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ABSTRACT

This study was conducted in order to evaluate the removal process for long-term contamination sources including
chlorinated hydrocarbons (TCE and PCE) and explosive compounds (TNT, RDX, and HMX) in underground water using
a pulsed-UV system. Crystallized cells containing the contaminants were placed 10, 20, and 40 cm away from a lamp that
emits pulsed-UV rays in order to examine how the removal efficiency is influenced by the distance between the source of
the light and the compounds. Chlorinated hydrocarbons were completely removed in 30 minutes with a distance of 10 cm,
while PCE was completely removed even with a distance of 20 cm. In the case of explosive compounds, removal
efficiencies slightly varied depending on the compounds. The majority of the compounds were perfectly removed with a
contact time of 10 minutes. In particular, for RDX, the results showed that complete removal was obtained within one
minute, regardless of the distance from the UV source. The amount of light energy is in inverse proportion to the distance,
and thus the energy reaching the compounds severely diminishes as the distance increases. Therefore, the removal
efficiency decreased with increasing distance in the system.
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UV systemollA] ARS8l Qe =23 3zo| uls) 18733

¢ FAol==, S vy = A systems 75
o 83 &S & Aow JHAtHAhn et al, 2009).

Pulsed-UVE FH A5347} dAdste] ddelA A+
i glow, B} AEEA Hls)| AARolHM B8 =
A2 4= e TR Zshia Qo) AT 771
SIRHES] AA T4l Jore A58l vls)] o} A
T7F wwletar w3 weizl AlA 7)1&F =3 glo] X&3
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7 SRR QHE EY H ATt AR R F ol
3Pt HAoH, o]F9] Aol gk oo Haert ot
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A4S ¥geiar olof, QA 2 AelAlel s wiE

ATHDrijvers et al, 1999; Pruden and Ollis, 1983). 53]

Current(A)
1400

Vo Pulsed UV lamp

1200 f
1000 |
800
600
400

200 } /7 Mercury lamp

»
100 200 300 400 500 600 700 800 900 1000

T -

0

Time(ps)

Fig. 1. Discharge property of Pulsed UV and Mercury lamp.

Table 1. Properties of chlorinated hydrocarbons and explosives

Fhe] 75, A 2 FEAA 4
3} BRI A PO FARE
SO 71 SekE 8 Qavl V18R 99
2 7Psg0] Eom 2gA%e] SfolA g

KeN
=

s H8l oleS AR AEE & e 7Y A
o] A]F3IcH(Fang et al., 2008; Shao et al., 2006).

wepr] 2 Aqtellxie A4 F718KE(TCE, PCEy}
51K (TNT, RDX, HMX)2| AlAdl| 733tk of=|e] 2}
M-S &S pulsed-UVE Z-880 24 38 {73}
HEo) A7 9o HE 7P weel FHE T2
T2 ARt

2. A8 M= 3 ek
2.1. X2 & AleF

&

AA HFEZF F TCE® PCEx sigma-aldrichA}
(US.A)Y % 99% o] AF-S., Explosives(TNT,
RDX, HMX)= =8 AFA00AM % 99% o)/d<] A
Fo Agitol ARSI o™ 7 S4of gk E2isiehy
5L Table 13 2} AR HAE] 2 F480)2 ARS-
H  Acetonitrile¥} Methanol> B&JAFS} J.T BakerAl2]
HPLC grade AE-S A3l H, gl AMH Z
= Milli-Q waterS AFE-3I3t

2.2. Pulsed-UV system

FEAQ AP kol FEks T oF 820S HAa
sksl7] flat] WIS = - AReIAT ARkRE Lab-
scale HF-719] TS 1800[W] x 200[L] x 200[H]°]™, UV
lighte] 2}F-FEdA|9} FAIAE 213} stainless steel Al
AS AL, Al e 58-S 37IsH] 918 Sem
5 A8st] Azt

SH74221 Xenon 77} FX1E pulsed-UV

A 5 e

Chlorinated hydrocarbons Explosives

TCE PCE TNT RDX HMX
Molecular weight (g/mol) 131.39 165.84 227.13 222.12 296.15
Density (g/cm’) 1.46 1.62 1.65 1.82 1.91
log Kow 242 3.40 1.60 0.87 0.82
Water solubility (mg/L at 25°C) 1,000 150 130 42 5
Henry's constant (atm-m3/mol at 25°C) 0.010 0.018 1.44E-8 2.00E-11 8.70E-10
Vapor pressure (mmHg at 25°C) 74 18.47 7.21E-6 4.00E-9 1.70E-9
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Table 2. Operating conditions of purge&trap-GC/MS and HPLC-DAD

GC/MS

Column DB-5 column

(30m x 0.32 mm, 1 pm film thickness)

