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Scheme 1. Experimental procedure of explosives.
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3.1. Gas Chromatography
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7}z AHg-ste] 2-efjt A Table 29} %] S+ A
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Table 1. Gas Chromatography conditions of explosives

FFAP HP-17 HP-1
Column (053 cm (0.53 cm (0.53 cm
X 10 m) X 10 m) X5 m)
Oven FFAP: 110°C(1 min)— 14°C/min— 220°C(1
temp. min)
HP-17: 110°C(1 min)— 15°C/min— 220°C(1
min)
Injection 220°C 220°C 220°C
temp.
Detector 240°C 240°C 240°C
temp.
Flow rate 30 ml/min 55 ml/min 18 ml/min

Table 2. Retention time of explosives (unit: min)
Explosives FFAP HP-17 HP-1
2,6-DNT 3.32 4.17 1.67
2,4-DNT 417 4.68 2.45
3,4-DNT 497 5.28 3.02
INT 6.15 6.25 4.66
RDX - 7.95 6.37
Tetryl 9.49 9.12 10.96
PETN - 1.48 -
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Fig. 1. Gas chromatograms of standard explosives (A), contaminated explosives extracted from heave oil (B), after pu-

rification with amberlite XAD-7 (C) and Norit-A (D).

& w3e] 9w, A columndlA= RDX2} PETN
o], ¥]FA columnelA]+ PETNe| #&l=[#] ¢t
Fig. 19] A+ HP-17 columnell 2% PETN, DNT,
TNT, RDX ® Tetryl®] chromatograme|™, B&
oilefl 2% Eekg FE3)] 3> chromatogram,
C2 D+= amberlite XAD-77} Norit-A% ZHzt A
gk F <d2 chromatograme]c}.

ok FAE oo A7 A AN 23
48 e AdaA] ARl os) s ARl
el zasba Aabme] o] slgslct. AlEE)
o}Z TNT, RDX ¥ Composition BE acetonitrilesl]
dA ek st Table 18] ¥ 27dAM GCE £4
slar, ol Jehli= PR RS peaks FAE
peakell g Abch HA w2 A 81 Table 35} 22
o, U A8 dAFS AL7Ed A1-7) Hellx o
AAAH B gasE TA St BARE Ak Table
49} 7o) AAA] WAYFH dell o8 AR FAE
o AR EHEe s A e chro-
matogram®} o] & H¥alr},

TNTE] <4 A chromatogram 7.93% o] Fol| 4
SKe¢} NK9] patterne] Ateldled Fti-of 7lzslar,
RDX+ SK, NK, USA Al #A|FoA 4.608-] U3
peake] #A= = § AAHQ peak patterne] FAFs}
o Fgo] Erissht a4 ¥ chromatogram<
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Table 3. Retention time (min) and relative area ratio of
non detonated explosives analyzed with HP-17 column

Relative area ratio

RT
SK NK USA
TNT 0.87 7.26E-4 -
4.69 1.29E-3  1.76E-3
626 1.00E 0 1.00E O
6.55 2.15E-3 3.10E-4
724  2.02E-3  1.73E-3
7.93 - 741E-3
8.41 - 1.21E-3
8.94 - 1.10E-3
9.45 - 9.29E-4
10.15  5.78E-4 -
RDX 191 - 1.84E-3 -

328 2.94E-3  4.36E-3 -
3.88 1.14E-3 - -
460 5.18E-2 3.58E-2 S47E-2
6.23 - 3.96E-3 4.77E-3
795 1.00E 0 1.00E 0 1.00E0

Composion B 328  145E-3 1.30E-3 1.46E-3
459 291E-2 2.58E-2 2.67E-3
5.04 - 1.29E-3 -
624 1.00E 0 1.00E O 1.00E O
652 3.21E-3 3.20E-3 3.87E-3
794  0.50E0 040E 0 0.48E 0
9.09 - 6.85E-3 -

% SK: South Korea, NK: North Korea
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Table 4. Retention time (min) and relative area ratio of
detonated explosives analyzed with HP-17 column

