= 374 W9 olF 7tsd Jei= AT 5+ Ak

stetx o g A3t A1e] TNTO| o5 %9 HAEHN Ed
oMol S g o2 RE o3 4 via &elA vt (Pennington
et al, 1990; Sheremata et al., 1999). TNT2] =2 3}st24 542 Table
2.1.91 YERH AT

Ed

SR

l



Table 2.1. Physicochemical properties of TNT (Ayoub et al., 2010)

Properties

Poly propylene

Physical state

Pale yellow crystalline solid

Chemical formula

C7H5N306

Molecular weight

227.13 g/mol

Specific gravity

1.654 g/cm® at 20C

Melting point

80 C

Boiling point

240 C

Water solubility

130 mg/L at 20 C

Vapour pressure

1.99 x 10% mm Hg

Kow

16

Koc

300

Henry's law constant (20C)

457 x 107 atm-m®/mol




21.2. 54 - s 2 A

TNT= #44cz qtAE & e =d F =, v &4

d (US EPA)IIME CHF HUEARE A Aok 3 1 oo A2

& 2 edk ol o qrAl7F glew, US EPAS & 14 A7
2 0.020 mg/Le= &eA dtd (Martel et al.,, 2009).

T, TNTZ e9d A= dokgls ArgAlel AeAANA A4

A FFS v A F Jom Al ES viAAY S 9H EGdA A

A5 A 71 Ak (Ayoub et al, 2010).

ol disiA A4 B2 A7 JAHA

SAL == dE A 874 545 adste

SAS AGol, 7 18 W=y EH 5

3 =
T35 AEAE T3 AE I Ak ool tiE oAl= Table

[e]
ar
=
RN

Table 2.2. Acute toxicity to fathead minnows and D. magna of TNT
and four of its phototransformation products (Elizabeth et al., 1989)

96-hour LCs in 48-hour LCs in
Compound )

minnows (mg/L) D.magna (mg/L)
TNT 29 (26~3.2) 11.7 (10.9~12.6)
TNB 1.1 (1.0~1.2) 27 (24~3.1)
TNBA 1.0 (09~1.2) 15 (0.9~2.7)
TNBN 2.0 (1.6~2.3) 1.0 (0.8~1.2)
DNAN 0.16 (0.12~1.0) 0.34 (0.24~1.0)

_ 7 _
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2.1.3. TNT ¥+ 4

Fe nAE A%

0;

TNT Wl JE=Z7]9] w342 AA ol 71A @l os A4 Ht
v 7FA dAAre 39 3 A (resonance), = & ¥ (inductive effect), ¥ |4
el (steric hindrance) Z2]al HERZ7]9] AbAdxkel wW”d 7] o] A=} 7h
o] AHA714 435 28 (intramolecular electrostatic interaction)©]t}. W&
71ol 1 2, 69 YE=ZZ|I7F Wl 7FA @] dide] HedH, F2
HER7]= AAE Agstes wdr]dd o8 FxHoz Was wev
(Qasim et al., 2005a). TNT+= FHAst=E A3 n-AR=o] WAl g
Heol UERV|R olFdte] HERY|O whgA L YolA Al @ th(March,
1992). oA ¥rgAo] wrolzl YERZE OH o 9a 1y T4

th. Ed, OH ol o3 A4 wgo] Yot ul, U

27)% TNT F229H & Pelg 5 glon wdr] xe] 23
F Qe OH 7F dgow 18 TNT #2 ol 444 wa @4o] ok
A4 UER7le A7 golald & itk webd TNT @kl s)A
A9 wdel thE wend o $HA Hx U Qasim et al,

21

| &1



2.2. TNT &3 H-&
2.2.1. FE3|
221.1. Bl FEs|

m—electron system< 7}A = §7]8219) oA @AE veERAT
Sot whEdH], S;2 A WA 5E singlet A EIE YERTY, Ty, Toe
A, 7 1A triplet HE 2o 4 AHE AssteE ouA GAE
et ZF 348 F7] BAeE dAxpr1 ARl
HASH, oA P& 7hAEAd e o] 9o wdS TRl 9o
YA o]t}

A (D2 F71Edo] FAE Fotal, 5% singlet FH=E &

i, B4 2 FEel o8 o 10 P~10 P2 g A%

=il
EhdTh ol el & singlet AHE Woluis #AL & A 7HA7F ol v
2]

[
29 WEAE B HA BAL PAAS FRIHT FAGE

r

H43} singlet stateoll 4] triplet state® W3alE= FZFulA(intersystem
crossing) Aol v} ol YL Fig. 2.2.°1 YHEFH AT

Aot Zol AAlE A uwpef Hof &3] £ FAE singlet
triplet el 25-E] wkgol oA =i, o]l vhES th5 o] U

el = 9l
A+hw —> A"

o714 A= HE ] A #71

g o e,

A, AE gl A EE A

A

21

| &]



b le

Fig. 2.2. Schematic representation of the energy levels of an organic

molecule containing a 1 - electron system (Sandus, 1972)
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aga o]gk o] EorAE TNT A+ solvento] o} 2k 4
AA714 A5 A8 (intramolecular  eletrostatic  interaction)l] 2] 3|
non-polar solventol] 4= aci-nitro isomer(AH)7}, polar solventol A=
conjugate base(A, TNT <o]£)7F A A},

Intramolecular -

CHy * o x
proton transfer B oy
G2N N0 (very fast) W0z Iail_‘;‘L % a "oz
0 + H
_}
NO, L or
(Excited) TNT* A-, conjugate base

ol¢} o] WA EE TNT Lol &0 &HE 24 6-trinitrobenzoic acid,
2-amino-4,6-dinitrobenzoic acid, L& 11 1,3,5-trinitrobenzene®} #Z& %
A E FAHL, HTHoRe oY, Ak, 254N S

ojxkstet s o] A4 E Y. (Table 2.3)