1.5 mL/min
35°C, hold for 2 min

Carrier gas (N,) flow rate
Temperature program
Split ratio 100:1

Selected ion mode

4°C/min to 50°C, 10°C/min to 220°C, 220°C, hold

HPLC-DAD
Column C18 reverse column
(15 cm x 4.6 mm, 5 pum, Agilent)
Mobile phase MeOH : Water (1:1)
Detector Diode array detector (Agilent)
Wavelength 254 nm

Tetrachloroethene (m/z=164, 129, 131, 166)

Trichloroethene (m/z=95, 97, 130, 132)

o

2 ARBBIN O, 1EH Y Ae)ds FHeh] S8l &
Ao E ARS TFEE 5 e 18 Y T AR

| (F L 2400 V, HUIHF 1200 AYS AHE3SISI-

RSz A57F ' s AEkslel 2 4000 W,
F3= 20Hz, pulse width 200 ps© 2 A7gsle] HAx
ApPdE Ao, RSV 257t st As
WA S8 WARZES 7FSAIA GA-EHA 20°CE
255 FABI ARS 2SIt 43S pulsed-UVZt
At BPoERE ZF2E 10, 20, 40cm Aol 2
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Atk ARE AFAL Aol sfeFRe] 45 2mL viall
HEE AEH sion, slekret g dad 1skE
o] A9 AlEEAARTe] il F719e] 7] whitoll o)
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FEE WEHS 3+ & septat} teflon tapes ©]-835}]
RS, 24 Aol syringeS o]83] AlBo] dHHS
TA717100 FHsHAT. A FU 18, slekR 18
3l Chloride ione Z}Z}  Purge&Trap-GC/MS(Agilent
7890/Agilent 6410), HPLC-DAD(Agilent 1200) aga
IC (Dionex 2100)5 °©]&3l #4381 em™ GC/MS2}
HPLC®] #4272 Table 291 2t}

7zt B4o] %7] 5 TCE®} PCEE 1 ppm, 31eFF
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samplingS AAE10H, B A3 duplicate@ FI3Y3}
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A7t soldel wet AlEe] EY3h= pulsed-UVZE %
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w=y, webd §34521 TCE AAE siA= pulsed-
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hydrogen bonding energy’} 55% W &7] wjiZo| TCE
Xt} PCEZF O GA AAREE Aes Hole 3ozt &
TEH(Mullen and Carron, 1994; Shirayama et al.,
2001). wbA Aelrrt dadl frlsltER e 9w A
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Fig. 2. Degradation of chlorinated hydrocarbons and production of chloride ion depending on distance.

Table 3. Irradiation energy depending on distance and time (unit : J)

Time (min) 10 cm 20 cm 40 cm

1 263,160 65,790 16,448

2 526,320 131,580 32,895
3 789,480 197,370 49,343

4 1,052,640 263,160 65,790

5 1,315,800 328,950 82,238
10 2,631,600 657,900 164,475
20 5,263,200 1,315,800 328,950
30 7.894,800 1,973,700 493,425
60 15,789,600 3,947,400 986,850
90 23,684,400 5,921,100 1,480,275
120 31,579,200 7,894,800 1,973,700

A w=E BASIET 271 §=7F 1ppme] 5
TCE®} PCEY E5%=7} ZH} 7.61 uM 6.02 pMo|H, 2+
A3 AAEINE 735 chloride ion®] Es== 282t 34),
47} A= ojolgitt. Pulsed-UVE ZAFEHA] 120 min]
73198 Wl chloride ion®] E5%=7}F Z4ZF 21.41 uM,
23.46 pMZ YERGET| o) 27] Bl of 2.84), oF
3.9819] grolm o]F F3 thFES] TCESt PCEZF €44
3] wElE] tiFE FU1E FEl HT AEES Holt
= AL RIS AT A B WAUSS I
A3H7] SlEiME FAkEdl digh 4] F71Hos Hg
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Atk o= Fig. 2004 YeRd 3YgE =4 PCE}
TCERTH O wh2A] AA=E Zada gx)s).

3.2. el e slefFel M S
Fig. 32 7ol W& slekRro] AA 3 Loli|
el daAl siehEd FLg 2dolx A3 Attt

o, 20em A AfolE 10mine] BHsIHS

443 AASAG. RDXS H$ Aol F#Eglol
pulsed-UVE ZAEHA] 1 min] A#813S o £213] A
AR RS 2ERIE 5 e, HMXS] 9 pulsed-UV
£ ZAREA] 3 mino] AH8IS W Aol daglo] ¢



82 ol - FEE -

cic,

0 5 10 15 20
Time (min)

cic,

Time (min)

Fig. 3. Degradation of explosives depending on distance.