Relative area ratio

RT
SK NK USA
411  031E-3 -
462 142E-3  1.50E-3
621 1.00EO0 1.00E 0O
7.16  207E-3  1.00.0
7.23 - 2.54E-3
TNT 7.80 0.72E-3 2.71E-3
(300°C) 831 233E-3 647E-3
8.90 - 3.32E-3
9.41] - 2..2E-3
9.90 - 2.61E-3
2.28 - 1.74E-1
2.59 - 8.74E-2
3.02 - 4.59E-1
3.79 - 2.38E-1
456  2.40E-2 -
RDX 492  7.50E-3 -
(230°C) 5.44 - 4.88E-1
6.11  1.73E-1  1.78E-1
7.03 747E-1 691E-1
789 1.00E 0 1.00E O
10.06 - 8.66E-2
Composion B 1.33  5.23E-1 -
(300°0) 276 117E 0 -
323 5.89E-1 -
3.81 3.76E-1 -
4.16 - 1.13E-3
450 2.00E 0 3.89E-3
516 1.00E 0 -
623 100E 0 1.00E O
6.51 - 3.50E-3
7.22 - 1.55E-3
7.85 - 1.76E-3
7.94 - -

SKe¢} NK9] o] 7}H53lcl. Composition Bi= 9122
A chromatogramell4] TNTE FAES 2 3}9l-& uf
9.74%141 RDX7} #als=, NKellA®t 50485
9.09%-oll 4 Bolgt peake] Fatsle] SK ¥ USAs}
F-Ho] =y SKe} USAE o] Erbssla, di
% chromatogram-2 SK2} NK9| patterne] *do]s]
o ol 7hssich,
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RDX(Cyclotrimethylene-Trinitramine), DNB
(Dinitrobenzene), TNB(Trinitrobenzene), DNT
isomers(2,4-, 2,6-, 3,4-Dinitrotoluene), TNT(Tr-
Tetryl(2,4,6-Trinitro
methyl-nitramine) % DNN mixture(Dinitronaph-
thalene) % Z<F EF% 953 DBP(Dibutylph-
thalate), DEP(Diethylphthalate), 2-NDPA(2-Ni-
trodiphenylamine) % DPA(Diphenylamine) 5 %
7}# 438 UV/Vis photodiode array detector & A}
4-35}o] reversed phase®} normal phase H4}el 42|
2|5 v]52% chromatogram< Fig. 2 2 33 2o
o], olue] ¥4 %71 Table 59 2t}

Reversed phasecll A ¥2]€ Fobi & AH7HA 72
chromatogram-s DEP®} DNB, 24-DNT2} 26-
DNT7} 43 2okg& viehj o} Ao RE 5
&7 #-2)5] 32, nomal phasecllAl+= RDX#} Tetryle]
ehgz] ek w25 Al7ke] Zrt

Internal standardell thgh zF Al &e] Abd] w75 4
7H Table 63 2o, A8e] F2F 5 10, 15, 20
ppm.2-& shed 2HAdEE 7d2FA-E correlation coeffici-

ent7} 0.989~1.00023% £2& A4S o1 o)

initrotoluene), phenyl-

il

Fig. 2. HPLC chromatogram of explosives and additives
on reversed phase. 1. RDX, 2. DEP, DNB, 3. DNN-mix,
4. 3,4-DNT, 5. anthrone, 6. 2,4-DNT, 2,6-DNT, 7. TNB,
8. DNN-mix, 9. Tetryl, 10. TNT, 11. DPA, 12. 2-NDPA,
13. DBP.

[ so o
Tamr | @ mas 4% man
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Fig. 3. HPLC chromatogram of explosives and additives on normal phase. 1. 2-NDPA, 2. DPA, 3. DBP, 4. DNN-mix, 5.
INT, 6. 2,6-DNT, 7. DEP, 8. 2,4-DNT, 9. p-nitrobenzaldehyde, 10. TNB, 11. 3,4-DNT, 12. DNB, 13. DNN-mix.

Table 5. HPLC conditions of explosives and additives

Reverse phase Normal phase

Table 6. Relative retention time of explosives and ad-
ditives

Column NovaPak C18 Spheri-5 Silica
3.9 mm X 15 cm, 4.6 mm X 25 cm,
steel steel
Mobile phase acetonitrile : THF : hexane : methy-
water lenechioride
5:29:66 95:5.0
Flow rate 0.8 ml/min 1.0 ml/min
Pressure 900 psi 100 psi
Detection 235 nm 235 nm
Injection vol. 10 ul 10 pd

A o] t}& RDX, TNT % Composition B &2F
S HPLCE ¥4 % A3} v|34k Composition B} %
§4F RDXoNA ohEAEol = ehdx] ¢ peakel
Fars|g] oo, 012] chromatogram® UV/Vis spec-
trum2 Fig. 40l vepgl e},

3.3. Capillary electrophoresis

Capillary Electrophoresist= & T84 #417]
71243, 1988d%8] HPCE(high performance ca-
pillary electrophoresis)?} A F gt -84
7} 2 &= 2 glet.