CH, coH
O,N NO, o, NO,
NO- NO,
TNT 2,4 6-trinitrobenzoic acid
NO, 0 e
N* N?
Q- = I Q
=
0.N NO.
OH
1,3,5-Trinitrobenzene 3,5-dinitrophenol
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Table 2.3. Photochemical degradation products of TNT identified
(Burlinson et al., 1979)

SE ol T=24 | vAw
1,3,5-trinitrobenzene CeH3s0N3 213.1
4,6-dinitroanthranil C7H30sN3 209.1

2,4 6-trinitrobenzaldehyde C7H307N3 241.1
2,4,6-trinitrobenzyl alcohol C7H507N3 243.1
3,5—dinitrophenol CeH40O5N5 184.1
4,6-dinitroisoanthril C7H30sN3 225.1
syn-2,4,6—trinitrobenzaldoxime C/H4O7Ny 256.1
anti—2,4,6—trinitrobenzaldoxime CH4O/Ny 256.1
2,4,6—trinitrobenzonitrile C7Ho0O6Ny 238.1
1,3,7,9—tetranitroindazolo-2,1-aindazol-
6-o0l-12-one

2,2 —dicarboxy-3,3’,5,5" -

Tetranitroazoxybenzene
2,2 -dicarboxy-3,3’,5,5" -

Ci1aHsO13Ng | 466.2

Ci1aHsO12Ng | 450.2

Tetranitroazobenzene
2-carboxy-3,3",5,5'~ I i
tetranitro-NNO-azoxy benzene CisHeOuNs | 422.2
2,4 6—trinitrobenzoic acid C7H308N3 257.1
N-(2-carboxy—3,5-dinitrophenyl) ]
- 2,4,6-trinitrobenzamide CraHsO1Ns | 465.2
2—amino—4,6—dinitrobenzoic acid C7Hs06N3 227.1
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2212 EelA o] Fal

Edxde] &A= TNTw ESdAd S35l A A
Fele EAsta dvk EFY] (M (EFAAAT], 2 T3 EA)I S
A EAe e ubg-A wjio] TNTE &7t & dojux ghxur 9
o] o3t Eae} F3fol 9d TNT &do] dojdria d# A Tk
= 717 A BEe At Aea s o F2 dojued ol
71eF REESE 5= ol WA o] AXY] wEolnt T AAE =2 #
2o FaEe B84 A = azoxy, amide wAFRA 71E Ao
A FAE R v)szety] wdol] EellAe] we 712 Btk oy
Z Atk (Kunz et al., 2012).

Time —
T N (.a—H
\‘\.._ / . \) 1 ) =
Sublimation

.9

Photo-oxidation

|/’-_ _‘\-

Photo-axidation with sublimation

Fig. 2.3. Combination of sublimation and photodegradation (Kunz et

al., 2012)

,13,

A& sk



2213, % W TNT FE& 17

2.2.1.3.1 Ultraviolet

B a2 29, 7AYo R AR lew, TNT+=
S FFdria 4eA Adrk AR Table 24.9 4
EF Ak A A2 g meka 315~400 nm 9 9-S UVA EA 28
0~315 nm 995 UVB EAL 100~280 nm 99S UVC BALZ 7
stoh, Bl gdo] ti71E B3t wl, UVC HAbe] BE 993 UVB HA}
o] °F 90%7F 7] o &, 57, Aba 1Al o]4lstek Ao o] st
Ttk stARE UVA EHAR= 719 d3ks AA 9] wjdo] A3z
CEEtE Ao)A Bale giiE UVASE UVB EAbe] & BEojt (714
7, 2011).

Aamo

,14,




Table 2.4. Absorption spectrum of TNT in 10% acetonitrile-90%
water (Mabey et al., 1983).

Wavelength (nm) Aborption Coefficient (M ! em )
2975 1800
300.0 1600
302.5 1500
305.0 1400
307.5 1300
310.0 1200
312.5 1100
315.0 1000
3175 900
320.0 840
323.1 800
330.0 760
340.0 620
350.0 600
360.0 420
370.0 240
380.0 160
390.0 60
400.0 0

x TNT concentration was 4.93 x 10° M (1.1 ppm).

,15,
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2.22. A8 93 £

TNT Fe (II) Adsorption of

dissolved Fe(II)

Fe (ID) Microbial/abiotic

TNT reduced reduction of Fe (1)

Fig. 2.4. Reduction by surface-bound Fe(IIl)

Fig. 24.= ZHAst&E<] 93k TNTO $hdvk&o vepdth dyba o

Z ®wo] X9 TNTE dAstEe] oA o] HuA Ea7t
Pk g nAH 3= H2 7S §8fE ferric iono] &l
T35 PAY, mineral W ferric ione] Fho = 3] AL 5 o

Hol nAE Ho| B t5ZolA TNTE #9471
del A Atk

,17,



2.2.3. 9714 7} £ 3 (alkaline hydrolysis)

FNFFER 299 FAY ESlM SAEH AAE 293
el pHel o8 aA &S et TNTE 784 Aol =peod
o] 47|14 FAkste] 2 (hydroxide ion)oll ®i-§- ¥1ZFelA whE-ghrh
(Emmrich, 1999; Kwon et al., 2010). TNT 2} o] 3702 UE=Z7]=
ZatA AAE Bl EEsEA ddo] oA TNT Exbeo] Wk
oz W Ao 2eE FAAA7IA HH, oyl &3 wEo] TNT=
3173 (nucleophilic)?l @714 FAksto] -39 Rb-g& F3 WA TIHA
HAsle] Ry Aoz d#A vt (Emmrich 1999). 4=4F3}o] =
TNT® wgS& Fa AdE WgSAZE TNT S0l =(TNT
anion)°]} Meisenheimer complex o] ®-¢ & <& o, o] F
Al oJaf TNT7F o] ZAbd A% F2 A9 F8H(red
water)o] 1} 3% Aol =8 (pink water) S AAGE Aoz dHA

2t} (Wang et al., 1995; Emmrich, 1999).

