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FH 38 25 0 5 o A 2 0 53 DX TR IS, DA T 3R
B R A2 R A T 45 i F i DR S S E B . 40

N XK 2024 % F 324K H 78 (772-783)



774

RO RS AR  SRAE L, £ K, R

AMGTE VL B P AR T IR A O A TR L AR DU
SE OGSR H iy B — 21 3 BF AR 2] 7 )32 W 1 o & i
SRV T AT I A PR L R S 2 R (Y DPA i,
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Fig. 3 Raman spectra of OGSR samples (pink: 2970 cm™,
yellow: 1287 cm™, blue: 850 cm™)"
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PEIC, R FH R 75 975 T2 G £F 4 /¥ 66 °C T #2HX 21 min, il
it FID kDU &% 3 47 43 B, [ FF A i 2] DPA S H A A
¥ .DBP %5,
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FE R IS BN 3 1 NG - 7N 7 3£ 1| I R P2 o =
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M58 OGSRALA W . Lj Jelisavac % A MC /Y 2
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Fig.4 Chromatograms of(1)DPA,(2)MC, (3)EC, (4)2-NDPA,
(5) 4-NDPA, (6) 2,4-DNDPA"”"
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Fig.5 Change in total peak area of DPA and its derivatives at
65 °C forced-heated single-base propellant for 120 days (37

years)"*
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JO T 5 N R L T A B A T, A5 F R
YRR B 18 300 X A o 1) B0 TR AT 43 A, X
i B B0 R AT S S, A O GSR ARG I 43 ek, J5 3% ik 1) K
X G 4E = OGSR H i) DPA . MC % £ 5 31 il 43 o
Tong 557 ) FH H3 ¢ G 3% 125 4G T & 359 24 b DPA JCH: il
AT AW, OF X 3R AT 5 B4 B, PR VE L R 5.0~
200.0,2.0~200.0 1 5.0~250.0 ng-mL™", ¥ H BR 4 5
91.0,0.5 f1 2.5 ng-mL™'. Mahoney %% ] F € 47
I ) VR B 1 R 95 (TOF-SIMS) 1% 21 X 43 A [l 1 %
SRR O HAR BT R S 2 A b & B A Y A (R 3 A
i . Chloé de Perre Z5" /| J& o8 L8 S H & B 44
3 1 (CEC) M TOF-MS BX I, B 20 40 2 T OGSR Jf:
X Ho ) DPA BEAT 8 PR 43 Hr -

Scherperel %' *"/fll Marie Morelato %" 43 | fifi
YK HL IS 55 T % (nESI-MS) F1 A W HiL 5% 55 H 3 - o 33 7
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MC ZE W) 5T o (B 35X P b O 1 34 25 by 52 B0 370 14 5 i)
(TR S 2 S SR 1 I N i s il Wb <R3 | B QO P
75 20, Taudte 554 8] AR 26 BOUE 4 B2 51 A %
A, 38 3 Ak MRM 25 04 8% = A1 7 85 v A X
JE B R A Ry i AR A, A 79 A 37 e R0
X} OGSR [a] ) 47 7 1 5 % 550 B, 45 31 88k 1 1Y
ZE L . Johnny ) Perez % /il Castellanos 454 | J& fiff
FH O F w55 T 35 AURCER T O GSR /9 I i 5 L 45 &
PCA Fll 5 i 4B 43 25 55 B 4k 2 J0 e 1T 40 7 i, A
B o S B 3 T A P O GSR 9 43T

JoT i LA R R S O A R T
M e = S0 TR 22— 3l i R AE B TR 5 T AP
HE 7 B OGSR 1y B AR B3, A L T 65 4K 5 O B2
T 5 P, B A9 M 4 T T o AT L (R B Y
JBT 3 12 TG 1 X R i HEAT A3 B AEXHIR A W AT A0 A I
RABEEA Je 3% - B e AR .

2.4 BIE-FLLEKAZE

035 - 3 36 T 12 32 2 A0 45 A0MH 8 0% - BT % BK P
(GC-MS) 5 W AH €335 - 57 1% 166 FH 12 (LC-MS) , 8 3 -5t
TR PR B G T R R T R A A 1
KT o AR A O H AR B O GSRAG I iy 8 %2
FE.