CEoll 2J3F ®xuh o 2= MECE, CZE, CEIF,
CEITP, CGE %9 whgel glow, o]% MECE
(Micellar Electrokinetic Capillary Electrophoresis)
& ARBAAZ critical micellar concentration ©|4

Vol. 11, No. 3, 1998

Relative retention time

Compounds
Reverse phase Normal phase
RDX 0.56 -
DEP 0.64 0.72
DNB 0.64 2.52
DNN-mix 0.68, 1.69 4.79, 0.48
3,4-DNT 0.89 1.48
2,4-DNT 1.16 0.76
2,6-DNT 1.16 0.67
TNB 1.28 1.18
Tetryl 2.00 -
TNT 222 0.61
DPA 271 0.34
2-NDPA 295 0.28
DBP 4.37 0.46

% Retention time of internal standard
- Anthrone (reverse phase): 8.96 min
- p-Nitrobenzaldehyde (normal phase): 18.41 min

9] ¥x 2 AMg3le] A== micellarst B3 Alo]ell
A Alge] Fulw] Aol 28] Fe]r) o]HA| = ubie]
], Alg2] o]E electroosmotic velocity?} elec-
trophoretic velocity] el 2] 3] oA A| =Hck.

Acetonitrilesl} €813 FF 1153 A7 4%
9 258214l 10 ppm benzoic acidE MECE %
Yoz BM3 A= Fig 59 2t

Zokg W HUMAIR BEFES 250 nm, 220 nm,
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Fig. 4. HPLC chromatograms of commerical explosives. A. Composition B (USA), B. RDX (NK).

Table 7. Capillary electrophoresis conditions of ex-

plosives and additives

Analysis mode  Micellar electrokinetic capillary
electrophoresis

Polymide coated fused silica capillary
tube (I.D. 50 umx 72 cm)

2.5 mM borate and 25 mM sodium
dodecyl sulfate (SDS) (pH 8.5)

20 Kv for 10 min

Vaccum 5 mmHg for 2 sec

Column
Electrolyte

Running
Injection

200 nmoll A 2+ ¥l 23, RDX9} TNB, DNN
isomer?} DEPS] peake] A& ¥ 4 glon), Zof
F& 250 nm, H7HF 200 nmell A £A4 8= o]
e ez Alg el 250 nmoll4] 2HAdEE 2 A8
2] #ekd & correlation coefficient”} 0.930~0.991%
2 dAde] ofssledct.

MECE modeoll A= #2l5 34& Y8 clfsgt
H7HA7 AHg-"Ee}. Fig. 62 uread, Fig. 72 #71
4-v 2] acetonitrile, methanol, ethanol& ¥7}#4 2
10%% bufferell #7}&l electropherogram®| #H
312 #33 7lolgh. MECE modeolA] #7145
1} urea® #H7)l= electroosmotic velocity g &3

(2 g -]

16

0

4 8 12
{min)
Fig. 5. Separation of explosives constituents at 250 nm.
0. acetonitrile, 1. Ng, 2. RDX, 3. TNB, 4. DNB, 5. TNT,
6. Tetryl, 7. 2,4-DNT, 8. 2,6-DNT, 9. 3,4-DNT, 10. Picric
acid, 11. benzoic acid, 12.13. DNN-mix, 14. DEP, 15.
DPA, 16. 2-NDPA, 17. DBP.