=T

,18,
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Ho

0

Z10] advanced oxidation process (AOP : id

1
R

2 AgH

=
-

3

g 9

)& 2

2 hydroxyl radical (OH -

-

o} 18]3 AOP

& wuk ope} 7%

g

o

= 2

3|

ol
=

2 ol EA 7] A]

o]

=
=)

o
2 o] 833 glem (Parson et al., 2004),

=
h

A3

=3

&

(Ince et al., 2000).
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2.3.1. Fenton reaction

AE st HE JAsFagel IS ALEste fr1ggERT o)
Yl FAE AbstAzl Ao RE fHEd L & AE Abs 713
£ Haber®} Weissoll 9] A|et=9lal, Barb So] o2 $£435to] A5t
Atk FrlEe] #ME sbsh $4LS Eg. 2.1~299 2t

Fe* + H,0; — Fe** + OH- + OH (Eq. 2.1)

Fe* + H)0, — Fe* + OH,- + H' (Eq. 2.2)

RH + OH-— H,O + R - (Eq. 2.3)

Fe’ + OH - — Fe’ + OH (Eq. 2.4)

R+ Fe* — Fe? + products (Eq. 2.5)

R-+ OH:-— ROH (Eq. 2.6)

R -+ H;O, — ROH + OH - (Eq. 2.7)

OH; - + Fe'" — O, + Fe*" + H’ (Eq. 2.8)

OH - + H,0, — OH, - + H,0 (Eq. 2.9)

HAE Abgloll A fr1Eo] EASHA &S Aol A9 4 F, (Eg. 2.1),

(Eq. 2.2), (Eq. 2.10)°] 98 HF Aoz (Eq. 21003 & ukgo] Ao
fia=g

2H,0, — O, + H,0 (Eq. 2.10)

fFr7lEe] EAEE B¢ BAs A 2Pk diale] 2 OH - 9
ol fr7]Eeo] EaHo] ASfFr]Eo] WA o] A wk

2.1), (Eq. 2.3), (Eq. 25), (Eq. 2.6)¥ % <

(Eq. 2.11)%} 22 dkgo] dojry,

rlo
i)

H202 + RH — ROH + HZO (Eq. 2.11)

,20,
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& Fe*' ¢} Fe¥
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el

sl o,
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}‘\l,

o
3
i
ol

ol

oF
|

¥ OH -

1 Fe’'o] Fe¥' 2 3

9]

aey f71E gz 9
o =7} EolA Fef's FrHH o=

), mEbA

2005).

Mo

T o+ (Litter,

=
=
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2.3.2. H,05/UV reaction

—

shstat Aol EAGE i, oA, okgadn g

PLAL ARG Qe AgEHA god dsFEaTE, )
= KR

kit o

ot e 2 S QLAEHL A gyt WojA e Ao
a4 ot A FAES4A7 UVel 98] hydroxyl radical(OH - )
2 Adgon FEs HW (BEq. 2.12)9F 2o] ukg-3sled OH - o] B a3
resiA dAEE S ¢ 5 Ak (Litter, 2005)..

H,O; + hv — 20H - (Eq. 2.12)
2.3.3. Photo-Fenton reaction

Photo-Fenton ¥H&-& Fenton Wh&3¥ UV/H0, &Ao] Astd W
S 2ZA fFrlEdER HdY A o2 Rgsl= hydroxyl @t ZE A S
o (157, 1998). Fenton HH-g-olAl A7l Ferric hydroxyl complexes,
Fe(OH)* && UVel 9olste] 3&&] o] Fe’'¢ hydroxyl #@olzS A
gt dhgA2 A (Eq. 2.13)9F 2t

L

Fe(I(OH)?* + hv — Fe(Il) + OH - (Eq. 2.13)

Photo-Fenton W& 7]&2] Fenton W& Ei UV/H,0, T4 HTH
o B2 49 hydroxyl ettZs AT 5 oA o E&40= {7
=5 A = Qv 29 ) o] UVel ¢j&] Fe' & %-¢
Fe?' 7} A4 AAEA Fasteart A% A 359 (Eq 212)9 2
o] hydroxyl #HZ& A&HZH S Ak Aol oA,
Fenton ®F&3 37 A&7 3 Aol gt &322 A
olg} & 4 vk (HHaf, 2012).
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3. 4% AR L 3

31 234 %

3.1.1. A EF EY

2

2 AT A=
Ageteh AAE EFe

A©2mm ©]shHE AFgste] Eoke] 388t
o] NBE FASA EFsAT. AASS
2]5}31 4 A 42 Table 3.1. 9 2t

Table 3.1. Physicochemical properties of the soil

ox
o o
[©)
(@)
(@)
=
>

Property Value
Texture Sandy loam
Sand 69.0 %
Silt 182 %
Clay 128 %

Cation exchange capacity

15.48 cmol/kg

Fractional organic carbon contents (f,.)

0.56 %

Water holding capacity

16 %

,23,



3.1.2. TNT &9

A zstA T TNTE oAl EvolEd T} 2

5 =7 WZol thEFe] TNTE =594 (60 g/L in

acetonitrile) ¥7¢ B ¥#stom, AL TNT &L wg F4g TNT

FAe 33 FHF sMste] oF 3Y A= wwkeTh gk Ve &

of FAl = 2+=(130 mg/L in water) TNTS] A& 13t Z2A3
A Th.

