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Gas chromatograms of monomethylated fentanyl isomers by FID (A) and SID (B). Peaks:
a = isopropylfentanyl; b = fentanyl; ¢ = 3-methylfentanyl; d = a-methylfentanyl; e = n-propylfentanyl;
f = p-tolylfentanyl.
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Infrared spectra of monomethylated fentany! isomers in vapor phase. (l_) fentanyl,
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Pyrograms of methylbenactyzium bromide; (a) urine sample effluent, directly pyrolyzed; ()
urine sample effluent, pyrolyzed after PTLC,; (c) urine control effluent, pyrolyzed after PTLC.
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Pyrogram and its mass chromatogram of a tire containing NR/SBR.
1:vinylcyclohexene, 2:styrene, 3: dipentene
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Pyrogram and mass chromatogram of tire smear on acrylic.
1:vinylcyclohexene, 2:styrene, 3: dipentene, tire sample: #29
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Pyrogram and mass chromatogram of tire smear on polyester.
1:vinylcyclohexene, 2:styrene, 3: dipentene, tire sample: $#29
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[Chronate] TIC : 3871310 - 0 GCMSHYE
3.68+06:
§ Instrument : HP6890GC , JMS-AMII15(Quadrupole Mass Spectrometer)
308406 UITATA Y BT 03 MS sysiem
/ (PFB-8r) Tonization Method : Electron Impact Method (Current : 3004A , Energy : -70eV)
2.4E406 Detection Gain : 650V
/\"/mxn«"ﬂ'm'r /2ul) Scan Time : 200msec.
1.8E+06 g3z (PFE-N3) Source Temp. : 210°C
Interface Temp. : 250°C
1.28+06 GC system
Column : HP-5MS (0.25mm i.d.X20m , Film Thxckness 0.25um)
6.08+05 Oven : 40°C(1min.)-30°C/min.-90°C- 10"’C/mm.~130"0-30°C/mm-SOO"C(Smin.)
' - Carrier gas : He (Constant flow 1.0ml/min.)
R.%:-;' e 410 3:20 30 140 4:50 5-00 Injection : Puised splitless (Pulse time : 1.0min. , Purge time : 0.7min.) , vol. 2ul
4.0mm i.d. liner , temp. : 250°C
(Spectra] 107 - 103 B8P = 181 [206912] TIC = 1223619 BT = 4:32
2.0E+05
181
194
1.08+05
17
99 174
124 lﬁl‘ 223
0.08+00-1 Ly “Ill 105 13“7 l4!55| n I Iy
n/z--> 60 80 100 120 lMl 166 180 200 220 240 260 280 300

19 GCMSDiZL37
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STEE (1t BT ATE RN 0F e v B AATLRATA, %%@ﬂlﬂ)r&;
@/ o ~HG B2 {272 PLB bz o Ao 2 F i
BAY ) CEHCBT D RRNAORR L L OLRMHOXY T FPcivi
L
(T( v\«\/ I‘"\Z? Fo, M [RNEN ) o i / ﬁa’?i?% 5o e
4_ 0-(_ ?n })()1 whe O l [«A1d s‘)ﬂl ? \ s~ o ) 2 é7 y E%Lﬁﬁﬂi{h Eﬂ%m r:lf; W’g( N ivi‘n—
<j’-“‘3“ U 7 G}@ i (Tl g =3 G/ MM Er R —8 f/ TR R
=/ T 1 /% / ug 17 L@ S IRL e / u
Ti: [,‘1 / 1%""%64 g o R /,l:;\l a (f,{q“”‘;
s -
1 e Ba

1994 £ 6 A 27 BIER, REEARAH CREL-EEVAPESREH (Wb ik

VU UEG) 3 BEIAORERFTMTEY U CEHPZDOBOF 7 AEBENE T
2 DEEDORML RoTER ThH oo, KEMFITEL, YT CIHARBIERL2DE
POREAMEORRICHT), FRAYEELE L THBY) v ROBRET R, VU
(Isopropyl methyl phosphonofluoridate) % HEE L7z,

o, BHE% V) o OMKSAEY Isopropyl methylphosphonic acid (S F IPMPA) .
Methylphosphonic acid (LT MPA) DG EIC DWW TRM L, EHELDH 1 E2&K8
LIERRTOEREEZO BN X 2 b IMKSEH BRI SN DD L #HER L,
i, FHEEEORTBELAEL, FHEEEZOFRBEORELRL-OTIN
HOREBIZONWTHRET 5,

2 REHEORE
2-1 FWERS Z—f—
EHREEIORERYY K%K 1
R, BEREE LcEseR (| LTS ]
(BHRED O 12 BR%) (< m— #
Zooi (P1, P2) Ok, MuiZHE
MENTWAHTAREVHEEICH
STREOENEZZ#HER L,
2B, KREHIBEORLAOE
2. BERNZERIEI T 7ura—F7 4
YIULIEEAT 75 AR T ERN
LTSL 07 F—F—nwricgld L. |
BU, EBRZIZHRALL,
2-2 a% 1 ‘#ﬁﬁﬁiﬁ@ﬂm
2-2-1 HBIORLE EBRRR
BNCIEHRREREEMERE L, ARBHI OV TAY F2R—2— GCMS Bt
N=V& T 97— GCMS L BDRBEITH-NRELEX ONEZWEIIRER SN
BRpoDT, Y78 oAV BEmH 21T, £/, ZE&RBHITF KT
—/Ny 76 SEP-PAK CI8 H— Y v PICRERELE-RTE M CHEHE L, &

2 (P2)

B8 it
B

B’R




%ﬁ*‘fl’@ﬁﬁﬂﬁ@ﬁ #X.2 L:ﬁ_{j—o Agueous Sample 500 ml Room Air 50 L

2-22 GCFPDICkBAZ Y —=v7 NaCl 25¢ l
B EE OERIIMEE, ROLEKT l SEP-PAK C-18
+FLal T ATFT—PEOEKTE " Extraction (CH2CI2 100ml x 2) l«— Acetone 4ml

Y VAR S PEEREEBILT

Elution
W5 EOfEHR (Morita et al. 1995) 397 Dehydration(Anh Na2S04) l

B2 BBERE 7 BB BT DT, GCFPD l

L BEEY CRMEDAY V==  Evaporation Gencentration
7 % fot- BREPL 2B b N X l-—Acetone l
rsa< NS LARVBIESRFEEZXK S, Concentration GC.GC-MS
% 11071, l

HAZa< b7 T LT3 EHY VR g aoms
WMELEZOND ZODRNE—T R E2 REONRE

BHLN, ZhbOE—27iEP2 KT
ERNZEE DD bR S, B 7 BEE PLICTHADR Y Bhrote, Elz, Ml
BEE STV B HFAN IR Shieholz, BRNEKOA A n< b7 T L%EH
41T,
2-2-3 GC-MS(EDZ & 5 BIE
K P12/ b —F
NAF v ru< 7T A TIC)
ECRIEERGEZRS5, K217 , }
T, TICIZHEZADEVE—7 (
NL b, ¥—27 1, 30F
BANZ MVERGICTT. &
BEAI MNEEBEMNEDT
A7) — (NIST) & B L 7=
R, v~ 11Z Isopropylmethyl
phosphonofluoridate (sarin, MW=140) . | L g
v*—2 3 X Disopropyl methyl- J \JKJL x
phosphonate (LA DIMP, MW=180) & 4 At s e =,
BRRENI, BB E7 2 gg pxenofzg B4 EREKOHRY

ARNORBR, TE PO’ grdFLGC-FPD) AT FALGC-FPD),
HEEHTHD 4-hydroxy-4-methyl-

pentanone (MW=116) LHETE S, #1 GC-FPD(P) DRESRHY
ZHUTRTAERRE CHEM LIS
I3rEZLNFOTUTOZER Column : TC-1701, 0.53mm x 30m . df lum
AT Temp. : 80 C(1min) — 5 C/min — 270 T

. . Inj. T ©230C . Det. T -250%C
Py 1 ROE—s 3B RRE S P c. temp




20 C/min — 150 T— 10 T/min — 270 %

2 TIC*50281068
TIC
P Peakﬂ
1
3
||2$
N . G al'!) o 1l o k0 1%
4:00 5:00 8:00 19:0 wz
RT.
_ o7 Peak3
E5 #KP1HDTICHYOTHTSL(ED
123
£2 GOMS(EN) ORIELRM . ,
Column : TC-1701. 0.32mm x 30m. df 0.25um " l e
Temp. : 40 T (2min)— 5 C/min — 60 T— ™