2 & =3 micellar & AloldlA A5 Fuju]E
W3 A 7= 87 gl o, ureas A F4 S o
3l electroosmotic velocityE ZHaA| 7}, f-7)-4-7
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Fig. 6. The compare with migration of explosives and ad-
ditives chromatograms. A. 1M urea, B. 3M urea.
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3.4. Polarography

Polarography+ voltammetrye] 3% ozl
19201 E=29] Heyrovskyel 23 /Nd=glon],
FHZ A7), Axree] Wl 9o 2534 po-
larographic analyzer’} 7W=EHA B2 $4 A7,
L 4%, ol AR, AdA 5o Ao

A

-
el

-

Table 8. Polarography conditions of explosives

Analysis mode Differential pulse

Reference electrode Ag/AgCl

Counter electrode Pt

Working electrode Dropping mercury

Supporting electrolyte 0.1 M Tetraethylammonium
perchlorate

N, gas, for 240 sec

Purging

st F45, 2ol FE fU]E £A4qd o277
A thefgt FofollA 45 1 9lch

Table 891 ZZM Al@ TNB, 24-DNT %
PETN2] DP polarogram-2 Fig. 85} Zowo, 7
Aol|A AL 1152 FkFol i3 peak potential}
current 3t % ZEYAE Table 99 A2] s}, Po-
larographyell &3t ki U AriAlFe 7HE3L 2
zke] Aol dlsjA+ ppb~ppm7HA] 7Hs-3le}. ¥
Zoff-2] ¥4 peak potential®] 27} & Fefe 7}
53, peak potential®] 17} 2} 374A] o)Ak
AJHo] EgE Fofe] B ofed S, oo ths)A
= APERAE RAAEH o 2 AAE 2 5 s
ZAL R Alg¥ch

Fig. 99} Table 10-2 A4t=¢] o+& composition
B, RDX % TNT¢] A4 E &43led I3 7%
< Ax3 7o, composition FoFe| RDX9}h
TNT< peak potential®] 7} -1.14 ve} ~0.94 v
2 & Aor} gleng shte] peak o 21t eyt
or} FHWH g potential®} current”} 22k} Aol &
wolw, 71 2, 33 YA F+= FAHsldch RDX
A #zE 4719 peak- potential® current kel
719 fAtsle AelE WY 4 dldder, TNT+=
Tt A F A -0.772 vellA 13 BYUHF peak

N '

[min] (min}

B 7

20 1% 28

Fig. 7. The effect of organic solvents addition to the SDS solution. A. 10% acetonitrile, B. 10% methanol, C. 10%

ethanol.
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Fig. 8. Typical DP polarograms of standard explosives. A. TNB(1 ppb), B. 2,4-DNT(20 ppb), C. PETN(40 ppb).

Table 9. Peak potential and detection limits of explosive

materials (Potential unit: Volt)

Explosives Initial Final Conc. Peak Current
potential potential (ppb) potential (nA)

3,4-DNT ~-0.70 ~-1.10 1.0 -0.936 1.828E1

2.0 -0.920 2.775E1

4.0 -0.920 2.969E1

TNB -0.60 ~0.90 1.0 —0.820 9.280E0

2.0 -0.812 1.431E1

4.0 -0.808 1.829E1

1,8-DNN -1.20 -1.50 1.0 -1.356 1.425E0

2.0 -1.364 1.510E0

4.0 -1.332 2.000E0

Nitromethane ~1.45 - 1.80 1.0 -1.590 1.150E0

2.0 -1.546 2.320E0

4.0 -1.598 3.740E0

2,4-DNT ~1.00 -145 10.0 - 1.292 4.910E0

20.0 —1.272 7.300E0

400 —1.264 1.279E1

PETN -070 -1.10 10.0 —-0.900 4.830E1

20.0 -0.866 6.460E1

40.0 - 0.878 8.120E1

Tetryl -110 -1.35 100.0 -1.252 4.330E0

200.0 ~1.212 8.620F0

400.0 -1.212 1.760E1

DNB -070 -110 170.0 -0.940 4.380E1

340.0 - 0.924 6.050E1

680.0 -0.908 8.820E1

TNT ~0.80 —1.10 4540 -0.924 3.046E1

605.0 —0.944 5.540F1

814.0 -0.944 9.660E1

Ng -1.00 -140 1,0400 -1.284 9.120E0

2,080.0 -1.29 1.322E1

4,160.0 -1.292 2.715E1

RDX -1.00 -135 22000 -1.148 3.050E0

4,400.0 -1.144 7.350E0
8,800.0 -1.144 1.581E1

< 2ok

3.5. Ion Chromatography

Ion Chromatography+ 1972\ w=s ol=) A<
Al ¥e] o]FA gon, 19854 micromembr-
ane suppressoret 19861 vl F4 A2 wH L E
AHE-3}F gradient IC7}F A7B=)w A ICo] <& £4F
7 9le dde] =4 )