Table 3.2. Characteristic of initial TNT solution

Characteristics TNT solution
pH 6.32
TNT (mg/L) 50
Temperature (C) 18~20

3.1.3. INT LH9EY

Ho
N
ofo
=2
il
>
o
=)
£
Hm

O
of
ol

o Hu 15%7}

& 243t BEYS Q%‘Alﬂﬂ, Aol Hs)
of J2 (25C)olA aF Bk T @ AxzAAC 283 TNT L9
¥ s Hd 100 mg/kgo 2 st AFES FASS

TNT7F =5oF Sl
=]

A B gule ¥u

51—

,24,
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3.14. TNT &4 2 A3E AAEF
314.1. #ikstEe] A7

B ] EA5s A ES Al A= WH 2 Mehra & Jacksonoll
ol& a1¢t¥ Citrate-bicarbonate-dithionite Method (CBD method)E A}
gdom, o AAES s TwstH v 2H 5 g EYS 50
mL conical tubed] -2 %, 0.3 M2 NazCsH507 - 2H,O(sodium citrate)
40 mL%} 1 M2l NaHCOs(sodium carbonate) 5 mLE 3L water bath

oA &Ae 2w7F 75~80C7 A2 wWizhA] 7tdgn 2ela 1 g9
NayS:04(sodium dithionite) & #7Fstar of 1&3F &3 §, thA] water
bathol Al 75~80C2 2%=&5 FAstH HFAS}ES AATH. HFHo=
AAstE A A AFEE & Ho] E =

40 mLe] 32 TFTE 2~33] Al¥ 5 AdAEY7IE2 EYN Eged
o] F2elA FAAF

3142, AkstEe Az

2 AT HAstE Fo e TNTY &3 d4s dolr7]
9 &l 4] Magnetite( A2 A1), Fernhydrite GoethiteZ #| 23}
&Y s ATt Magnetiter =Wl FHE R FAL A U2 AFS
Edo] & Ad 5 9A HFEE ::JHS}OE] AH&-3F A

Ferrihydrite®] Az v 2o 40 g9 Fe(NOs)s -
9H,O(iron(Ill) nitrate)E 500 mLe Sf/F< 1 M2 KOH(potassium
hydroxide) 330 mLel| o]l pHE 7~89 He= ZA3lc}h 18] 9
|48 16,000 g, 1022 A 94 Fsto 8d 2AE 2~3Y
A FAS § IAE F ol AL T2 Ax AA G2 mAg

nt

,25,
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Goethite® Alx+= 19259 Bohmell 93 Alx=WS skl

Fe(NO3); - 9H,0& 22 SFFo =9 4w 1 Mo Fe(NOy)s(ferric
£ 100 mL¢ 5 M¢ KOH 180 mLE 2 Lo 3y Zetx=0

nitrate)
THT=E Wt a8l 70TCAA 60A17F &9t

O

Wil wnkekal, 23 SR
HEE 5 &AE 16000 g, 1089 A 94 EEse EeE 1
AE 50CAA 3d AE HFxsto] AF=ollA Bt

,26,




32. 4d3&A £ WH

3.2.1. B9 A7]¢ vjdo] mE TNTS £ ¢ &2

2 A9 batch ¥ TNT #Fda] A4S s A3 X F+4&
o] )AL wALE7] 98 352 nme

OSy 2o 32 AA =Y
15W Ultraviolet(UV) lampE AF&3tAtt. 18]al =o] Fxdo] 7ps3th

ol Im o] &4 Anko R Eutels A WA TNT AlZo] Wiz Yo

R

o
=t
w©
o
=
~
IS
>
©
o
ry
Lo
o

x [e=]
= o
e Gobur] fa) AW Aolo] PLAL ol g3l AolE UA Y
oul, rdg Y e oRe] Yo wF Austych AF FA=

Fig. 3.1. ¢ 2t}

Ultra violet (UV) lamp (Wavelength of UV : 352 nm)
Sample

Control UV intensity

Photodegradation of TNT in darkroom (at 25 °C)

Fig. 3.1. Darkroom setup used in the present study.
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3.2.2. Z&3

3221, =olAe FEsl

>,
i
rlo
w

12004 Az TNT €4S 50 mL borosilicate tube®l
ol Ape)dS ZARSEY ettt TNT €99 v% He= HA 05
o 50 mg/L oW, ME" AL FAY A7l wep =dsATh
AHS TNT7F 25 Eajg wj7b#] gk dvt (FHh 36413h).

{
B

32.22. E¢olA o FE3l

EolAe] Ealdd 2 3130 d9Ho] e EGFS AMgsislon,
< A7 20 cm®] borosilicate A& ] petri-dishel 7

7F oF 1 mm A=7F HA EGS 23 2SS A EG 7

FEF2 50%, 100%7F HA =4dstlon, AE2d2 2 A 1

7, 104 Aol 3 sFAT)

3.2.3. A5 g EAg FHol WE TNTY £ 34 #F

LRy
rO
! —H

NN AHgE AAY EFe AMSEO] FiE EFoE I
= Kol
=

o

R S o

o
0 ut
2
o,

o
o
>
o
il

)
2
o)
oy
i
-
N

(]
o,
i1
2
2
M
:oé
i1
)
mlo

THsAT. B
AAEFS A

=3
A Tl 5%RbE H7lste] nE2A 23T F JE=SH

)
-

A o
o
>
ol
o
o2
ol
Q
)
lo
>,

=
Z

2
=
Og‘;,"
SL
52
o
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3.2.4. LimeA o] @& TNTY £33 & &%