Inj. Termp :230 T,

Carrier Gas : He 35kPa
Source Temp : 210 T, Electrom Volt : 70V

B6 E—21RU3D
- BRI VED

DictEhEThH Y, DIMP &T7Udf#E & bEEARY MWZIRGFA A idHD
nN{, ELTIF 5 A L MIY—2 1Tt 125=[M-CH 51", 99=[CH s POOHF+H] ", t—
27 3 T3 123=[CHsPO(OH) OC:Hs+H]". 97=[CH:PO(OH) .+H] " IZIR BT A L#EE &

N3 (Sin-Ren A.C..etc.,1987)

728, Pl EEHRIZ P2 RUZEANZER

Nobe =21, 3BBEEN-MnHE
FAPBEBH I ed o7z,

2-2-4 GC-MS(CDIZ L 2 8IE
BIESM, TIC RUE CLERRA Y
LR3I, ®7, 8ITFYT, B—7
1T M/Z 141, v 31213 M/Z 181
WKBWTZ I 7 A bR bR, Zh
N CIRIZ X > CEU#HTFA
v (MH+Y) £EZBHEE—710
SFEIT 140, ©—27 313180 &7z 0,
EFNEhY Y, DIMP OS5FEE—
LT,

FOMDERT T T AL NDRE
BE—27 1DOMZ9 R —27 3D
M/Z 97 iZZFNENEIERARY b v

2:00 4[:00 61:00 8.;00 'IO:IOO 12:,00 ]4:‘00 RT.
M ] § ]

180
R
Iy TIc
u
n
d
a 8@
"
c
'S
68

4@

28

9

E7 #BAKeP1OTICYOVRTS.LCN

#3 GC/MS Y DBIREZL

Column : DG-5, 0.32mm x 30m . df 0.25um

Temp. :40C(2min)— 5 T/min — 270 ¢
Inj. Termp :230C, Carrier Gas : He 50kPa
Source Temp : 250 T, Electrom Volt : 250V
Reagent Gas : iso-Butane




DPA & L [CHs POOHF+H] ¥, Peak 1 a1

[CH s PO(OH) :+H]*. E—7 3D MZ139
11 [MH- C:Hs1* £ EX b3, i
2253 0T vavA VT v I ADLE

B — 7 LITHOWTEFREEDO A F L2

MH+

99

TROIEY T av AV Fy 7 A PTIRD — %
% SCERE (Hancock jr. and Peters gr., 1991)
CHBLIERRERAITRYT, VT A

80 00 120 140 160

80 myz

Peak 3

EHE—7 1 OPIRIIITEENY VY .
ERS—ELT, w
2-2-6 B ,
222 ~ 225 DFERD L RIERBPIZ
2HEBEOERY LV ILEMERFTE LI, ,

o7 1:|§9
¥ N

a1’
MH*+

AEHOERMEIBHE» LEL T O

- ™™ T T
80 100 120 140 160

T T
180 200
M/Z

Yo LHEEIN, DIMPIZVY VDA B8 F—I1RUSOREARILLECD

BHREE CORIERM L EZ LN,

22T, AF ARSI £4 Y7o av1o7Fyo X (PTRI) O LB

nE RV TR OFERER

EiTolz, AZHDOERE % AR{E STHkiE *

E5iIZ57, B, R Dimethylpolysiloxane %

e B8 &HCL v T .DB-1) - 789.1 £ 0.1
o - (5%Phenyl)-Methyl-

KEHW=, Polyciloxane %

61P1 O 100ml % 200m]  (Vttr2 #2.DB-S)
DE=H—ITRY . KBE eiponotomne &
25 oCK%E% bf:?(ﬁ\ % B— (Tc—1701 .DB—1701)

- . Polyethylene Glycol &
A—WLEAZA, HHOIE (DB-WAX , DB-WAX)

818.9+0.2 817.0%+0.4

954.4 0.6 954.5+ 0.5

1297.0%+ 0.4 1296.6 £ 0. 1

FNENSEEAL, REE * JR. HANCOCK and G.R. PETERS - J. Chromatogr., 249-257, 1991

AR TEELE, PI T
AR S TERERIREL TR

£5 AHOBRER

THONREIL, AFHITH1EF

s . . 0 5 5
ML LT, EBE Lz 8 AL DKE AL
TARTIE IEME THE<E(L 10 10CH AR AL
Riehots, 2B, B LA " 2B ARERD RiLL

i {-;to . e 13 3EANBEERE FiHL
DRESIIIE DB ERI B L7z 17 AR AR il
REEAERL TV, 24 5IE B HHFER G kL

45 20T il
60 SELHMNRT ZFehL
120 - E{eil




3 VI UammoNE

T U CIRE S CTHBE R < Ak S#E L, IPMPA, MPA IZE{kT 5% (K9) ., =
NOITBHERRL | P OFRERETHE - HEPECEHMBE T 5 Black etal.
1993) Z &M h, BEPTO NS OFEFET sarin BB EIHER SN2 L OIEHIZAR
D/R5, £I T, EHEILH1ER, BHEALOTHEEIRRL Zh b 5@MORES
RAAlc, F2, AL o

|, EMAEESE CHaPF

.
DUAEEHEN SR OCH (CHg); Y
I Sarin (o} 0
BEIBREIHLTWH (isopropyl methyl 1! H,0 !l
B EE ORI phosphonofluoridate) CH 3—":‘0H =P CH 3-P—0H
el Z 1
SVTHY A N R or
N s IPMPA MPA
| - 1}
DRIEZEEINT- CH 3__p_. OCH (CH 3),2 (Ls'fgsr: X:ﬁ'g:t:igg_ (Methylphg)sphonic
SR A I aci
D TEITL TR % OCH (CH3)2 .

Tol=, B, EH DIMP

ME L LTMPA L  (Oisopropyl methyi-
Aldrich XY AF L 7=

25 IPMPA X AFER

FIRE Thholo, UL, BHERICER LItAKIZIZEE L LR BRETEEND
T BB T D THMEDORINIZZOAERANTITo 7,

IPMPA, MPA [IHBHERE L, DOREREMETH 2700, Sk L LTiX HPLC
(Bossle et al. 1987) % 2\ \VIFHEER(LIZ L D GC . GCMS B B#E SN T3, F
ER{LE LTI A TV (Tomes etal 1989), kU A F /L3 UL (TMS) 1k (D'Agostino et.al.
1992) . tert-7F ALY
AFIL Y (TBDMS)

{k (Black etal 1993) % Gentrifuging Tube
DR XN TOB N, l*MgC%fis(lgBasic)

E9 SARINOMK SR

Soil Sample(2g) * Urin Sample(1ml) Aqueous Sample(<50ml)
l<—H20 ml

Mixture ————»

i >
BMOBR, Hlfs Mt
ﬂﬁ%@fﬁ’lﬁ%?ﬁ’ 5 l“' 0.2N KOH 10mi (Filtration)
4 Extracti ——
TBDMS {L2ERH72 (Sonicr:t‘i:ol:r(‘io—80°c 30min) C18 Column
Lkl l (200mg)
4 H20 10ml i
3-1 REORTAE Sentrifugation " c Exch
Sbnt g2 . ti
ERBOFINED (3000rpm 10min) ([?o:zgx ggwelr;(gf H+ Form
TJu—i—F2E10 20-50mesh 1-3ml)
_ Residues —————ee :
Nz Concentration(0.5mJ)
KB G0ml LLT)  Aqudous Layer (Evaporator 60°C)
1 ODS 47 A TR
HEOWE & BrEk,

H10 #HRUVAIREBEOIO—F¥—h
TRERMEDBA AT



BUBHS Dowex Sowxd) TEBAAVEZKE, n—F ) —=/ % L—# T 0.5ml
¥ O LBEEL~, ERY VA (ml) 3K T 2 FICHRE, AKREL & A
I L7,

el Qg) TR EMRER~ VXV U AEMA TRER, 02% KOH Y5 10ml T
BT (60-80 °C. 30min) L7z, 3047HE (3000rpm, 10min) . EBBEEZR
Y A 10ml OFA CEERETRAL L, MmHERENE L ShE, LAt% K30k
LERICRE LT,
3-2 TBDMS FE¥& k(b

TBDMS ¥ (LD T o —3— FEE 1 1IZRT,

31 TE LN BHEKR A THE (0.5ml, 3[E) TR
NATAICH L, BFEEE L, THF Iml, £'Y ¥
20 1 1. MTBSTFA (N-methyl-N- (tert-butyldimethylsityl) -

<4 THF 0.5ml x 3

Reactive Vial

trifluoroacetamide) 100 u1 ZANZ 7=t%, BIHHEE I Dryness .