241 StEGBE-FRIEBEAZ

JER SR TR M R L TR AR TR A i Tk
A F R OGSR #E AT #2 L, i GC-MS PR3l &
OGSR 1B MC. Dan Muller 2" i F /5 AH (5 1% /44
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fie 0B (GC/TEA) K20 M1 NG 1 2,4-DNT, LA M S A (1
/R (GC/MS) K % 5 2,4-DNT NG Fl— 2652 & 7|
S LAY, B4 O GSR #E A7 K6 I I 32 4L 3t 245 24 75
SRR

T ARAT BTG R AR, — SE B S T H O
A8 OGSRFE S A B 2 b o B Stevens 2647 H
POWE B Y O s kb B A 5 T8 OGSR, 1 3 47
GC-MS 43 #T, % 7 W 5 1T i HE A OGSR 4k
B W) W5 b X W 1 O B I T L B R RN M L
SEAE BT, X o T T A OGSR, H 2 1%
J7 V5 AE I WL I 25t B AR 1) 3t 8 45 2k DA T 5 i) 52 565
R S S T N = B 5 WD W i RSN
Br, 2K FH SPME X 1 A GC-MS [ #E i 12877 1 b B, 42
B T OGSR Y IACR I R % . Oliver Dalby 45"
WHE T 7 B A [R] 25 7 SPME £F 4k %F OGSR (1) 32 BUE fiE
G5 KW, 65 pm B W B A/ 20 R (PDMS/
DVB) £F 4 J& & & i P 3R IUAT KL . Ellen Goudsmits
2R 65 wm 1) PDMS/DVB £ 4k £ 41 SPME $2 5L,
oAk 03 25 PR J5 L SR BB IY BB B Tl 6 = oA 3 1Y
OGSR #EA7 {633 43 , 76 = F 5 25 () OGSR A&
DBP.DPA K& H: A7 4= ¥ . EC.MC %5 i 4> . Monica
Joshi &5k I SPME >R 8 Rl il vk 4 & 353 25, % 2 8 1)
65 Ff & 5 25 1T GC-MS 43 Mt , & B H H 96% 11 % 5
LA DPA, 47 % 1) K5 25 HAFAE MC, 8% 1Y & 3T 245
& B EC, 44% [ R FE RN P 3K R S 25 K T #)
2,4-DNT, LR SClk KB, SPME & & Wil — FhAE
AL OGSR #2 BUE: AR, SPME 1] DL & 24 Y 5 vh
VB PE SR BUAR 48 OGSRAL &1 . R4 IZ T LIET]
EEXT OGSR B4y #E 47 5 il 5 A B 32 1l vk 20 Al 4H C )
T Ve BRI T RE s G i XU . SPME 1Y 18 5 1
WS T RS AT H R B RO M L R E T
OGSREI S 458 W nT 5EPE . SPME 4 AR 5 22 19 #F 5
RA> i L OGSRIE = A 56 A9 75 >R . k4, SPME BE S
PRAF SR UG B 5, 78 0 B2 ] DL 8 B AR X R
HEAT M FE 53 B BCEH 43 BT, 2 — R ALAF B9 OGSR ¥ i
AL H 5 =

T 25 1 o 2 B (HSSE) 1 388 J5i 38 5 SPME AH B,
EAS i FH W2 20 4 i 2 RGP P . 5 SPME
FH LG, HSSE [ 42 BUR T4y [mlife 32 00 /3 (RE A 0 2 11
B . SR, BT HE A b & W 2E A7 40 W D iE A
GC At , o AE AN Ao v 22 % 4 T E RE RSB R T
%7 % K . Matteo Gallidabino %" Ji] HSSE 2
B OGSR, 7 GC-MS H [a] B 4 1 1] 51 Ff OGSR , &5 3
At
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WER, R1EGRER 2GRN 52 H T4
B AL ERAE . Z 5, 1E 3K HSSE R 78 JUFPAS [F] 28
TR 3025 R o R R T 166 BRI A L K
BTV 2 Z 00 B 58 AR 4G W T, B ST A T TR

R S1RME A2 FR B AR BT

e Fob 5 S 25 41 0 5 B 22 S, Xk B 2 2 03 22 TR Y B
RLAT A YW AT T8, HE X 2L & ¥ i GSR
B B IR I) LA R K SR AR SR il 2K B9 IF S 4R B T — AR