Egol Mg Ba AP 3130 AHH Yt EFS AHgsGO

H, Ca(OH), (lime)<s AA| F=< 5% FH7bste] 124 &+
P

o )

JEE 2 & F water holding capacity?H&9] 88 A

R

bete] TNT Ral49< Fasgeh AEde 29 A%

10 Aol =Fsk3dt.
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3.3. 24 W

331 E¥ We TNT =

2 AT = US EPA SW-846 Method 83302 ©]-&3le] E ol
EAEE TNTE FE39h o] WS TNT LH9EY 2 g7 10 mL<]
acetonitrile(ACN)E Teflon tubeol| i, =33 Faf7]oA 1843+ F
Z3%t}h. 18] a2 CaCly (Calcium chloride)E o] -83Fe] ¢ A (salting out) 3+
%, 045 /m syringe filter2 o ¥3ste] 4 FH] g SW-846 Method

8330z F= U= =52 Table 3.3. ¢ AU

Table 3.3. US EPA designed 14 explosive compounds

Compound Abbreviation| CAS No
Octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine HMX 2691-41-0
Hexahydro—1,3,5-trinitro—1,3,5-triazine RDX 121-82-4
1,3,5-Trinitrobenzene 1,35-TNB | 99-35-4
1,3-Dinitrobenzene 1,3-DNB 99-65-0
Methyl-2,4,6—trinitrophenylnitramine Tetryl 479-45-8
Nitrobenzene NB 98-95-3
2,4.6-Trinitrotoluene 246-TNT | 118-96-7
4-Amino-2,6—dinitrotoluene 4-Am-DNT |19406-51-0
2-Amino—4,6—dinitrotoluene 2-Am-DNT | 35572-78-2
2,4-Dinitrotoluene 2,4-DNT 121-14-2
2,6-Dinitrotoluene 2,6-DNT | 606-20-2
2-Nitrotoluene 2-NT 88-72-2
3-Nitrotoluene 3-NT 99-08-1
4-Nitrotoluene 4-NT 99-99-0




3.32. TNT 5% ¥4

TNTE  separation module(Waters 2690, Waters., v|=)3}
photodiode array detector(Waters 996, Water., "]=5)o] Z2t% 114 5 o
AZZvtE 223 (HPLC)SF Shiseido (150 x 46 mm, RP C18 column)
AHS AFEste] EA 38T HPLCO #4 %71 Table 34. 2 Zt}

Table 3.4. Operation conditions of high performance liquid
chromatograph for determining TNT concentrations

Parts Conditions
Shiseido
Column
(150 x 4.6 mm, RP C18 column)
Injection volume 20 um
Initial column temperature 30°C
Flow rate of carrier fluid 1.5 mL/min
Isocratic elution condition 70% methanol : 30% water
Analysis wavelength Analysis wavelength
TNT detection time 3.5~4.0 min
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3 714 Qlatel] o

il Hl&lsth= 2ol oyt

A QAo o3

=
T

o< 1.
T

(Eq. 4.1)

= kp[co]

Ol

o714, C = chemical concentration (mg/L)

initial chemical concentration (mg/L)

Go

kp

pseudo first-order rate constant (1/unit of time)

= time
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fite)
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ol

ky=2.3030) &, » Z, (Eq. 4.2)

71A, k,; = direct photolysis rate constant (1/day)
@ = the quantum yield (independent of wavelength)
e, = molar absorption coefficient (L/mol - cm) at wavelength A
Z, = photon flux (photons/cm”- day) over a 1 nm interval

centered at wavelength A

(Eq. 42)0149 Z, & 3&&Eo dstes e gA4S FAo2 | nm

o

4o

FAo|Ae] W] oF& Yehlglch b (Eq. 4.3)% B3l 93 &
Bol &E5E e, 2t g R FHoR § 3 A9
SlAe] sh% B UAFFE veri

solar) @28)\ ° ,\ (Eq 43)

71A, k,; = direct photolysis rate constant (1/day)
@ = the quantum yield (independent of wavelength)
e, = molar absorption coefficient (L/mol - cm) at wavelength A
L, = average daily solar photon flux irradiance

(mmol photons/cm® - day) over wavelength interval A\

centered at wavelength A

wtebA (Eq. 4.2), (Eq. 4.3) oaiA] spghEe] AL

O]X‘]ﬁ]— 7:1 0 ;07;:-}7(40 _ﬂL_L?__gH.‘S pseudo 1;2}131-9_/\19. 'IJr

] +, 3
ATt

o

,33,
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4.1.2. 4714 7t &4

A714 zAAH TNTY 7}
ol wWel gelxiy. weA TNT 7}

44)8F o] x3dE + AUt

-
Hr
:OIL_“
ME b

i

dCory(t)

dt

71X, Cpp = TNT concentration (mg/L)

C - = hydroxide ion concentration (mg/L)
ky, = second-order rate constant (1/unit of time)

t = time

M
ol
Lo
oM.
:{o
Q
8
5

@714 75
Zjoﬂj\i{:‘ COEF% =769

ol pH 110174 =
A= + Ao, (Eq. 45« (Eq. 43 2& 9

-
It

(Eq. 45) #Zeo] thA]
Mg A,

71X, Cpp = TNT concentration (mg/L)

k = pseudo first-order rate constant (1/unit of time)

14
t = time

,34,
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4.2. TNT &3
4.2.1. FE3
421.1. EolAe FE|

TNTe 7] v&7} F&s £ Aol nX= 9FS Fig 4.1.7%
Table 4.1.9] JefATh A =4S UVY Al7]1E 0.8 mW/em® ©]
Reow, TNT €949 pHE 6.3 + 0.159] o)