Y AT, 90 °CT 45 BRI S H 7o, BEIkR 5% wiv) (E"""’:'ft;;iﬂz)l

NaCl I 10ml, n—~¥%> Iml #Mx. 1oRHEEKE lt mg‘g&%:)w
5 Liz, B%B% XV BEEARRT N VA Derivatization

TRk L. GC-MS, GC-FPD(P) THIE L7z, (Reflux 90°C 45min)
IPMPA. MPA @ TBDMS {t#® E1 EE&A X7 hLV Kk shalh(imin)

UARIE T L= kKRB D~ A7 < s 77 L% <« 5w/v NaCl 10ml

. < n-Hexane(+1S)
12, 1377,

3-3 HEBREORERR
IPMPA. MPA @ +8% & DihHIC Black b I3FEHRL Dehydration
Kz AV TV B2, MPA % BV THT o o iRInEIEER
BCIIERENEZNHEELLITIF LA LEREN
fedot 6), %:f#ﬂawc:mmum&%mw E11 F#&ELoIn—Fr—+
. ‘

Upper{n-Hexane) layer

GC-FPD GC-MS

| tPMPA-TBOMS
bt 8 9 10 1 1.2RT‘ masg.
e
“ IPMPA—TBDMS MPA—(TEDMS),
= 198 509 A 1.8
P A 7
o L] 100 160 200 M/Z %17

v 267 :
wl MPA—(TBDMS),
195 k *1.
8-
] ) _A

153 g *5.

7
1 195 2 309 . — - x.a
[3 . L ,Esuz'f’!’ e ) 500 600 700 Scar
106 150 E0 %0 W0 sz

E12 TBDMS{EWOEIREARIRL E13 #AkPNDTRIOTRT 54




B, ZOBEEIEROBEENEHL,
BROBIEDOYEL 25120, HEMERBE~
TRV LEBRML, BREOEHZME
L7, FIETOEIER (m—2at 2 giZ MPA
2.5 g TIM) 13H30% BE L EFED o7
(R7) 2, ppm A—F—THEETNITE
HERRREX TS AR THY . REOEH
THY UBREEI R E ShASELRED
TEHENDL 1 FERICER L= 8051,

#£6 H20HHICkDTBFEMEANEER

R MPA 2. 5pg.n=2

+ ® ENRE (¢ e) [EUIREE (96)
] 0.83 33

RiEt 0.17 7

a—Lt 0.04 2

£7 FAAVEHIZES HEENEIREE

F@ MPA 2.5p4g.n=3

A5 HNZ MPA S &7z, BEEEE O+

BHHmO~R 7o~ S5 A2H1 412

=7,
B, KEOLIBMgBEETTOT A

71 U HiH Tik IPMPA 7% MPA IZIN7K 54 X R
BLEZLND-D, IPMPA &%t LT 514

BIIRPORMB DB LEEZ LN D,
34 VY UEIBREBOHE

AIEIZ LY ar b —LRIZ MPA ZEN
LTITo BN RE2F 812, HKEZHRML
THEEOBEREOREBREKIITET, W
T bn=3Th 525, MPA DEITERITHI0%
TH Y, IPMPA, MPA & bV R LEBRMED
CVER10%LL TLIZFEWR CTEARET
Hot,

#8 RADMPAGMENER

Fnk(ye BEUER(r EURE%) CV(%)

n
1 0.5 0. 40 80
2 0.5 0. 46 92
3 0.5 0. 48 96
¥ 0.5 0. 45 89 9.3

£9 RITHKPNEFZML-BEOERME
(BR 1ml + #K 1ml)

____dPMPA___________| MPA________
"N ISEOERE CV(%) ISEDERE CV(%)
1 023 0.24
2 0.25 0.24
N R 022 ... 025 ________._
iy 023 6.9 0.24 2.9

* R ENRE (1 g) EDIRE (%) CV(%)
o—Ax 0.7 219 143
M
- U
— iPUPA-TBD T i ot
A
JL__~ni»dg_ﬂ~_____Jg_ﬁ___* [ PMPA 12
TIC 1 1 :‘Eﬁ;\ NeRNFLS
. A L )
10 1'2 min
’m fu—(muus)z J
267 -
Tlc . TIC=427603
AT N

R14 HEBLRHH®O

2ROk TS A

in

X1 5 (CEHHEEOEHFRADOR
(a), =2 bua—/(b), MAKEM (2
e —/b 1ml +#17K Iml (c)) ® GC-FPD
P)ru~w T LEkRT, HEEDOR
2Bk 5702 IPMPA, MPA 2B &
N, TE O — 7 BRERII A T

FFE 1

D1 720iIx L, HEEORTIR

IPMPA DERBE VOB Th -

77

IPMPA DR F X — PR AFETER
Mol=DT, ERERBENMIITE 2D
B, RLOWRTLIICERY v REK
IFEIZDOVWTRDIZY 1 FEFYZy o
FPD fxtEE (RDOREIX DDVP %



1&

U 7o A RREE 2 7R

F) 1308 ~12 DEH

KhdZ b, BF

£10 H REEOFPDIEHEE

WEA Mwt  Pwt/Mwt Peak Area EXEE BERL

OB L o (A) 0. 2ng(B) A/B
. . sz DDVP 220 0. 141 16700 118440 1.00
f_%’g@ U ~1 Jﬁ%é Ethoprophos 242 0.128 11600 90625 0.77
720 ® FPD fAXZIZ  Diazinon 304 0. 102 14700 144118 1.22
Bk A L& 18P » 288 0.108 13100 121296 1.02
Pirimiphos—methyl 305 0. 102 11100 108824 0.92
2D, £ZTIPMPA  Chiorpyrifos 350 0. 089 13000 146067 1.23
&U MPA @PE%% 7‘-: Methyl-Parathion 263 0.118 13490 114322 0. 97
MEP 277 0.112 10800 96429 0. 81
) OFABRENRF L & Parathion 291 0.107 14200 132710 1.12

REL T, MPA DR E

B OEEORE L RO IWEE OEMH% LBAMORPREOEAZILER1 617

—g—o
X

WHh BB E DI,

I[PMPA. MPA & %R PEBE IR L, MPA I

=% 3 A, IPMPA (1#7 B CRIEBRUT L Rolz, RnbR®E1 BEOR
ELzhZFhoBOREN»HLEH LIEH% 1AM ORHEERIL, IPMPA X 2.09mg,
' MPA iX054mg ThHY (E11), Zhbz¥
Y UNHRET D L2 Tmg Th o7z,
AEHETOFHBIIEIERICEE EELLN
B, b FORRELEBOERITBE L RER
BOFETH 100mg 5/m3 (EEEERRBRE

-

=

-

o

a : Victim

)
g
g

b : Control 2]

= PMPA-(TBDMS),
<«—MPA-TBDMS

¢ : Control+P1

A(TBOMS),
i
MPA-TI S

4 ¥ 16

Retention time (min)

15 RHTBDMSIEWM®D
Hroawr TS

1.0+

o]
IPMPA

MPA

HG/ml

oot~ o]

2 1 L L . " "
628 30 v2 4

Hi16 RhBEORBEL
1994. 6. 28— 7.04



1970) L BE SN TEY, Zh £11 IPMPARUMPA##E
ISHE BRI THE TS L8 Img &

2B, BIEEIZZOMEE A - iPMPA MPA
BENRY @IS, SARIN 4 Cml) P J: 4 Hi g 3 4 i d
BB ERY L £ 2 b, (te/mi)  (ug) (ue/m)  (ug)
mRCmASHLTIVRA OE B 0N B 9%
MPA &M T2 DIMP A4 2700 ZE58 006 1m2 oo 18
IR XS cERNZERFIC 7702 2200 0.03 64 - -
HYY L LD bERETHE 1voe  eos  oo1 4 - _
LTWizeEZX LD, KIZ &t 2091 541

HEEORTMLOBRHE SN

IPMPA, MPA BE|Z, VU VRO DIMP B4R LI v~ NI 60FNEN
DE—7 DREHLRICEAETEEL TV L THRISHEEDEROY Y VIR ARIL
# 0.83mg LEEIN, IZITE PORREELEBOERICOVVEE 2D, EEB o0
BEEOEHE#RORMLEKT EFLa Y VAT F—BEN 0.1 2=y FUT &b
VEETHHAIENLATITERXRICHEUTAHBEZ T EZEZON TV
B, D EILEE LR LIZIEZNEEMFTI/R LR -T2,

4 NE

Ll 1994 £ 6 RICREFRURAF TRELIZVWDOWLIRAY U VEHIZERL, &
B T o T REMEORBEB L ZDRITIT 12V U KR GEHOSHHREFIZ OV
TR L7z,
FRMEOREBRIT, B, EHOEEAZZONEF, FTADEZDRZ v 7
PR EFRRRIRORETH Y, £ Z0R. ExBEERRAT., REFFRER
FEM JICST) £ < OHE» LFEROLMORE - |RitZ W22V, Z0F2E
D CRARMBE D F 2 ICEHALE B L BT 3 L bz, 20 L) eEERRRERTHICER
TREBERD 1D THolc WD TRLDEZATH D,

BE IR

Morita H. et al. ; Sarin poisoning in Matsumoto Japan, The Lancet, 346, 290-293 (1995) .