Table 1 Names and retention times of 51 compounds'"’

retention time retention time retention time
name Jmin name /min name /min
Benzene 2.720 Quinoline 12.723 Diphenylamine 21.389
Toluene 4.172 Isoquinoline 13.205 Benzophenone 21.584
Ethylbenzene 5.676 1,4-Dicyanobenzene 13.266 Phenanthrene 24.754
p-Xylene 5.820 1,3-Dicyanobenzene 13.297 Anthracene 24.959
m-Xylene 5.841 Indole 13.943 Carbazole 25.923
Styrene 6.179 2-Mehtylnaphthalene 13.984 Ethylcentralite 27.102
o-Xylene 6.241 1-Methylnaphthalene 14.374 Dibutylphthalate 28.415
Benzaldehyde 7.420 1,2-Dicyanobenzene 14.661 2-Nitrodiphenylamine 28.507
Benzonitrile 7.810 Biphenyl 15.912 1-Methyl-3, 3-diphenylurea 29.512
2-Ethyl-1-hexanol 8.507 2-Ethylnaphthalene 16.241 Fluoranthene 29.984
Indene 8.836 2,6-Dimehtylnaphthalene 16.477 Pyrene 30.723
Acetophenone 9.236 1,4-Dimethylnaphthalene 17.287 4-Nitrodiphenylamine 32.374
o-Tolunitrile 9.277 Acenaphthylene 17.512 2,4-Dinitrodiphenylamine 34.353
m-Tolunitrile 9.676 Biphenylene 17.677 Chrysene 34.548
p-Tolunitrile 9.933 Acenaphthene 18.333 Benzol a]pyrene 38.128
Benzyl nitrile 10.641 4-Methylbiphenyl 18.528 Nitroglycerin NA
Naphthalene 11.574 1-Naphthalenecarbonitrile 18.569 N-Nitrosodiphenylamine NA
Benzol[ b ]thiophene 11.769 2-Naphthalenecarbonitrile 19.164
Benzothiazole 12.466 Fluorene 20.528

Anamary Tarifa % fif ] 38 404 03 BUE & W)
(CMV) %6 8 31T O GSR #5 K A B 43 19 T 25 2 1, I 38
if GC-MS KM o Ny FH 3 i SR BE B R BE A8 A6 3 ng 1Y
DPA I8 ng i NG, % J7 i il H R 8503 & .

GC-MS W] DA ) F& 7 7] % ol 258 2 10 40 0B %2 5 24
B RR 2 Gl A5 A A AR A A B 7 5K, W SPME
HSSE 4§, GC-MS A AL AT LAt 22 Ff OGSR W45, i
AL LAOR 3 86 20 43 AT 5 B 53 BT, i O A IR % i ARG S g
RS, HIRAE AR LAY OGSR W40, A3 224 it
AT Mg AR & AR MEH GC-MS #4743
Bro B, — 2L fF 580 H OB BT R 05 K6 I 1k & W1l
Fol B K8 LC-MS I, ASEER ST O GSR A4 4 T 4G 16
2.4.2 WiEBE-FEBEAZ

LC-MS Fi T Ho 5 P s vl o G s PRAIE HL RE 98 4G
55 OGSR ™ (1 PO B 8 1k 5038 AR 48 & PR Y 143, IR
£ OGSR B 5T th 4 iz Ad T
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TE OGSR B K I v, BORE 5 202 28 00 H 2 — 36
Anne-Laure Gassner ™ #8572 RIS FA 25 B IS F Al
RV L (PTFE) 3B 4 Fp BURE B4 BEXT LC-MS 43 #
SR, L T EATHE GSRRE I RO . S
6 v A T T A [ B A SRR AT S, Ok S o S TR
R 2 AT R AR . SCHRIE IS LC-MS T, B TS T
HURE R B R B 2N 1) OGSR R 2RIk i . fFoT 45 SR %
W, Bk e e 78 R B2 O GSR J7 Tl Y R8CH de &, Hok o R g
25 . PTFE T AR FIA 25 1 580 R A X 45 25

