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Hydrolysis of Sarin(GB) in Aqueous NaOH Solution
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Abstract — The hydrolysis reaction of sarin(GB), one of the nerve agents was studied in aqueous sodium hydroxide(NaOH)
solutions to find the experimental conditions which can convert GB into the less toxic compounds. 10 wt% of GB was
added into the aqueous NaOH(2.05 eq) in a small-scale jacket-attached reactor connected to a circulator. The reaction
rate constants were measured at three temperatures(50, 70 and 90 °C) and the reaction times required to degrade the
material to > 99% were calculated at different temperatures. In this study, 10 wt% of GB was degraded to 99.99% in 1.2
hr at 90 °C by the aqueous NaOH solution. The major hydrolysate of GB was isopropyl methylphosphonate.
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A 2ZEA 2L 9EAS A5 (decontamination)s)] 8 A2
QA= Z=e 7 AT AT A0 R Fste] $heH (791 A
T U8 A8AE 2dd QA Y —1 A0 AL Aol s 7
oL} thefst A8A1E hd Fallst BAE AgsiAY AEAE
O 71 5 = 71eS AR R FAHA] kst #H7d
& F7FEE CWC Ha §, HI5 28419 tiFF A2 7]=o] &8
Holl w} 37 3k F3} el o3k A8A) A% A AdE
A zrggk A, o] o] AR AAe] 7okl 12sH
ok 2eu AEAE FIRIE S5 V1A 0% Ay 2
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5 k8] Mgk = Qe S 7l 0 A oY =4 7
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53] F3lell 23t GBY #7] S T3 & Pl 242 A4
2] o] whel E34A12 NaOH, KOHS} 2+ ¢1714 =g-ololnt
[7,8] &= 9l FELo} G2 o] ok ghel 1 ‘%‘;1[ 0= AMESE
ATk, 7Pd At g-ole]l 2J3k GBS ZkEal] A 90t & A
2 Hglon, Lo GB(72wi%) = 7HEEsd & AAld
isopropyl methylphosphonate(IMPAYE & *{2]5l7] $Iste] w4y
& 18] 948 £319] methylphosphonic acid(MPA)® g+ A]7] 5
Al FEAE o] g3te] HhE 89 F MPAE AASHAUH 1], 7]
=] A od H7] AVaS $3F 5 2415 ABHAIE7] 5, Blue
Grass) 5= WA= A2](FEeHe 5, Pueblo) S 0|88 o o]
tH12).
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#H 7)ol A-&3t= a1 k.

AFIA G Q] AAA-EA|Q] A~TH(pinacolyl methylphosphonofluoridate,
GD H1= soman) % VX(o-ethyl-s-[2-(diisopropylamino)ethyl]-methyl-
phosphonothiolate)i= 9714 4] £9(¢ll; Na,CO;, NaOH T+
KOH)ellA &/do] m=A] 2| A% o] 2b2te] QIilgl e w Agtert
[7, 13, 14]. 53] o] i=elA thf= AR Eofl tist Y3t 83
i wse] 94 Shovt Bah 3] ] 116l Z4 Ege 7t
g2t golow TlRa sk A (1) 2ol whgEithe]. =

O O
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T o] REEE REE T 4to] AE B R L&kl st vhg
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o] GBS &3l == 3t §8-2 99.99% o GATH = 9= A
=g olu 285= w3l AR ASsle] 5 GBY #7127l
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= B 97 MPAR 2allE § T4 0% vk 48] walfsto]
MPAE gkt wfebr] GBS 12417} 7] IMPA = MPAS &
e GBY] 7kial X1 s ERIE 5 vk HF Fa&l =
Q1 MPAE S7d0]H B3] sikaeA] AR HPLG, IC,
CE, HPLC-MS, CE-MS 4! -EA|3lef| 23 HPLC ¥ GC-MS, ion
mobility spectroscopy(IMS) & Tt Who] o]&-% 11 ,}O‘%[M
16-18], =9k Agido] £& GC-MS7F 7HE A dg 74714
A aL gl