Sin-Ren A. C. et.al. ; Synthesis of specific labelled [methyl-14C] sarin, J. Labelled
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Hancock J. R. and Peeters G.R. ; Retention index monitoring of compounds of chemical
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Black R. M. etal. ; Application of gas chromatography-mass spectrometry and gas



chromatography-tandem mass spectrometry tothe analysis of chemical warfare
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Abstract: Use of GC/MS instrumentation outside of the
traditional laboratory setting has grown significantly
over the past several years. Considerable progress has
also been achieved in developing GC/MS instrumenta-
tion and operating systems. Recent advances in this area
will be illustrated with the use of results obtained with
Viking SpectraTrak™ GC/MS systems. The multidiscipli-
nary nature of GC/MS lends itself to a variety of sample
introduction techniques while providing consistent, de-
fensible, reliable results. Instrumentation and applica-
tions are inextricably linked, and the demands made on
the sampling interface need to be met, particularly for
field applications in which the advantages of having a
GC/MS system at the point of sampling cannot be com-
promised. With its versatile sampling capabilities, the
fieldable GC/MS instrument can be a very powerful and
cost-effective tool for on-site, in-plant, and other out-of-
laboratory analysis situations. This report focuses pri-
marily on the deployment and application issues con-
fronted in the field GC/MS instrumentation industry, and
specifically on trends toward integrated miniaturization.
The uses of field-portable GC/MS systems are expand-
ing; however, because many of the uses are client- pro-
prietary, some very interesting real-world applications
could not be included here. This report attempts to
present an overview of field-portable GC/MS system uses
that hopefully wiil provide insights into the possibilities
and growing applications of this relatively new analytical
capability. © 1998 John Wiley & Sons, Inc. Field Analyt
Chem Technol 2, 3—-20, 1998

Keywords: GC/MS; field analysis; on-site analysis; real-
time analysis; portable instrumentation
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Introduction

Field-portable GC/MS systems and applications have
evolved and grown considerably over the past several years.
Figure 1 illustrates four main application categories in which
field-portable GC/MS systems have been successfully util-
ized; however, the specific application areas within each cat-
egory are continuously expanding. The analytical advan-
tages of rapid response time combined with high detection
efficiency, accuracy, and data quality, as well as reduced risk
of liability exposure and compact physical footprint, have
helped to drive most of the expansion.'? Additional forces,
such as market opportunities, economic concerns, and
quality-control issues have assisted this growth.>* A signif-
icant fraction of the growth can be
attributed to the well-known analyt-
ical power of the GC/MS kernel;
however, the development and im-
plementation of sample preparation
strategies®=7 as well as the integra-
tion of sampling and analysis capa-
bilities have also played a large
role.®® Commercial, transportable
GC/MS systems have been in use for several years now, and
it is clear that even lighter systems are on the horizon. A
new generation of portable instruments, exemplified by the
Viking SpectraTrak™ 572 GC/MS system, incorporate
many of the advances in instrumentation and operating sys-
tems available today, and their designs are structured to ac-
commodate future component miniaturization. A block di-
agram of the functional components of the SpectraTrak™
572 system is shown in Figure 2. Integration of flexible and
expandable sample introduction techniques with software-
configurable hardware platforms provides for easier control
and use of multipurpose field-portable GC/MS systems.

With portability come trade-offs in terms of GC/MS sys-
tem performance that are primarily related to the limitations

A significant
fraction of the
growth can be at-
tributed to the
well-known ana-
lytical power of
the GC/MS kernel

CCC1086-900X/98/010003-18



Site Characterization
On-Site Monitoring
Indoor Air Analysis

In-Plant Monitoring
At-Line QA/QC
Process Control / Modeling
Pilot Analyses

Emissions Permitting

Integrated Field Portable
GC/MS System

-+ HazMat - Chemical Spills
; Industrial Hygiene / UST
-+ Fugitive Emissions

FIG. 1. Principal GC/MS system applications.

Site Remediation Support
. In-Situ Analysis

: Drug interdiction
Chemical Weapons

- Counter Terrorism

Arson Investigation

Customs / Contraband

Computer and Peripheral Air Analysis o
System Control System 2
<
3
=
= o
Hewlett-Packard Mass 53 Multi-port Valving £
Selective Detector g s System 2
2
S:lr]nng:le Direct Inlet Gas Pneumatics
P Vacuum Chromatograph -
and . . and Metering
] System with Subambient
Metering Capability Control
System P

FIG. 2. Block diagram of the functional units in the integrated SpectraTrak GC/MS system.
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imposed by power, weight, and analytical capability issues.!°
The analytical challenge is to provide a field-portable GC/
MS instrument that maintains labo-
ratory-level performance, while also
accommodating a fast screening
analysis capability.!1? With inte-

The analytical
challenge is to
provide a field-

portable GC/MS grated, computer-controlled sample
instrument that introduction the user is provided
maintains labora- with an arsenal of procedures and
tory-level per- techniques to address a wide variety
formance of field analytical situations. The

GC/MS system development and
manufacturing challenge is to move toward portable systems
that have an inverse relationship between system size and
system performance. It is most desirable to package com-
ponents for ease of assembly while preserving access to in-
ternal components for ease of analytical maintenance or ser-
vice. The strategy generally implemented in the new
generation of GC/MS systems is to use software designs that
provide transparent low-level operations while working
through easy-to-use structured graphical user interfaces
(GUIs).

Instrumentation

Analytical capability is a major driving force for the de-
velopment of powerful, rugged, field-portable GC/MS sys-
tem hardware. Advances in the design and miniaturization
of components have led to further reductions in the power
consumption, size, and weight of newer systems. A system
that can provide rigorous analytical —quality data as well as
a targeted screening capability in the field is most desirable.
For field adaptability and achievement of challenging data-
quality objectives, it is important for the system to have
state-of-the-art sample introduction capability, robust de-
tection and identification of mixture components, field/lab-
oratory operability including auto-
sampling, small form factor com-
ponents, and subsystem modularity
to facilitate maintenance and ser-
vice. A versatile, integrated inlet
system is necessary to address the
wide and growing array of field (i.e.,
out of the laboratory) applications.
Also, availability of a flexible and
easy-to-use software system is es-
sential to the overall operation of
such instruments.

A versatile, inte-
grated inlet sys-
tem is necessary
to address the
wide and grow-
ing array of field
(i.e., out of the
laboratory) appli-
cations.

Sample Introduction and Control

The emphasis on sampling and the strategies for efficient,
sensitive, and accurate identification and quantification of
the organic constituents in a variety of matrices exemplifies
the use of a GC/MS system that can be deployed at or near
the sampling measurement point. The sampling system is
often the weakest link in an analytical scheme in terms of

errors and sample losses.!* Representative sampling and
maintenance of the sample integrity are critical when ac-
quiring defensible data; therefore, the design of the sample
inlet(s) should include the following features:

« Inertness to maintain sample integrity

« Stable temperature zones and control

* Minimal chemical memory—can be purged and baked

« High-performance compact valving

« Multiple media sampling versatility

« Automated as well as single-run mode operation

* Remote operation with system diagnostics feedback

« Integrated yet easily maintainable

« Transparent control with monitorable operation

* Ruggedness with high mean time between failure and high

mean time to repair. .

Over the past several years there have been major changes
to inlet systems, particularly with respect to analyte trapping
for trace analysis, desorption of minimally prepared or ex-
tracted matrices for rapid qualitative analysis, large volume
injection, solid phase microextraction (SPME), and trace
quantitative headspace analysis.!#-'® Dual trapping, direct
desorption with or without controlled temperature ramping,
and on-line or off-line trapping are techniques that have been
gaining acceptance. Sample inlet valving has improved by
combining high conductance, low dead-volume, noncontam-
inating, compact features at low cost. For example, in order
to maintain analyte integrity the in-

let design should incorporate high- . . . in order to
temperature, uniform heating of in- maintain analyte
ert sample flow paths, and all lines integrity the inlet

design should in-
corporate high-
temperature, uni-
form heating of
inert sample flow
paths

should be as short as possible with
minimal heat sinking to the instru-
ment panels. Development of field
methodologies in the environmen-
tal, emergency response, forensics,
and diagnostics areas is proceeding
rapidly and thus will require flexible
sample introduction.