TE R B HF BUCRE Y L R B, Laza SOVl
HPLC-MS/MSH AR 3T OGSR, 1l & DPA K HoAits b i 2k
ke b R AR S0 BT T o T OGSR 153 T
AT O GSR 4143 1 7tk , IF AR I 2 dat 1) 45 SR 4 W7 4 i A
KRR, Benito USRI LC-QTOS-MS 2 46
FYEE 18 F OGSR, 7E it MS/MS BT, K i v Y46
W DPA R H A 44 . Jennifer L Thomas %57 i
A A AL %748 (772-783)

2024 % F 32 %



778

RO RS AR  SRAE L, £ K, R

i HPLC 43 B T 45 DPA \MC .EC . AK-1I \NG #1 DBP
S5 20 Bl AST) 9 B 43, 76 22 B 0y W i (MRM) A5 2 3
it MS/MS FEAT R TN, Jir A 4k 5 4 [R] B >R 1T ES| AT APCI
Kl . %07 ¥ UV AT MRM K H BR 8 0.08~2.6 ng Al
0.4~64 ng. Harun Sener 25" DL H BEAE 0 $2 BUAI , 1E
T8 - i B AR APCLHIE 73 At OGSR 3% 5 ¥ il [
W% > 80% , XiF - HE o RE S A A HE BRI e B A3 1k
0.2~54.1 ng f1 0.3~190.0 ng, 47 HRE i (4 46 Hi BR Al
ERFR N 0.2~132.3 ng #11.1~355.0 ng, J& I 54 i
BRI it R — 20 b R AIK

FEI RS L, OGSRARA Al RE & AL #68 , W TF I
R AR o H e 7 B, — S SRkt E AT OGSR 11
RS LAY . Callum Bonnar 251001 [f] LC-MS #iI
SEM-EDS [A] B} £l OGSR 5 IGSR, - %F 2 A 8h F 46 A
LRFMUAT T, SR ER, A TFRN A
FEAS 0 2 B SR, K I B 1 6 A ) A 4G AK-ILEC
DPA .N-NDPA Fll 2-NDPA ; [fij & & F ¥ 1 35 43 #f A 52
B P B Wi, 8 4r A dh ot & A DPAL N-NDPA Fl

F o |
) =
5 consecutive shots 6x50ul
for collection of hand samples ~ MeQOH extraction

6 OGSRFEE fh 1 B e

Fig.6 OGSR sample extraction process®

F2  8FP OGSR bWy iy 5 B I fia] 0 s ) g -0

Table 2 Retention time and monitoring ions of 8 OGSR compounds

filtration through
micro-centrifuge

- ‘.‘
N
< o and D,-DPA
5 @ < LC-E’MS

2-NDPA, JiIE 52 IGSR b OGSR T % % k& A # % .
Leah Ali %:'°"32 F] LC-MS Il SEM-EDS Xif VT 2% 4 5%
Jay N GSR #E AT/ U, DA#R 98 OGSR 19 — I 5% % 1
W, 45 R OGSR 19 W R vl LI Z W AT

William Feeney %21 18-7e-6-fi 5 % Al 401 i
OB 5T A TR LA , A 1 B Ak A 4 (A5 TE WL S 7 1T
DL 8 3% A o g it 1 5 9 A L, 8 LC-MS/MS F T
IGSR Fl OGSR 1) €6, 3% 43 B FUOBLEE A . — S FF 5 op
OGSRHIIGSR F B HT BT RIAE 20 min AN . ZetEsh
L FEL 43 B0 43 A5 7E 0.3~200 ng-mL™' #10.1~6.0 pg-mL™",
%7 125 RE % [R) I KG: I IG SR A1 OGSR, 2 785 17 K6 i 45
I HERE

T T b B R A S AR 4 BT 7 75, Courtney
Vander Pyl %5 J] B oh 6 4 45 O GSR [ K 4 571 11
FE AT B WP, S0 B0 RN I g A B ) GC-MS Al
LC-MS/MS 43 #1 Ab 3 5 89 o Ve W (E 6) o BiF 52 15 %]
NG .DPATE N 1 8 F Ak 45 4 19 £ BA B[] FVRRAIE B3 1 i
F(F2), BT MR 72 i & R R e iR L 2

GC-MS

reconstitute
using MeOH

transfer 125 pl to two vials
and dry down

reconstitute using
MeOH/0.1% FA
and D,-DPA

[63]