FR &% AFEE TNTY %27 %71 05 1, 5. 10, 20, 50 mg/L
oA 57x10° 39x107 43x10° 43x10° 37x10° 1.9x10° min
A AAEATH (Table 4.1.). =, UV A7]7F 948 49 %27 5%
of #Agle]l FEE &

st TNTE <ol th=7]
]

%7] %7} 50 mg/LY &9 ¢ A zbol AUE %27 %
5 fAEE A9E B, TNTE 2o] EAsts 4o 27 5
o, 42 & (pH 6.32)°14 A& TNT 7FeEas dojuA] &
=t & o jld

Table 4.1. Rate constants at different initial concentration of TNT

TNT initial concentration (mg/L)
0.5 1 5 10 20 50
R 57x10°(39x10°[43x10°[43x10°|37x10°[19x10°

HbE UV A77F SIS SRR BE S5 A5 SUMEE o=
vebstth (Fig. 4.2). TNT Z7] sXxo #7181l 012 mW/em? 1.2
mW/cm? 42 mW/em?® ¢ 2¢] A7]el A
10°, 3.18x10° 1.76x10% min ']t} o] &
kAo wel e 2& £2E welt

,35,



—a— 0.5 mg/L

B —C— 1 mgfL

—a— Smg/L

== 10 mg/L

-8 —i— 20 mgfL
—— 50 mg/L

—w— 50 mg/L (dark)

In(CIC,)

0 500 1000 1500 2000 2500

Time (min)

Fig. 4.1. TNT photodegradation in various initial TNT concentration
(UV intensity : 0.8 mW/cm?)

< 0.025

0.020 s\.\.

0.015 -

min

—A— 0.12 mW/cm2
—v— 0.8 mW/cm2
0.010 1 —&— 1.2 mW/cm2
—0— 4.2 mW/cm2

0.005 - ‘ = _—

0.000 - A A A

Pseudo first-order rate constant (

0 5 10 15 20 25

Initial concentration of TNT (mg/L)

Fig. 4.2. Change of degradation rate constant at various UVA

intensity
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7HA otz AR g vk A RMAl= FE
Ab, ol Ak, HAl T3 2 ko] AAEY pHE UE T
+ =9 hydroxyl ion(OH )o] 33l HE-g-ol 74046‘ 04 2
ojth, B AFoME F 1A sl teA =

F
N
M

FEH7F APL5EZ TNT S99 pHE TNT
vrol 5t} (Fig. 4.3, Fig. 44.). &9 %9

=

%

(o]
T
N
S
ox, ML ol
o
2
™
a

=

2=~ 0]

N rE oo W b
0% X @

3
k]
to i >

!
i
52

ﬂ
O
O
o
22
by
>
_O|L
20

AR AF Aol disi M= 7= Aol A Zﬂ’\]ﬂMd AbE TbaAEmt
EaHI(GORE FAS 23, A AAPd AHE S T fA
th A OH A&Rol 9% TNT #3&7F o] Foj o deksic), o]
)3t 233+ Appendix B.oll E3FE o] t}.

Residual Ratio (C/Cg)

Fig. 4.3.

1.0 A
0.8 -
—A— pH 6.32 w/o UV

0.6 - —/— pH 6.32 w/ UV
0.4 -
0.2 -
0-0 T T T T T

0 100 200 300 400 500 600

Time (min)

Change of TNT concentration (UV intensity : 4.2 mW/cm?)
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14

12 A

c
2
€ 10 - —A— pH 6.32 w/o UV
E —/A— pH 6.32 w/UV
S 8-
'—
[T
6 /
T 6] — A
o

4

2 T T T T T

0 100 200 300 400 500 600

Time (min)

Fig. 4.4. pH change of TNT solution (UV intensity : 4.2 mW/cm?)

2beld o] o) gk TNTY E37F AA efggel oJsir e F3tol
A=A dolry] fa IR 7F B & okefol A TNT &3 23S
TR A FA(A 104, HEFY AL Ao A7I= of 1.25
mW/cm? olglem, dE7kx H 20, A4 0 mW/em?® |tk 1
ooz AFA ] TNT Zald3ds 93 A #z o A7i= L
9~2.0 mW/ecm’*E Fxetgith & A3 = Fig. 45.¢ 2l +80] 711 &
d o] Aol M7= AL 0°ll 7Hhsl e, TNTO #a& =3 A9
dojupA] eFgtrh. spAINE B F B3l 9% TNT &3 S+ A
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&7t GEkA 7] wZo] AdHEE & &9 zol7t & A
T}

K

M

,38,



1.2 - - | - 25

118 F2
0.8 '
[ 1.5
J
-O_D.E
-1
0.4
0.2 [ 0.5
0 4= _ ; - - -0
0 100 200 300 400 500 600

Time (A]ZH

(rw /) Misusgu) s

& sunlight Cloud B UV —sunlight intensity Cloud intensity ——UV intensity

Fig. 4.5. TNT photodegradation test on outdoor tests
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42.1.2. EFol Aol FEa)

Fig. 46.5= Algtel @& Ego|Ae] TNT Fw3] @S verdH,
UvVe A7lE 42 mW/em® olth 221204 dAFdd AdE 2
TNTE £42 UV EA8ks A9-olnt wtgsita gz
UVE #AA gu Ao & B A Agte] wpE o
sty wiZel 3ol 93 TNTe &4 glva &
nk "ol 9li= ¢ Table 42.9 23= &
1 Ha, wetd EG e edEde UVl o8 &
ot ArEEY B¢ W TNTY 28 Fig. 46.9 TNT Z&3g
TNBe| Ao zyE 3 4 ot (Fig. 4.7.).
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Fig. 4.6. Comparison of TNT photodegradation on soil (4.2 mW/cm?)