Robust Detection and Identification

The Hewlett-Packard monolithic quadrupole used in
SpectraTrak™ GC/MS systems has been proven to provide
library-searchable quality mass spectra at low and high con-
centration levels for a wide range of organic compounds in
a rugged field analysis environment. A good field design
provides the capability for simple routine maintenance or
service. The interface between the quadrupole ion source
and the gas chromatograph is readily adaptable to a column-
exchange approach that causes minimal system disturbance.
This leads to a rapid maintenance cycle and greater overall
operational time.

Field/Laboratory Operation

A field-portable GC/MS system should be deployable in
the field or production plant as well as in the laboratory in

FIELD ANALYTICAL CHEMISTRY AND TECHNOLOGY—1998 5
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FIG. 3. Example of a sample concentration GC/MS parameter setup screen.

order to achieve maximum utility of the system, including
nonfield uses. Automated operation of field analysis proce-
dures, including automation of the injection system, is avail-
able on current portable systems and has been implemented
in several process GC/MS systems.!” Many chemists have
expressed an interest in having a field-portable system that
can be used in the laboratory with an autosampler or mul-
titube desorption system so that when they are ready to go
into the field they can remove the autosampler system and
mobilize the GC/MS instrument for field use. The cost of a

Freon 114

chloromethane

Abundance

-y

, I

00

-y a

220 240 260 280 3.00 3.20 3.40 3.6

GC/MS system is still higher than that of any GC or MS
instrument alone; therefore the GC/MS system should be
flexible enough to operate under the different user scenarios
while being adaptable to automation and linkable to external

devices.

MaintenancelService Modularity

Building service modularity into a portable system has
several advantages for commercial manufacturing as well as

vinyl chloride

Retention Time {min)

FIG.4. Analysis of the first four gases of a TO-14 volatiles mix at a concentration of 50 ppb,. The selected ion signals of dichlorodifluoromethane (Freon-
12, m/z 85), dichlorotetrafiuoroethane (Freon-114, m/z 85), chloromethane (m/z 50), and vinyl chloride (m/z 62) are plotted. Column: RTX™ VOLATILES,
0.18-mm ID, 20 m, 2.0 um dj, split 18:1, VOCARB™ 3000 at 28 °C, sample at 75 ml/min, preheat 230 °C for 2 min, desorb 240 °C for 0.5 min.
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for the end user. Modularity for maintenance or service,
though, is quite different from a modular functional design.
The portable system used here as
an example is based upon a mod-
ular design for maintaining or serv-
icing the GC/MS, the sample inlet
and associated plumbing, and the
vacuum system. It is important to
keep the maintenance required to a

It is important to
keep the mainte-
nance required
to a minimum
while allowing
simple, routine

Operating System

An important component of any computer-based instru-
ment is the operating system, and its development has been
crucial to computer evolution. The operating systems of
modern portable GC/MS instruments can be divided basi-
cally into two levels: the application level and the driver
level. The application level is closer to the user and requires
many more intensive ergonomic considerations than the

maintenance minimum while allowing simple,  driver level or instrumentation level. The combination of the
. . . to be per- routine maintenance such as ion two levels comprises a client/server development model.
-formed rapidly. source cleaning to be performed How the user interacts with the instrument and the com-
rapidly. munication to the driver-level software is handled primarily
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24
23
380000 ]
340000 4
300000 1
60000 20
2 15 17
8 ] L)
c 13
]
T 220000 12
g 19
2 ! 18 25
< 7 1
L4 6
180000 4 26 5,
140000 7 5
1.0
3 5
6 11
100000 4 8
4
60000 4
2
J1
3
20000 4 L k L A L \ l
0 T 'kl"1J‘lL' —T SN AR EEN
4.00 6.00 8.00 10.00 12.00 14.00

Retention Time (min)

FIG. 5. Total ion chromatogram of a TO-14 standard gas mix at a concentration of 10 ppb,. Experimental conditions are similar to those listed in

Figure 4.
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TABLE 1. VOC detection limit study with the SpectraTrak GC/MS system.
Quantitative/ Detection limit
No. Compound name qualifier ions RSD (%) (ppbv)
1 Chloromethane 50,52,49 2.18 0.48
2 Chloroethene (vinyl chloride) 62,64,35 3.19 0.67
3 Ethyl chloride (chloroethane) 64,66,49 525 1.15
4 Trichloromonofluoromethane 101,103,105 3.03 0.67
5 1,1-dichloroethene 61,96,98 3.67 0.82
6 Methylene chioride 49,84,86 3.46 0.86
7 Trans-1,2-dichloroethene 61,96,98 3.83 0.82
8 1,1-dichloroethane 63,65,62 371 0.74
9 Trichloromethane (chloroform) 83,8547 2.62 0.53
10 Bromochloromethane 49,130,128 2.53 9.44
11 1,1,1-trichloroethane 97,99,61 2.56 0.51
12 1,2-dichloroethane 62,49,64 4.49 0.81
13 Carbon tetrachloride 117,119,121 2.38 0.41
14 Benzene 78,51,52 331 0.69
15 Trichloroethene 130,95,132 2.78 0.67
16 Bromodichloromethane 83,8547 2.34 0.43
17 Dibromomethane 174,93,95 2.06 0.42
18 Toluene 91,92,39 5.83 1.48
19 1,1,2-trichloroethane 97.83,61 322 0.70
20 Tetrachloroethene 166,164,131 3.39 0.72
21 Ethylbenzene 91,106,51 5.54 1.19
22 1,3 and 1,4-dimethylbenzene 91,106,105 7.65 1.54
23 Viny! benzene (styrene) 104,103,78 5.93 0.99
24 1,2-dimethylbenzene (o-xylene) 91,106,39 5.37 1.00
25 1,1,2,2-tetrachloroethane 83,85,95 8.31 0.95
26 1-bromo-4-fluorobenzene 174,95,176 225 795
27 1,3,5-trimethylbenzene 105,120,119 14.30 2.14

by the application level code. In the case of the Viking
SpectraTrak™ 572 the application level can be considered
as a client that consists of HP Macro code (and macros),
ChemStation executables for the graphical user interface
(GUI) and primary operational modes, and the Viking GUI,
macros, and associated executables. An example of a param-
eter setup/select screen is shown in Figure 3.

Applications
Environmental Analyses—Air

The EPA total organic (TO) methods, specifically TO-14
and TO-15, present interesting challenges to an inlet system
because the low-molecular-weight
volatile organic compounds (VOCs)
present are particularly difficult to
analyze. Because of the high vola-
tility of these compounds, on-site
GC/MS analysis provides a strong
advantage, as it solves the sampling,
evaporative loss, and transport prob-
lems. We have demonstrated detec-
tion and analysis of the first four
gases of the TO-14 mix at various
concentrations, and an example of the resulting ion chro-

. . . on-site GC/
MS analysis pro-
vides a strong
advantage, as it
solves the sam-
pling, evapora-
tive loss, and
transport prob-
lems.
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matogram is shown in Figure 4. These light gases have been
successfully trapped, desorbed, and transferred to the GC/
MS system with the use of an integrated, low-water-retentive
VOCARB™ 3000 trap. Proper trapping flow rates and de-
sorption control are essential for adequate chromatography.
A TO-14 detection-limit study was performed with the re-
sulting total ion chromatogram shown in Figure 5. The cor-
responding quantitative results with the use of seven repli-
cate runs are shown in Table 1 with lower detection limits
(calculated at 30) into the single-digit ppb, levels and be-
low.!8 The GC separation capability coupled to the MS sys-
tem clearly offers good performance for these complex
mixtures and unknown organic compound determinations.
Moreover, as shown in Figure 6, field-portable GC/MS sys-
tems can be deployed under very tight physical space con-
straints, for example, for continuous air monitoring appli-
cations.