Table 4. Bond Dissociation Energies (BDE) of the weakest bond
for explosives

Compound TNT RDX HMX
BDE (ki/mol) ~ 255.22 139.86 145.25
A3 AAD AL Belet 5= ek, 7k 27 sjekEs}
23] Bl 288 ARES o3k o) 7} 3}

g

3=2] Bond Dissociation Energies(BDE)?} E3 3l A3
A7 Joiar AGETE Table 4= 2} 3lok7 54 3
71 kst Agto] oAt 83 AUAE vERd A
QIdl TNTS] BDEZ} 25522 kl/molZ2 7F¢ =3 RDX7}
139.86 kI/molZ 7F¢ Z& 28 & 4 UtH(Zhao and
Lu, 2012; Michal and ZdenZk, 2010). 22 oUA=
XA BDEZE 73 22 RDX7F U] W2 A7kl
=2 AAEES BY ozt Oﬂi‘%‘ T den, o
Fig. 39] 7 24 A|A 73} I35t wapa] sk
7} —"‘ii}%li HHoF Zl’Sl—l—a— Azt A9 INTS 7]
& 55 IEsfoksitiar AeET)
Table 301]*1 741 % OHLW—E— 7|%F2 % TNT, RDX,
HMX7} $bd38] AA==d a3t dquAls 242t oF
657kJ, 131kJ, 197 kJo|w, w2} RDX, HMX, TNT
o7 O e qUAE deg 38 ¢ F Ut ole
Fig. 30 Yehd 593 24l RDX, HMX, TNT =
o2 AALE A A

,

N

J. Soil & Groundwater Env. Vol. 18(1), p. 78~84, 2013

- ags

cic,

Time (min)

3.3. ¥ R7IStEtED slokRe| M7 S& i
290 ZHE 20 om7} Hol AL 71Z0F HS

m GaA f71EeEe] s AAsEY 42 TCE
90 min, PCE 60 min®] ¥kSAJ70] 2wl Aol ul3), 8}

okF9] Z$oll= 27 TNT 10 min, RDX 1 min, HMX
3min®] REGAIZIO] A HR) ol2igh AlA &&e] A}
o5 Hole olf= daA f713kES] BDE} SekR
©] BDERET} =17] rqlfoﬂ O B odlUAE de= s
(C-C19] BDE : 331 kJ/mol), @A 7132 solvent
9} hydrogen bonding®] EAsl] o= 7] Y3 F714
Q1 oyA7F desita ddEh = vEHow 7} 3}
=9 BDE’} Y21 solvent2}2] hydrogen bondingll
oJst 7R A Fol EHez A8slr] wite] &
A5 2oxe] Zt SEES] AlA &S0 AfolE HLlth
31 I

4. & =

2 AFolMe e oAyA|Y ARlds W=
pulsed-UVE ©|-83 A7 /718 (TCE, PCE)Y} 3}
oFF(TNT, RDX, HMX)2] AA 53¢ 53l &5 f7]
SIS AA B4l A8o] 7FsdA ddeiion, o]
o et 22 ZES =3Ik

1. TCEY] 7% pulsed-UVE ZAFHA] 30 min®] 73}



Pulsed-UV A]2=8l-& 0]-8-3F G447 R7131E 2

3I9S w10 em AFelA 18] AAE A, PCES
742 10, 20 cm AFlA HAF] AAFACE. TCES}
PCE 25 Fdoz FEle] Azt dolgol wet A7
a5o] 7hasldiet], ol W AuA7E Agle] Aol vk

Hlg|ge) met AR Egshe oUAIF Ash] wilE

olg} AHETh EF PCEZ’F TCERT YgH ZdoA]

o & AA &85 RYed ol TCEY BDEZF
PCEXU} B =31, hydrogen bonding®] T 73}7] Wi
olg} shEn,

2. slokRo] A5 thFHEe] 79 10 min kol €3]
AA= AT, 4o w} s8] AA=E AQE=
Alzre] & ztolE B ole 7+ Edo ol wet
Z} bond?t 2FE3h= energy’} ti27] wjEolg} shekE)
7y I 7Y R bond7t #EolAI=H ZR3) oy
A|7v Z+ZF TNT 25522 kJ/mol, RDX 145.25 kJ/mol,
HMX 139.86 kl/molZA] 5Lt ZAAMe] 24+ =2 A
A Z&7 vHEee AFs Hole Ao ad 1jr

3. @A FrIsE slekRe] AlA s Bl

713kHE2] AA Aol pulsed-UVE AFESE 340]
8] AAYo] vkl AdEL, Edo e AA 3
o] zpol7} EAYsI=E o]ol] )3t background dataZ
A gHsle] BEE 208 geElEle] 34 29
Q71 ok FAgEn 3 7102 pulsed-UVE A
83 349 888 PP —’F UE S e BHEA)
of tigh A7t XgErhd ko2 GEsid =4 € v
ZF 003%7“ A g 3= A