Table 4.2. Change of soil mass under UV irradiance (4.2 mW/cm?)

Time (day) Remained percent (%)
Initial 55 for initial mass
Soil mass (g) 20.0021 19.9557 99.9428
_ 40 _
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el EF U] 8 S A
th B FEEgH] 50%Y A9 TNT #38 £=% oF 7d), 100%+=
of 21w Wk, B U EAstE Bo] FEIAE FHUAAGE AL
o o+ Utk (Fig. 4.8.).

Fuid oz guA dojus 92 1) EY
T8 Ast ¢ i) TNTO FFoz <3
7 T

F7tH o2 closed systemoll A BjFde] o3 TNT #312 open
systemol| A 9] TNT #3|E &olH gt} closed system= =
of 100 mg/kgl.2 29¥ EYS ¢ Z3 &7 98 FHs
gof vlo] FH& T, L2A B FFol o JFTFS B 5 9l =
o o, exposed systeme HlES 29X &3 HYFH vl FUS

& &otA "tEolxvh. 1 A¥k= Fig. 49.9F 2
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Fig. 4.9. Effect of iron oxide for TNT degradation on soil
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Closed sample®] 7Z-%, o5 Yol o3k #afet 53l oy EF
W edE4do] Ay E Aoz AZEM, exposed samples 790 2]
A TNT 957l Bol HadHe As & ¢ Adsden, o= H4
oA AA MHABAY 22 e A Yo ot FEs 7 dojriar

A7k
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4.2.2. A8 9% E3

ArrstEo] e IS dotrr] ) EY W EAlcke HAks=E
< Citrate Bicarbonate Dithionite (CBD) methodell whe} A A&k b4
ol EF W TNT w% WstE dolrdtt EF W &2 water
holding capacity & - *| 3} %3t}
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Fig. 4.10. Effect of iron oxide for TNT degradation on soil

Fig. 410.& ZAtsE EA o] & Efo|Ae] TNT &3l&
Bttt Field E=Fe] HAstE &2 oF 35 %oln, £ &=
tEo] Q1S wol Bla] < 6u) A= wWE Aoz ) o
Ul R 9hEe HakslE o] TNT #AE A 7|HA a4
o7 Aztyw HistEo] glv A% TNTw= a7t A4 &S ¥
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Fig. 4.11. Effect of iron oxide for TNT degradation on soil at 1.2

mW/cm® of UV irradiance
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Fig. 4.12. Effect of iron oxide for TNT degradation on soil at 4.2

mW/cm? of UV irradiance
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o

Fig. 411.% Fig. 412, F7F4< Ao = UV7E EA¢ 4§
TNT a7t #AAkstEoel o8] d&Fs whex] dotrsirh. 1 Ades
T TR0 HAglel A v £
EYS U Eo] EAE A9 TNTE =

I gARTE UVl 93 %
ol UVel o3k gako] & Aoz At

Table 4.3. Pseudo first-order rate constants at various experimental

Soil Condition
0 mW/cm® 1.2 mW/cm” 4.2 mW/cm®
Field soil 6.10x 10?2 9.44x10° 1.72x 10!
Fe oxide removal 1.11x10°? 9.05x 1072 1.90x 10!
Magnetite 821x10°? 764x10°? 1.97x 10"
Ferrihydrite 344x10° 9.16x 102 1.74x 10"
Goethite 8.27x1072 1.35x 10" 1.96x 10!
_ 46 _



4.2.3. 94714 7t &4

-+
At
ol

423.1. Bl A A7 7}

Fig. 413.= lime A& el w& TNT &#£3& detirh & A
Al ZFarst limeo] Hdl HA@l@Fl 5%E vt S FH O (USACE)lA

dAshs FomA Al dAeME WHsHA AREE A Sl e A=
=

1 O fE. A
of Fal&S d4dd = lime AdE Bol @45 =4 YHEyEY E
& T oF 1%, 5%9] limes AFESH A F 40, 90%<2] TNT7} &3
H A ¢ F Adn
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Fig. 4.13. Effect of hydroxide ion (lime) on TNT degradation

Table 4.4. Pseudo first-order rate constants with lime treatment

Soil Lime amount
o 0 % 1% 5 %
Rate constant 6.10x 1072 9.29x10° 416x 10!
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4232, BolAe 4714 Asrash R S W

Table 45.% 421904 dF3dd TNT FEHE pH HZ 535}
F718 ThE el RalE s vlaetal, TNT #afo] 93} pH 5 o]
= IR B FEFE PAEAE e

pH 21L& 2 4,632, 9, 11, 12, 1322 Yo FEHUIS
MJ% A7 7hEEde A dubAo®m pH 11 ool 9714 7t

Al &)
=2 =
of <8l AR A9t 9714 w2AA RaFE 4% W ¥, pH

pH=—log[H"] (Eq. 4.1)

%7] pH7} 11~13¢1 2% 50 mg/L (oF 220ud)9] TNT &e] ¢
714 ZhedsiEes vl wEr [OH] &R (uM) / TNT 23 (ud)
= oF 11~13 %E‘iiu} ek pH 9~10914+= %7] [OH 19| F&=7}
10~100 (uAnol7] whzel @714 7FeEalzh dojur] A= xxdolet
AzkEey, 9 pH 11 (UV+Alkali %3 Alkali)oll 4 2] 3l
[OH1 2% (uM) / TNT ®&ll(ud) ¢ vRE 54
01] °F 61% OH-+ °f 39% 7Iddt= As & 5+ AU (Fig. 4

3, %7] pH7F 2~99 o, TNT ®aijo] o ol
pHS =AM R @e FFS vAAE FAW FEsfrt o =
g T Ade S Aedva & 5 vk pHZF 25 W, TNT &