GC-MS retention time
compound

GC-MS monitored lons(m/z)

LC-MS/MS retention LC-MS/MS monitored lons (m/z)

/ min (precursor: quantifier) time / min (precursor: quantifier)
NG 8.329 227:46
2,4-DNT 9.382 182:165
DPA 9.792 169:168 3.914 170:93
MC 10.577 240:134 3.056 241:134
EC 10.740 268:120 3.673 269:148
2-NDPA 11.040 214:167 4.159 215:180
AK-II 11.173 226:169 2.336 227:170
4-NDPA 12.214 214:184 3.915 215:198
Chinese Journal of Energetic Materials, Vol.32, No.7, 2024 (772-783) & He A A www.energetic—materials.org.cn
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R, GC-MS Fl LC-MS/MS #B AT DL A ) 35 )z ik
FEA HR B OGSR, {H LC-MS/MS 114 53 0 Ji& B 4

LC-MS % 73 B O GSR B |ij &b 3 {8 52, B Xk &9
AR B P R ER BAK, HATE 282 W T OGSR Y
e U e, T8 T T AH R Y 53 A B 8] R, LC-MS [ GC-MS
A ARG I 45 SR B IS . LC-MS B9 BR A T H e
7R AR, R A B A LR AR B . A i
Be Ay J2 W, LC-MS 1] LA i 43 BT IGSR F OGSR , 52 i
JH— A AL 28 45 3 GSR 9 B AR o AL AN, LC-MS fiff
FH A i Ak 2 5 5K A7 B, X 7K 3 OGSR 1 R i 19 1 T
BOR AR, X X IE A OGSR i k6 R fiE 71 B fF B &
2.5 HLEE

AL 2 — P B AT BRI T AR
Pk 2z RO SRR SR AL A ARl B e Ty
325 5] s A 0 IGSR FIl OGSR J& §ifi ¥ GSR FE i 89 1l 47
5% o M AL S 4 B R R R A Ok
RS ST < O 1 A N | e oy 7 S = W S 7 N 1 - 4
WA R AR B R L gl R R R A
7 e — 2Lk,

Vuki S54SR G AR 42 1 RE 38 7 s AR %
AR NG R A R T OR A OGSR L4y, LA M B AT
BEFENZE IGSR K43 . Collby 25155 i H H 4k 2 1 J& 2%
XF IGSR A1 OGSR [A] i 23 A7 PFAili o B 50 38 2ok 3 fim GSR
FRic P B, N R LA 2 2] 4y 288 4 395 A~ EL AL 4
dr H AR 350 N H RREAR AT 0T AT T — I
KA BCHEBE o SCHRFI R 5 119 22 09 Bl e i AR, B g
K R0 5r BT 7 FhbRiC W (T AL B LBE R AR 5 A AL
NG.2,4-DNT.DPA I EC) , HAG HFRMIE 1 pg-mL™"
I AL FE I 5 AR AN 28 DUt SBp 322 45 1] 050 0 45 o 2%
S54SR GE T T s FIAIL g 2 2] Bk RE R o o 3 08 F)
95%. Colm McKeever 2" FH 1 4 g K 0k 45 115 1Y
I 3 Tk P, B R 22 1) BB H XS O GSR 47 1 5 & 43 17
I B A — ol AR s A 1 B A% 8% 2% L T T OGSR U3 1Y
P 3 HT -

H Ak 27k AT LR I A IGSR 55 O GSR, A [ T 3
b Py 52 56 5 v B R BUASCES  F b 2 vk B AR G ) il 45
P 38 1 A H A A A RS B 9T N B AT DLAE B e
53 BT AT BE 1Y GSR LUBA & G i A S i o % . 45 G —
S A 2 i i N F R A AT DR I FE /N M
1% B0 R HERR 4 A GSR, 52 BLAEJU AR B X OGSR i
11 PR 5387
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3 FEIHEFE OGSRIREH N F A R A