o] A GBS 23l 4> GC/MSD 4 LCQ(lon trap)s A}
g3lo] FAlell A/ TAlekar whg- § =gl Hol8li= GB= GC/
FID %! GC/FPDZE 331 0™ U3 (internal standard : L.S.)
42 dodecane(FID)i} triethylphosphate(FPD)S- ARE-5}At),
21 0] 2 99 272 Table 13} 2t} 28] A3t GBS} -3
3R IMPAE 15 99% oo HE-E AHE sllt) 7
3 & Hkg -olof] Hol3)= GBi= chloroform(Aldrich)© & F+% 3 &
F718vllel] A8 -2 Al $18ke] 2132412 magnesium
sulfates ARE-313ITE vl=re] 739 GB #8419 =5+ 73~93%=
sor 2l wallE WAEh] flete] bPAIE H7kskaL ltt. wh
2hA] AA| 28 GRS lrsto] TERalshe Aol Tk
sk atdl EdE) ErEe] WE Z0R qEHER ErE vt
Tl e A o ® uiAIsh] fleke] B AJORS: AL
E4e ARSIl

2-2. A FA| A TRl B FE

GBS} NaOH s 3 (I)JJr o] o] 7MW aTE A
43101 1.0 : 2.059 @ahﬂ] Falalqin). Tlria] Aalo) g3t
AX]3= Fig 13} 2o ZPlo] -2k 9kg- §7] 18t A Whg7 e
circulatordl] A3} HHS- 25 A X138 vk 7P At

489 9ml(GBell tigte] 2.05 T, 16.13 mmol)E RES- £-7]°]
L oF 1017 32 Al o] % 1.

0 ml gas-tight syringe(leur type)
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Fig. 1. Experimental Apparatus.

ol 10 cm needleS 12311 GB(1.0 ml, 7.87 mmol)E ¥+-§-71°Y 5
Aaiet. ol GB7F 871 ¥loluh F=9] 7ol B4 %= needle 3
S 7o) FAR T F Fsto] vt 53] vk 257 %
2 739(90°C) 7Mdatt &lel GBE Wow ZAHs] whgstw
FeJstolo} gt

HESl| ARESE 2P wRE = 54 ARES AR 31910 Zo] 3 mm
o] vt stirring bars ©]-8-3l0] ] FieollA] ATt 7h4
Haf R18Y oJH-o] 542 gas-tight syringeS 0|25} LA A7 7F
Ao AE 500 pl A AFA3R] 20 ml2] vialel] EQIT), olo] =
£lQ chloroforme 2F 2 ml ¥ar 30%37F &5 5 1S, 92 150 ul
A Q@ 2-33] tA] 5 ohg 127 WIS ofu) ARES IS,
=42 dodecane(73.7 mg/20 ml ethyl acetate) 2 triethyl phosphate
B-o1(12.6 mg/10 ml ethyl acetate)® | T}, -o12] & F-]7} wbgspa o}
2] chloroform S5 TR vial? %71 ¥ magnesium sulfates
o] -8 A|ASHL chloroform €918 A)F31] GC/FPD %! FID
£ olgsio] v ke GBE A3

2-3. 7130l SE2| =R
1S A] AAJ = GBO| a2l o9} o] GOMSDE} LCQ
(ion trap)® 233tk

Table 1. Analytical equipments and their operating conditions

2-3-1. GC/MSell 213t 2ol

7hael] 3 el foell EAlehs 7 1ES ERIsk] flete] 90°C
o] A&st GB 7kral] & F ok 1.0 miE FHdke] 20 ml H-2
o]l Yl chloroform 10 miE- ¥t Vials oF 30% 59 &5 &
PISIAIA & Fo] FelEW {718 T-& vk vial® %A 1
ZAE Yol & AAskL GC/MSDEDE 43131t}

9, Metel & golel EAlshs ol BYEE et Lol
21310}, 90°ColA] S F G 71ite) ole) pHE S4

A} oF 7 2T oo g FaskA] & AR oF 0.1 mIE 5}
V-3 vialoll 2& 3 50°C2] sand bathollA A4S 13 F29]610]
ES 570 3 2F 500 pl9] tetrahydrofuran(THF)Z} bis (trimethyl)-
trifluoroacetamide(BSTFA) 100 uIE €3l 60 °C 224 1 Azt &
REAIRE freAsh sigleh W 5 5 3 EelV1E o8l
HES- g8 7520 st § GC/MSD(EDE 44 45130t o]
o] GC/MSD2] 4] 2712 solvent delay times 7.5 0% 274
3lo] BSTFAC] ]38t MS9] 2935 WA815it).