ICol &gk Zobfe] £4& NH,", K', NOs; ,
ClO; 529 F7]80]& Y ofo]2] 240 o]gal
o}, v]Euk Alefe] A Zo} FAAMALE Yol g F
Z3}e] IColl 9 A5 e o]&F& Hgoan
50 F7-5 FA A o

ICell 2J3F v E&t kg o] Badeof=, 19881 © O
thabghol] §915] AR Z L drol] 215 A o &
A Bg $Aste] #4913 A3 NH,", K™ 9 NO;
o] 2] AZE|oH, oluf ZEH o] 22 YHF& &
AR FUEL AJEe AR de] 829 AR F,
A B2 48% AR Ao YA} £
zhale] BAEE 19919 6¥7 58 4 9AY 2
A HellA] 44l vl Zxbo] ARl Al o2,
A A 2] WellA] AHEE A FolA HEE NO;
o] ¥eke A-f 2,500 ppm, ¥ 9,500 ppm, A E
930 ppm, NH; & A% 130 ppm, B3 720 ppm,
A E 280 ppmelglet. olghs HER A ®elx
A g dZA| Bl A= NO;y 9] hrago] AlE H A
ollA 25 ppm °)3}, ¥]'d% 230 ppmel$iiL, NH, 9|
kS 10 ppm ©|3L2A, ARER Feof2 AR F

Ly

an
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Fig. 9. Typical DP polarograms of commercial explosives. A. Composition B (4.00 ppm), B. RDX (8.89 ppm), C. TNT

(1.82 ppm).

Table 10. Peak potential and peak current of commercial explosives

Peak potential (V)

Peak current (nA)

Samples
1st 2nd 3rd 4th 1st 2nd 3rd 4th
Comp. B (SK) -0.900 - ~1.384 - 171.30 - 22.50 -
Comp. B (NK) -0.852 - ~-1.384 - 157.00 - 23.40 -
Comp. B (USA) -0.860 - (.080 ~1.384 - 125.40 29.91 25.30 -
RDX (SK) -0.916 - 1.160 ~1.404 - 1.560 74.50 79.20 23.60 113.60
RDX (NK) -0.920 -1.200 ~1.408 -1.564 75.60 77.60 27.80 116.40
RDX (USA) -0.912 -1.144 -1.396 -1.572 84.00 90.40 52.20 144.00
TNT (SK) -0.772 -0.929 ~1.444 - 2.14 114.60 9.70 -
TNT (NK) - -0.876 -1.508 - - 90.70 5.20 -
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Table 11. Distribution of inorganic elements in commercial explosives

Elements
Samples
Si Ka Nb Lo Cl K Fe Ka Rb Lo Cu Ka

Composition (SK) +

Composition (NK) +

Composition (USA) +

RDX (SK) + + + +

RDX (NK) + + + +

RDX (USA) +

TNT (SK) +

TNT (NK) + +

Table 12. The comparison of detection limit with HPLC, GC, CE and Polarography (unit: ppm)

Chromatography
Compounds HPLC (UV/Vis) GC (FID) CE Polarography
Reverse Normal FFAP HP-17 HP-1 (UV/Vis)

RDX 0.20 ND ND 8.00 5.00 0.80 2.20
DEP 0.40 0.30 - - - 1.50 -
DNB 0.20 0.60 - - 0.80 0.17
DNN 0.60 0.30 - - - - 0.001
3,4-DNT 0.20 0.50 1.00 2.00 1.00 0.50 0.01
2,4-DNT 0.18 0.15 1.00 2.00 1.00 0.40 0.01
2,6-DNT 0.20 0.20 1.00 2.00 1.00 1.00 -
TNB 0.08 0.15 - - - - 0.001
Tetryl 0.25 ND 6.00 5.00 10.00 0.50 0.10
TNT 0.25 0.15 2.00 3.00 2.00 0.50 0.45
DPA 0.30 0.40 - - - 1.80 -
2-NDPA 0.35 0.15 - - - 1.00 -
DBP 0.80 0.50 - - - 3.00 -
Ng ND ND ND ND ND 0.80 1.04
Nitromethane ND ND - - - - 0.001
Picric acid - - - - - 0.50 -
PETN ND ND ND 10.00 ND - 0.01
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