IR AT AR RGN AN % O GSR B B 2 3R A K
B | 33X R SR P AL 2 T i 2 X S 00 B A R AT Ak 2R
AL T EE AL . RO SRR T XIS
TR RN ML 25 27 2 T 5 i R, 9 () e 20 Atk 8K
P U7 1a] i) AT S B0 RS AHSS &7 0 TCie RO .
i BT B AR A s A AT DAk 2 4 i TR
ST K A R AT o A, A5 B0 g Ok oE B T A 45 R
Ahmad 557 58 A8 S35 bR R 5 /0 4 Sk e 4 R R
BT I E T DPA K HAT AW U E . Shelby R
Khandasammy %5/ fI Angela Alvarez %523 5 15 $if
ORLT A% R R T PCA %507 5, PCA 783X Wi Fl 7
B E A E L E R AR I TR G A B b B
WA

Reese %5 F FHH tp — 86 55 310 b T HIF & T —
Ffok RAE OGSR AR M1 )5 o MEE R LC/TOF-MS
WAFHE B PCAFZ R B Hr (HCA) X3k A
AN TR) il 3 L AR AR AR 0 45 R i 25 AT e 1 41 A L AR
b2 153 DX 3 R IR R 3 245, O ST R MR b R ik 24
5 OGSRAL A W Z 18] [ XF i K & . Cascio 4% H
iy Bz IR 2 A GO D R 3 LT HPLC RIS 3 L 3 4
A% (MECC) 20 B OGSR FURE 11, 2 R4 R 4 45
WA AN ], 17 R R 2 A I A DG R 38 R, AN [R] G g A
2 A5 B A 45 RO ], Rl 5 A4 AR AN Y TTRE
Bueno %:"*/Jii i PCA Fl1 PLS-DA 43 H7 FTIR (1) )6 3% %&
P o BFIEFH PCA K M ] 11 4% B R S R A7 23 21, IF
it PLS-DA K X 43 = Fp AN [ H 42 AR 3 . PLS-DA W]
VL o TR0 B v i A G 1 4 78 o R A A8 b AR IR B
it 1) 450, 3XAE O GSR IR s A6 I iy b i ol s, [
B A] LA B O X 23 45 A O GSR 1 G HR-AE o

IS 2 g T RN AR ) 38 2 X OGSR #E47
B 4 B, A R Sk OGSR 1 e T 4 448 (% AT 5 i) B 40 43
B F B, i 885 75 ] DL ST OGSR BEAS 1Y 27 & U di 122
TR G0, O B IR B SCRRAE |, % 420 5 5 R 28 4 S
SRR B A, I AW AT BE S O GSR AR 1E 19 R 2%, HE B
T, eAh, ks TR AT DR A I A o L O
S ECE A 3h ) OGSR 23 £ 45 i & i 2 41 5 vk
SRl AR A M OGSR 1 & & H br fE T 58 3% Ak ix
e R HE A 2 Fh 5 TR LU R R 0% 15 21 5 AT 58 19 43 B
G5 R R %A 2E T i T A OGSRIE & K I v
F N o
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Research Progress of Trace Detection Technology of Organic Gunshot Residue in Firearms

NAN Ce, ZHAO Peng-cheng, ZHANG Zhi-yue, WANG Yi-fei, WANG Zong-xing
(College of Criminal Science and Technology, Criminal Investigation Police University of China , Shenyang 110035)

Abstract: Gunshot residue (GSR) is an important concomitant product of gun firing, and the analysis of GSR is of great signifi-
cance in the investigation and litigation of gun-related cases. The traditional GSR test mainly focuses on the inorganic substances
produced by primer, but neglects the organic gunshot residue (OGSR) from the propellant. Due to the widespread presence of
metal particles in the environment and the production and application of non-heavy metal ammunition, conventional detection
methods are prone to false positive or false negative problems. The trace detection technology of OGSR is becoming a research
hotspot. The research progress of trace OGSR detection in recent years was reviewed. The advantages and limitations of Raman
spectroscopy, mass spectrometry, liquid chromatography-mass spectrometry and electrochemical method in OGSR detection
were discussed. The application of chemometrics in trace OGSR detection was introduced. Among them, liquid
chromatography-mass spectrometry (LC-MS) is a simple pre-treatment method for OGSR detection with low detection limit and
high sensitivity. In the future, the focus of research is to combine the large amount of data obtained based on liquid
chromatography-mass spectrometry with the data processing technology of chemometrics to build a detection technology with
rapid analysis and identification of OGSR samples.
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