The inlet design allows a user the ability to control carrier
gas flow out of the instrument for use in external devices
such as a needle sparger for a purge-and-trap analysis. A
schematic of the valving system is shown in Figure 7, illus-
trating the integrated multiport valve inlet enabling a variety
of applications, including process stream analysis, remote
soil or water headspace analysis, in situ analyses,'® custom
external trap backflushing, and remote surface sampling.?
A properly designed sample inlet system provides screening



FIG. 6. SpectraTrak 572 GC/MS system deployed for continuous fugitive emissions monitoring. The system is shown within the tight space constraints

of a modified mobile home/lab.

capability as well as laboratory quality analyses. A high-
conductance membrane introduc-
tion mass spectrometry (MIMS) in-
let with metering capability can pro-

A high-conduct-
ance membrane

introduction vide rapid, multicomponent mixture
mass spectrome- analysis®'?*> for qualitative and
try (MIMS) in- quantitative sample assessments as
let . . . canpro- well as continuous monitoring of
vide rapid, target compounds. An example of a
multicomponent  MIMS analysis with this portable

mixture analysis  GC/MS system is shown in Figures
8 and 9. The extracted ion profiles
for a 25-ppb, mixture of some VOCs commonly found in
many environmental analyses are shown in Figure 8. Even
though the membrane offers little separation, the mass spec-
trometer signals can be deconvoluted and quantitative anal-
ysis can be performed for a targeted set of analytes. The
resulting calibration curves for this type of analysis are
shown in Figure 9. It is interesting to note the different mem-
brane transport characteristics for the different analytes re-
lating to their diffusivity and solubility in and through the
membrane material.

The sensitivity of MIMS has been shown to be quite good
and can even be improved further with inlet stream cryotrap-
ping with flash heating prior to the membrane/mass spec-
trometer interface.>* An example of the type of signal and

the level that can be measured on this field-portable GC/MS
system for a given analyte sample from a Tedlar™ bag at a
fixed concentration is shown in Figure 10. The analyte is
dimethyl-methyl phosphonate, and although it is slightly po-
lar it still passes readily through the membrane and can be
detected reproducibly in the low-ppb, range via selected ion
monitoring without prior concentration. It is important to
note that research into the use of various types of membrane
materials for different analytical applications is continuing
and membrane replacement in this instrument for these ex-
periments is readily accomplished. Some researchers have
used this GC/MS system to characterize membrane materi-
als.?

Environmental Analyses—Water

“Groundwater quality is a national priority issue of wide-
spread importance. In the U.S. the federal government has
passed comprehensive and long-term legislation such as the
Resource Conservation and Recovery Act (RCRA), the Su-
perfund Amendments and Reauthorization Act (SARA) of
1986, the Safe Drinking Water Act amendments of 1986,
and the Pollution Prevention Act of 1990. The Toxics Re-
lease Inventory (TRI) has expanded to include 654 com-
pounds that, according to the EPA, can harm public health

FIELD ANALYTICAL CHEMISTRY AND TECHNOLOGY—1998 9
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or the environment. Many state governments have passed
even stricter regulations to protect groundwater quality and
to clean up currently polluted aquifers.

A portable GC/MS system was used to provide confirm-
atory and exploratory data for a relatively small groundwater
site operation in Pennsylvania. The characterization of the
site included measurement of the organic contamination to
the groundwater. The data quality objectives were set by the
site investigators, including a hydrogeologist, to target a
group of chlorinated compounds that they had previously
determined to be present. This work narrowed the scope of
the contracted GC/MS analysis to only approximately 10
groundwater samples per day for 2 days collected with a
GeoProbe™ sampler. Concurrently, a portable GC instru-
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Schematic of the valving system illustrating the dual multiport valve arrangement, dual-trap capability, and sample-introduction adaptability.

ment was used to prescreen samples
prior to the GC/MS analysis. If the
prescreen data indicated a concen-
tration of a major contaminant to be
>75 ppb,, then the GC/MS data
were used for qualitative purposes.
However, when the prescreen data
indicated a concentration of <75
ppb.. the GC/MS profiles were used to obtain both quali-
tative and quantitative information. The EPA method of
choice was 524.2 with some slight modifications, including
a targeted or reduced analyte list and an all-Tenax™ trap.
The GC/MS system was transported to the site via pickup
truck, and was set up, acquiring data, and performing an

. a portable
GC instrument
was used to pre-
screen samples
prior to the GC/
MS analysis.



initial bromofluoro benzene (BFB) tune within 1 h. Nine
VOCs were targeted, and although some ethyl benzene was
found, and in one instance low levels of hydrocarbons, it

38000 was clear from our measurements and those of the field GC

miz 92 that the major contaminant was trichloroethylene. Once the
340004 field method was developed it was possible to observe and
m/z 106 assist the sampling process and subsequently transport the

30000

sample to the nearby GC/MS system. This real-time data
acquisition enabled close communication with the site man-
ager and improved the efficiency of contaminant plume de-
lineation. The site investigators created a detailed map of the
contaminant(s) plume quite rapidly, and additionally con-
firmed the reliability of their field GC data.2¢

260004

22000

Abundance

18000
14000 Environmental Analyses—Water or Air via SPME
A sampling technique that is gaining rapid acceptance for
use in the field (and in the labora-
tory) is solid-phase microextraction A sampling tech-
(SPME), particularly in light of nique thatis
commercial device developments.”’  gaining rapid ac-
SPME is achieved with the use of a ceptance for use
stationary, phase-coated, fused sil- in the field (and
ica fiber that is introduced directly in the laboratory)
Time (min} into a water sample, a headspace is solid-phase
FIG. 8. The selected ion chronograms of a four-component VOC mix at voc Sample vial, or the air next to  microextraction

25 ppb,. The ion abundances of toluene (m/z 92), o-xylene (m/z 106), an emission source (such as a (SPME)
benzene (m/z 78), and trichloroethylene (m/z 95) are superimposed. flower), with subsequent solid-
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FIG.9. Calibration curves from a desorption MIMS analysis of a four-component VOC mix. Each data point represents the average of triplicate analyses.
Solid circles, benzene, triangles, toluene; diamonds, o-xylene; open circles, trichloroethylene.
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FIG. 10. MIMS analysis chronogram of dimethyl methyl phosphonate (DMMP) at a concentration of 1 ppb, measured.via selected ion monitoring.

phase adsorption by the organic analytes. The device allows
the simple injection and desorption of the fiber in the injec-
tion port of the GC/MS system. The time required to reach
adsorption equilibrium depends on the distribution constants
of the analytes and the thickness of the fiber’s phase. It is
found that consistent timing is more important than complete
equilibration. Addition of salt and pH adjustment can im-
prove recovery of difficult-to-extract compounds. An ex-
ample of a PCB analysis in water is shown in Figure 11.2
This sampling technique lends itself to rapid field analysis
for quick turnaround methods, or for screening a sample
prior to GC/MS purge-and-trap analysis.

Environmental Analyses—Soil

Several polynuclear aromatic hydrocarbons (PNAHSs)
have been identified as potent carcinogens, and it is impor-
tant to identify and quantify them below relatively low ac-
tion levels when remediating a site. EPA method 8270 is
generally the method of choice for PNAH analysis when the
soil/sludge matrix may have interferences that preclude the
use of method 8310. Method 8270 is a GC/MS method with
detection limits in soil of 660 ug/kg and can prove more
than adequate in many instances of PNAH decision making
for remediation efforts.

12 FIELD ANALYTICAL CHEMISTRY AND TECHNOLOGY—1998

Characterizing and quantitating soil that has been con-
taminated with PNAHs requires
both a good sampling strategy and
an analysis strategy. These com-
pounds are generally found in com-
plex oil and sludge mixes that may

Characterizing
and quantitating
soil that has
been contami-

contain high levels of alkyl-PNAHs. nated with

These mixtures require significant PNAHs requires
sample workup before instrumental ~ both a good sam-
techniques for their determination pling strategy
can be used. Several established and an analysis
sample workup techniques as well ~strategy.

as instrumental approaches are
available; howevér, in most cases the full data workup is
performed off site, because of the nature of the compounds
and the matrices involved. This approach can be very costly,
especially if the responsible party desires to monitor an on-
going long-term remediation project in which the contami-
nation is being slowly degraded by some proprietary or
unique procedure, for example, where microorganisms are
involved. The analysis costs increase further as more sites
are added to the remediation effort.

With the advent of portable GC/MS systems the analysis
of such complicated matrices for PNAHs and other organic
compounds has moved into the field. Mobile laboratories can
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Solid-phase microextraction analysis of polychlorinated biphenyls in water at a concentration of 1 ppb,,. The selected ion profiles of (a) and (b)

are representative of C,,H;Cl; in the water sample with (c) representing the mass spectrum at the retention time of 17.45 min. SPME fiber: 7 um, stirring

+h, 0.7-mm ID splitless injector liner, 2.0 min splitless.

be set up at or very near the sample collection point, and
analysis methods can be performed with a rugged, small-
footprint GC/MS system. This approach offers several sam-
ple and instrument handling efficiency advantages that apply
to.all VOC or SVOC analysis— advantages such as enabling
the reduction in the number of samples sent off site for anal-
ysis or screening confirmation.