(o3

mﬂ -10 mio ofj

-

[e]
S Ao]

-1>

2 ol A YSAA we

tg A wAUSZ st A5} sk
A ‘ég S e J9E et vt

B ATe 335 EY - Ao duRAr e Ay
(GAIA project)®] dFHoz FPH Qo (FAHNE
2012000550022), o]l A=t}

=gl

Mo
Ol

Ahn, Y.S., Yang, D.J., Chae, S.H., Lim, J.L., and Lee, K.H.,
2009, Characteristics of Disinfection and Removal of 2-MIB
Using Pulse UV Lamp, Korean society of water and wastewa-

J. Soil & Groundwater Env. Vol. 18(1), p. 78~84, 2013

slekR A A e At 83

ter, 23(1), 69-75.

Brill, T.B. and Kenneth, J.J., 1993, Kinetics and Mechanism of
Thermal Decomposition of Nitroaromatic Explosives, Chem.
Rev, 93, 2567-2592.

Choi, K.S., 2010, Assessment of natural organic matter (NOM),
chlorine residual, and disinfection by-products formaion in
pulsed UV treatment, Masters Thesis, Graduate School of
Kookmin University, Seoul, Korea.

Drijvers, D., Langenhove, V.H., and Beckers M., 1999, Decom-
position of phenol and trichloroethylene by the ultrasound/H,O,/
CuO process, Water Res., 33(5), 1187-1194.

Fang, M., Li, Z., and Fu, Y., 2008, Substituent Effect of the C-
NO2 and N-NO2 Bond Dissociation Energies of Nitroaromatic
Molecules, Chinese Journal of Chemistry, 26, 1112-1128.

Jung, E.T., Sohn, J.S., Park, S.H., and Kyung, K.S., 2012,
Removal of taste and odor causing compounds in drinking water
using Pulse UV System, Proceedings of Korean Water Con-
gress 2012, Korean Society on Water Environment, KINTEX,
Korea, 741-742.

Kazama, M., Ohno, S., and Kenmoku, Y., 1987, Treatment tech-
nology of organic waste water using low-pressure ultraviolet
method, PPM, 18(2), 1-15.

Michal, P. and Zden&k, F., 2010, Characterization of C-NO,
Bonds in Nitroaromatic Compounds: A Bond Disproportion-
ation Approach, Central European Journal of Energetic Materi-
als, 7(2), 131-144.

Movahedyan, H., Seid Mohammadi, A.M., and Assadi, A.,
2009, Comparison of different advanced oxidation precesses

degrading p-chlorophenol in aqueous solution, Iran. J. Environ.
Health. Sci. Eng., 6(3), 153-160.

Mullen, K. and Carron, K., 1994, Adsorption of Chlorinated
Ethylenes at 1-Octadecanethiol-Modified Silver Surfaces, Ana-
Wtical chemistry, 66(4), 478-483.

Park, J.S., Sung, C.D., and Park, S.H., 2012, Removal Charac-
teristics of Non-biogradable Organics in RO Brine by Pulse UV
System, Proceedings of Korean Water Congress 2012, Korean
Society on Water Environment, KINTEX, Korea, 840-841.

Pruden, L.A. and Ollis, F.D., 1983, Photoassisted heteroge-
neous catalysis: the degradation of trichloroethylene in water, J.
Catal., 82, 404-417.

Shirayama, H., Tohezo, Y., and Taguchi, S., 2001, Phothdegra-
dation of chlorinated hydrocarbons in the presence and absence
of dissolved oxygen in water, Water Res., 35(8), 1941-1950.

Shao, J., Cheng, X., and Yang, X., 2006, The C-NO, bond dis-
sociation energies of some nitroaromatic compounds: DFT
study, Struct. Chem., 17(5), 547-550.

Stasinakis, A.S., 2008, Use of selected advanced oxidation pro-



=

84 ol -

ol

cesses (AOPs) for wastewater treatment - a mini review, Global
NEST Journal, 10(3), 376-385.

Vogelpohl, A. and Kim, S.M., 2004, Advanced oxidation pro-
cesses (AOPs) in wasterwater treatment, /nd. Eng. Chem., 10(1),

J. Soil & Groundwater Env. Vol. 18(1), p. 78~84, 2013

O'E""xol‘oq

- 01F - ST

33-40.

Zhao, GZ. and Lu, M., 2012, Theoretical Studies on Nitramine
Explosives with -NH, and —F Groups, Bull. Korean Chem. Soc.,
33(6), 1913-198.




<<
  /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
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts 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
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