N
o
= A

NE
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O
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43. K" A8 ¥ TNT &3
4.3.1. FE3

Fig. 4.15.+= potassium(K") ion®] 2|7} TNT FEafiel v A= 4
FS Jehith A8 218 ted 2 EYd B nLe FHu R
st 152 3tal K'e]l Aele EY A= 0, 1. 5% =2 243slo] 2443
Bk obdolA FAAIYS AAsAt 1 F, UV A7I7F 42 mW/em’
QD Zol A 24413t Sk Bl AFS At 1 A3, TNTE 5 %
°of K'7F F+45HA%E o, B3l7F & HA &tk TNTe F&s7F K

= o 7 7HAe 2o K Al s ES
o] Egte] Agte] ZAA HaL, o]
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Fig. 4.15. Change of degradation efficiency after K' application
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4.3.2. A8 9% &3

Fig. 4.16.= potassium(K') ion®] * 27} AAkst&Eo] osk TNT &
o m A= PGS yElATE Field ESY e ES oF 35%%0 oW
K's Ags ol wep TNT 2a&s dobd Aat 1%, 5%d @ 9
20%, 10%2 K'e] Ag7} darstZo] o3 od=do 22 oA
v A4S ¢ 5 Uy e TNT 23] & g HZibsiEo] o
K A&o] we} B &= A57 K0, 5% w, 2+7F 6.10x10°7% 1.17
x10%2 A 64 Aol7b wro} UV oS wie= 242 1.72x107Y, 1.26
x 1012 °oF 15u¢] Zfolvhs Wol= Ao el (Table 46.).

’

o 1

|
Fzt
Z

Table 4.6. Pseudo first-order rate constants at various experimental

Soil Conditions
0 mW/cm® 12 mW/ecm®> 4.2 mW/cm®
Field soil 6.10x 107 944x10° 1.72x 10!
Field soil (K" 1%) 245x 107 778x 1072 155x 10!
Field soil (K" 5%) 1.17x 102 759x 102 1.26x10"
_ 53 _
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Fig. 4.16. Effect of iron oxide for TNT degradation on soil after K'

application
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Fig. 4.17. Effect of iron oxide for TNT degradation on soil at 1.2

mW/cm® of UV irradiance after K* application.
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Fig. 4.18. Effect of iron oxide for TNT degradation on soil at 4.2

mW/cm® of UV irradiance after K' application.
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4.3.3. 4714 7t 23

Fig. 4.19.& potassium(K') ion? *2]7} limeo] 2|3+ TNT #3fl
A= 9GS YeEtdT KW A E sHA &9%S o, lime 1, 5%0°l o
TNT #a&o] 40, 90%<1d Hla], K'& g 45 &2 27, 80%=
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Fig. 4.19. Change of degradation efficiency after K' application in

case of lime treatment
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Abstract

The influence on photodegradation by TNT
sorption enhancement with monopotassium

phosphate treatment

Sangsoon Im
Civil and Environmental Engineering
The Graduate School

Seoul National University

Energetic compounds such as 2,4,6-Trinitrotoluene (TNT) are
major contaminants in military firing ranges. They need to be taken
care of not only because they are soil pollutants posing risk to
human beings but also because they are released into the surrounding
environment exhibiting adverse impact to ecosystem. K™ application
could produce persistent contaminants as well as control mobility of
TNT and it can affect to TNT photolysis by sunlight.

In this study, degradation mechanism and mechanism were studied by
site specific characteristics (sunlight, soil iron oxide, lime treatment).
and TNT sorption enhancement by K' application.

The combined effect of sunlight (i.e, UV) and soil water on TNT
degradation was investigated. In aqueous solution, complete TNT
degradation was achieved within less than 1 day, and the degradation

rate increased with increasing UV intensity; 9.5x10°, 3.91x107°, and
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1.94x10% min! at 012, 1.2, and 42 mW cm 2 respectively. In
air—dried soil, however, degradation of soil-sorbed TNT was
negligible at 0.12 and 1.2 mW cm ? and about 20% degradation was
observed at 4.2 mW cm ? for 55 days. Comparing to the degradation
rate of 1.94x10? min! at 42 mW cm? in aqueous phase, TNT
degradation rate in soil (ie., 2.38x10° min') was about 1,000 times
slower. Interestingly, TNT degradation in soil was enhanced with the
addition of water. In the soil samples which received water after 55
d of experiment to maintain the ratio of soil to water at 1:0.5 (w/v)
and 1:1, TNT degradation increased to 53 and 879, respectively
during the four more days of photodegradation at 4.2 mW cm 2 For
the same period, the soil samples that water was not added showed
only an additional 10% TNT degradation. The results indicate that
TNT photodegradation was interference with TNT sorption and soil
particles.

The sorption enhancement effect of K= application was
investigated. In K" applied soil, TNT remained 2~10 times more
than no K' soil and photodegradation rate in K' soil was about
4 times slower. The results indicate that K" application could
produce persistent contaminants as well as control mobility of TNT

and it can affect to TNT photolysis by sunlight.

keywords : 2,4,6-trinitrotoluene, TNT photolysis, TNT
reduction, Alkaline hydrolysis, TNT sorption, TNT byproduct
Numbper : 2011-23400
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Fig. A.3. TNT sorption ratio on K’

Table A.l. Freundlich TNT sorption coefficient by K' washing

Leaching time

. [

KH,PO, dose (%) oro Tst om
1 10.42 4.66 5.74
5 35.08 6.59 6.41
10 69.04 21.41 14.25
15 - 33.36 20.76
20 - - 21.83
25 84.92 - 25.16
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Sorbed TNT Concentration (mg/kg)
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