A 2-day field SVOC analysis was performed at a site
where a study in the biodegradation or natural environmental
degradation of PNAHSs was being conducted for remediation
purposes. Bioorganisms and nutrients are mixed with the
contaminated soil and each region is sampled at various
times and in various locations to monitor the extent of the
remediation. Method 3550 of SW846 was slightly modified
and used to work up the soil samples for analysis. This

method involves the extraction of 5 g of contaminated soil
with sonication with three 50-ml aliquots of methylene chlo-
ride. The extracts are separated from the sample by gravity
filtration and evaporated to a final volume of 5 ml. Surrogate
standards were added to all the samples and standards at
50 ppm,, prior to workup. Six internal standards were added
to all the samples and standards just before the analysis at a
concentration of 40 ppm,,.

The GC/MS system was transported to the site via
commercial airline and was set up to run the SVOCs
analysis. A 30-m XTI-5 column (Restek Corp.) with a
0.28-mm ID and 0.5d; was used for this analysis. The
carrier linear velocity was set to 60 cm/s at 40 °C and the
split flow was adjusted to 25 ml/min. Other conditions were
as follows:
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. The MS was scanned from 35 to 300 amu.

2. The oven was held at 40 °C for 4 min, ramped to 310 °C
at 16 °C/min, and held at 310 °C for 9 min.

. The splitless time was set for 1.25 min.

. A 2-mm ID liner with a Kalrez o-ring was used. The
direct injection inlet cycle was used with a 1.0 ul volume
of the extract injected.

-

w

All samples were bracketed by a standards analysis and
quantitated against the final standard acquired at the end of
the second day with the use of a single-point calibration at
50 ppm,,. Figures 12(a) and 12(b), illustrate the separations
achieved on this column with these parameters and the most
difficult high-boiling-point compounds were easily quanti-
tated. '

Although the results of these field experiments are client
proprietary, this demonstration and field analysis illustrated
several instrumental and analytical
application achievements. The fea-
sibility of transporting a GC/MS
system by commercial airline and
automobile has been demonstrated
to have no effect on the perform-
ance, both prior to the analysis or
after the instrument was returned to
the laboratory. The capability to
perform an EPA method on site and
in real time was demonstrated with
the generation of legally defensible data. From an analytical

The capability to
perform an EPA
method on site
and in real time
was demon-
strated with the
generation of le-
gally defensible
data.

organic chemical measurement standpoint, having the ability
to transport an instrument as definitive as a GC/MS system
directly to a remediation site or point of contamination is far
more efficient when sample integrity, site decision making,
speed of analysis, and cost reduction are considered.

Emergency Response Applications

Another capability of a multipurpose inlet design is to
allow a vapor sample to be pulled into the instrument with
the use of the on-board sample pump. For example, scientists
at a southern U.S. Air Force base have successfully field-
deployed field-portable GC/MS in a fugitive emissions ap-
plication. In an effort to understand the type and quantity of
VOCs released during the painting of large objects, such as
aircraft, as well as the associated weathering effects, the sci-
entists utilized the advantages of the portable GC/MS system
for their measurements and analysis. The on-board sample
pump was used to pull a known volume of air (and sample)
through a 50 ft. X % in. Teflon™ tube from the exhaust port
of a permanent paint application booth into the GC/MS sys-
tem’s trap inlet. The resulting chromatogram and mass spec-
trum of a spiked standard are shown in Figure 13. Two liters
of air, spiked with 1 ppb, of the compounds that are typically
found in the fumes around these painting activities were
used. The compounds of interest include esters of acetic or
propanoic acid, methyl isobutyl ketone, 2-butanone, and 2-
pentanone. The mass spectrum shown is the hexyl ester of
acetic acid detected at the 1-ppb, level.?®
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60000 ]
o] @)
§ l%0.00 20.‘05 20j10 . 20:15 20120 20.'25 20130 2'0735 20f40 20f45
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FIG. 12. Superimposed extracted ion chromatograms comprising: (a) the mass peaks at m/z 228, 226, 229, and 114 of chrysene and benzo(a)anthracen,
respectively; and (b) the mass peaks at m/z 252, 253, and 125 of benzo(b or k) fluoranthene and benzo(a)pyrene, respectively. The mass peaks used for

quantitation are at m/z 228 and 252, respectively.
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In assessing the 572 GC/MS system performance, a 2-1 Tedlar™ bag was spiked at 1 ppb, with various VOCs commonly emitted during painting

operations. A three-component mix was easily separated by the GC system, with the mass spectra clearly identifying them as (1) n-butyl acetate, (2) 3-

ethoxy propanoic acid ethyl ester, and (3) acetic acid hexyl ester.

Emergency-response teams are rapidly moving GC/MS
technology into the field while ini-
tiating and developing new meth-
odologies. A method that expands
the use of the purge-and-trap GC/
MS inlet to encompass air analysis
has been developed and validated
for field (or lab) use.3° The data re-
quirements of emergency response
personnel could only be met with
the use of an on-site field-portable
GC/MS system to provide a defini-
tive identification and qualification of volatiles in air, water,
and soil in a short time frame. A field-feasibility case study
was conducted by analysis of water, soil, and air with the
Viking 572 GC/MS system with the purge-and-trap inlet at
a highly contaminated leaking underground storage tank
(LUST) site. It was found that the same calibration curve for

Emergency-re-
sponse teams
are rapidly mov-
ing GC/MS tech-
nology into the
field while initiat-
ing and develop-
ing new method-
ologies.

air, water, or soil matrices could be used. For most of the
VOC:s tested the recoveries of the methanolic-based verifi-
cation standard ranged from 80 to 120%, and the relative
standard deviation values totaled less than 20%. The quan-
titation range of the air syringe purge-and-trap technique ex-
tended from the low-ppb, to 100-ppb, levels, and most im-
portantly the data quality of the air analysis was the same as
the water analysis. The ability to introduce air through the
purge-and-trap inlet of the GC/MS provides a means to per-
form on-site soil gas analyses, to address and identify un-
known hazardous air pollutants released at emergency
response incidents, and to monitor effluent discharges from
soil vapor extraction systems.

Forensics—Interdiction of Illicit Drugs

Clandestine drug laboratories that operate undercover to
produce an illicit product for sale and distribution pose some

FIELD ANALYTICAL CHEMISTRY AND TECHNOLOGY—1998 15



special problems not only to forensic investigators but to the
general public as well. Clandestine labs have been found
in upscale neighborhoods, motel
rooms, barns, and even in mobile
operations utilizing motor homes.
Because they must conceal their
production process to evade law en-
forcement, the perpetrators fre-
quently move, often leaving a haz-
ardous waste site in their wake.
These crime scenes contain many
chemical hazards that must be de-
tected, identified, and collected as
evidence. Because GC/MS can separate and produce a
chemical fingerprint of compounds, it is utilized to detect
and positively identify solvents and other chemical evidence
that are potentially very dangerous. )

Organic solvents are an important ingredient in clandes-
tine laboratory “cooking” procedures. They are used in ex-
traction processes to separate and purify the product from
other ingredients on the path to the final product. These sol-
vents are used in rather large volumes and are allowed to
evaporate into the air or are dumped on the ground for dis-
posal. Characterization of the solvent vapor is essential for
the health and safety of the investigators. The MIMS inlet
of the 572 GC/MS system was used to identify several of
the solvents typically encountered at a scene. Figure 14

Clandestine labs
have been found
in upscale neigh-
borhoods, motel
rooms, barns,
and even in mo-
bile operations
utilizing motor
homes.
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FIG. 14. Rapid solvent-headspace analysis via MIMS with a 10-m un-
heated Teflon™ tube.
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FIG. 15. Selected ion chromatogram of a phencyclidine (PCP), cocaine,
and heroin analysis via direct injection GC/MS. Column: DB-5, 0.18-mm
ID, 0.4-um d;, helium (25 psig): 0.7-ml/min splitless, split 40 ml/min. In-
jector: 275 °C. Oven: 1 min at 140 °C ramped to 300 °C at 30 °C/min.

shows full scan data on sample vapors drawn through a
30 ft Teflon™ tube into the MIMS inlet by rapidly sniffing
each container followed by real time (via multitasking) mass
spectral searching of on-board spectral libraries.

In addition to rapid solvent vapor analysis, the 572 GC/
MS can be used by the investigative team to positively iden-
tify drug residues, intermediate products, and precursor ma-
terials. A drug analysis can be performed on scene if nec-
essary. In Figure 15 a mixture of three common drugs of
abuse are separated and analyzed in less than 5 mins. The
mass spectra or selected ion profile ratios are legally defen-
sible and can be used for conviction. GC/MS is particularly
important and essential for analyzing designer drugs or drug
mixtures. Rapid and conclusive on-scene analysis of evi-
dence assists the forensic investigators in collecting only
pertinent evidence, reducing chain-of-custody concerns, re-
ducing costs and hazards, maintaining sample integrity, and
most importantly, accelerating the completion of the inves-
tigative process.

Forensics—Chemical Weapons and Industrial Chemical
Releases

During the last 25 years a chemical weapons (CW) treaty
was crafted, and it was finally ratified by the U.S. this year,
with more than 140 nations agreeing not to use chemical
warfare agents, and to allow on-site verification and testing



for CW agents and their precursors. On-site sampling and
analysis will be required by the treaty for several types of
inspections:

 Challenge inspections

* Verification of declared chemical weapons stocks

* Verification of chemical industry compliance

* Inspections of alleged use of CW agents

Defensible data are critical for CW treaty verification-
type field operations, and a portable
GC/MS system offers significant
advantages in providing an infor-
mation-rich tool for structure elu-
cidation with high sensitivity and
specificity for reliable, and in many
cases unambiguous, compound de-
terminations, particularly with minimally worked up sam-
ples.3!32 An on-site capability is also critical because in-
spections allow only 72 h for field setup, data collection, and
analysis. Unfortunately, this analytical power posed a threat
to industrial chemists of every member state who had no
interest in CW-type work, but wanted to protect their chem-
ical research and development efforts from their competi-
tors. As a result, this system now has blinded software in-
cluded, as well as a front-end encryption scheme (with
custom hardware) to handle this problem. A

Independent CW testing of the SpectraTrak™ 572 GC/
MS was conducted through a cooperative research and de-
velopment agreement (CRDA) with the U.S. Army ERDEC
AMC Treaty laboratory. Characterization of the perform-
ance of this system with chemical agent standard blends was
achieved with each blend analyzed in the split/splitless mode
for signal-to-noise ratio data at low concentration levels. The
results shown in Tables 2 and 3 illustrate system perform-
ance.*® In addition, the dynamic range and sensitivity were
studied on a group of CW simulants, with the results shown
in Figure 16. These data provide an estimate of the system
capabilities after running 5% creosote mixtures (to simulate
dirty samples) between each analysis of the CW mixtures.
The peak abundance counts indicate linearity over approxi-
mately three orders of magnitude.

Defensible data
are critical for
CW treaty-verifi-
cation type field
operations . . .

Forensics—Controlled Substances

The U.S. Customs laboratories typically require analyti-
cal instrumentation that can provide rapid and highly defen-

TABLE 2. Performance study results from replicate analyses of a nerve
agent and simulant mix.

Analyte Amount injected (ng) Average S/N
GA 1.5 59
GB 0.6 8.5
GD 0.7 53
VX 1.6 6.0
DMMP 1.4 13.6
DIiIP 0.6 114

TABLE 3. Performance study results from replicate analyses of a
blister agent and simulant mix.

Analyte Amount injected (ng) Average S/N
HD 0.7 85
1,4-dithiane 2.6 32.1
1,4-thioxane . 3.1 17.3
2-mercaptoethanol 5.4 25.1
Diisopropylaminoethanol 33 20.7

sible data. The use of an on-site GC/MS system is particu-
larly suited for monitoring and eval-

uating chemical transport over state . . . an on-site

as well as international boundaries. GC/MS system is
A majority of the U.S. Customs data  particularly

are of a sensitive nature; however, suited for moni-
two pertinent examples (of several) toring and evaly-

include the analysis of (a) reformu-
lated gasoline and (b) ozone-deplet-
ing substances at state and/or inter-
national borders.

In response to the 1992 Clean Air
Act and subsequent amendments,
the U.S. EPA has required regions with excessive carbon
monoxide emissions and ground-level ozone to switch to
clean-fuel or reformulated gasoline year round. To meet this
requirement, the state of California has set composition re-
quirements for gasoline that include a limit to the total oxy-
gen content of between 1.8 and 2.2 mass %, the benzene
content to 1.0 volume %, and the total aromatic content to
25 volume % per liter of gasoline. In California, methyl tert-
butyl ether (MTBE) is the principal oxygenate added to gas-
oline to achieve cleaner-burning fuel. Analysis of reformu-
lated gasoline imported for use in California is illustrated in
Figure 17, with results obtained with the use of the direct
injection cycle of the SpectraTrak™ portable GC/MS sys-
tem. In this particular example the import did not pass the
state requirements because the benzene content was higher
than the allowed limit.

Chlorofluorocarbons (CFC’s) are ozone-depleting sub-
stances (ODSs) and are strictly regulated under both federal
law and international treaty. CFCs are being phased out in
the U.S. through the use of a progressive excise tax, pro-
duction and consumption allowances, and production and
import prohibitions. Under the Montreal Protocol on Sub-
stances that Deplete the Ozone Layer, industrialized coun-
tries must phase out production and import of Class I ODSs
by January 1, 1996, with limited exceptions (40 CFR 82
Subpart A). Class I ODSs are controlled substances having
an ozone-depletion potential (ODP) of 0.2 or greater, on
a mass per kilogram basis, as compared to CFC-11, tri-
chlorofluoromethane CFCl; (ODP 1.0). Class I ODSs in-
clude refrigerants such as CFC-12, dichlorodifluoromethane
CF,Cl,, and fire suppressants such as halons (fluorobromo
compounds). Class II ODSs, although not as harmful as
Class 1, are controlled substances that are known or antici-

ating chemical
transport over
state as well as
international
boundaries.

FIELD ANALYTICAL CHEMISTRY AND TECHNOLOGY—1998 17



500000 CicHyrFePS  MW=384 100 ppm,,

10,00 10550 11.00 11.50 12,00 1250
50000 CicHpoFPS MW=398 10 ppm,,
8 o e
g "10.00 10.50 11.00 1150 1200 12,50
e
=3
Q
2
5000 CHsFePS MW=412 1ppm,
0 TPt e R SO P TR .r[./“rr,.(..,‘x“{“”‘
10,00 1050 11.00 11,50 12.00 1250
2000

10,00 10,50 11,00 1150 1200 12,50

Retention Time (min}

FIG. 16. GC/MS system performance evaluation for chemical warfare applications with C,s—C,, simulants at various concentration levels.
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FIG. 17. Analysis of reformulated gasoline. The quantities of MTBE (12.3 volume % = 2.2 mass % oxygen), the only oxygenate identified, and total
aromatics (21.3 volume %) are within state limits, but the benzene content (2.6 volume %) exceeds state requirements.
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pated to contribute to the destruction of stratospheric ozone,
and include hydrochlorofluorocarbons (HCFCs).

The U.S. Customs laboratory has evaluated several chem-
ical factors to determine whether imported CFC is virgin or
used material intended for recycling. A major component of
laboratory testing is CFC purity via identification of halo-
genated impurities arid contaminants or CFC mixtures with

the use of GC or GC/MS. Identification of Class I and Class.

II CFCs in the field has been accomplished with portable
GC/MS in MIMS mode. The CFC samples are introduced
directly to the mass spectrometer by injection of a sample
aliquot into the pulled air stream, by headspace vapor sam-
pling, or by sampling atmosphere near the valve of an un-
opened cylinder of CFC. Analysis of CFC-113, trichlorotri-
fluoroethane C,F;Cl,, a Class I ODS, with the direct MS
cycle is illustrated in Figure 18. It is important to note that
the analysis is complete in 2030 s, and thereby field-based
testing at local seaports, airports, and international borders
1s possible.3*

Conclusions

It is clear that an integrated GC/MS system providing
capabilities that are not limited to GC/MS alone is very de-
sirable, particularly for field use. The application of vehicle-

4e+07

N w
® ©
+ +
o o
2 3
L :

Abundance

le+07 4

portable and man-portable GC/MS systems is continually
expanding; for example, applications even include mobile
real-time fugitive emissions mapping.3* Further independent
government- and industry-supported verification testing will
help bring credence to the use of portable systems.3¢ Inte-
gration of sampling hardware along with the implementation
of easy-to-follow software GUIs will facilitate many aspects
of field GC/MS analysis. Software systems will evolve to
provide not only the analytical re-

sults in the field but also the logical
consequences that can be derived
from the data” Fortunately, the
electronic and valving hardware can
be packaged into smaller and
smaller form factors, and if the soft-
ware operating systems can be de-
signed on a stable, easy to learn,
multitasking platform, then portable
GC/MS systems have a bright fu-

Software sys-
tems will evolve
to provide not
only analytical
results in the
field but also the
logical conse-
quences that can
be derived from
the data.

ture.
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team. Larry Kaelin, Steve Blaze, and Charles Shields of
Weston/REAC also provided technical discussions that in-
fluenced the instrument design dramatically.
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