2-3-2. LCQUT) ® el 2J3t gl

HES-8-o oF 1.0 miE 33197 0.45 um membrane filter® Eof|
A o= 18 E4S AASIAL Table 12] LCQ AE F7iof] W30
24 T3t

3. du} 3 nE

3-1. GC/FID 2! FPDOI| 2/§}t GRO| ZAM =X
Aol ALE3F GB F5 10 wt%EH] 15 E0| P 7S

slo] W& Wg1e] A 2 A4 Aol Besllt
= flato] Wit EFEEAAS) S ol gaiglon, 1S EA R
+= dodecane(DD)} triethyl phosphate(TEP)E AH3-5}53T.
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2 B WS 3=
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7] 8= WA GBel| thele] 2357}
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Analytical equipments Operating conditions

Injector temp
Oven temp
© GC/MS(sector): Micromass autospec Detector temp
ultima with agilent 6890 plus GC
Column

“GC/MS: Agilent 5973N with 6890 GC o
ITonization mode

Electron energy

250 °C

40 °C(1 min), 10 °C/min, 280 °C(5 min)

280 °C

SE54 (HP 5) : 5% Diphenyl/95% dimethylsiloxane
Electron impact(EI)

70 eV

Infusion Sample flow : 10 ml/min, Solvent flow(split mode): 10 pul/min
1.CQion trap): Finnigan 1.CQ LC Solvent A 0.5% formic acid/water (90%)

LC Solvent B 0.5% formic acid/methanol (10%)

ITonization ESI

Injector temp 250 °C
GC(FPD): Agilent 6890(dual FPD) Oven temp 40 °C(1min), 10 °C/min, 280 °C(5 min)

Detector temp 250 °C

Column SE54 (HP5)

GC(FID): Agilent 6890

Operating conditions for the injector, column and detector are the same as GC/MS

3l5kast H45H H2S 20074 4%
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y
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FAetlE Wl oF 579 ppb7HA wA1E 4 s Whi, GC/FPDE
AL 7350l ©F 77 ppb7HA = AR 4] 7k silor R
Agloll] GBell tisto] 57} £ GCFPDE ©)-4813itt.

3-1-2. GBS A4 24

GC(FPD)= A& 573 57474 GB kol tigt A4z
24 We7E Zo =R GBY AEFIME EUE Ak 9 asE
PO TEslo] APAE AdsIGint. A1 s % W $1(76.8 ppb~9.8
ppm)cllAi= FPD &7 15 ARSI oM, 35 77H9.8 ppm~314.5
ppm)elAE W 5 Helel tigte] 244E Z2H= FIDE o]838F
At} AL 1S, B4 (FPDE TEPE, FIDS] Z-$-¢ll= DD) o|¢
WS ARkl e Ay AEE 9 aEE oA 747t
y=0.53441x - 0.00848, Y*=0.999 2 y =0.32084x - 0.01619, y*= 0.999
F2X] Aol wig- F5sieict,

3-1-3. GBY] 3§ 54

7R T vakeE GBO et AR fleliME e &
of okl GBE EAAOR H5E 4 gl 7180 4ol )
¢ T8t A F2801E ek fl8ted 20 ml 2ol GB
=956 mg 43| HEFsta 99le AMSH] S5 5 miE vial
o ¥ % HA FE8 smiE Wi oF 30 2 EE o]
A LS. BE (dodecane fME FAR - vialol] Yol 2~33]
TE 3 7 AR5 == chloroformi’% ethyl acetate
24 g Fo] EelE F 718 S5 v vial® {7 1xA
& go] FEE AN F —rﬂé\%"“ & GC/FIDE T*%}Oi 8-l
Soll =ol3li= GBY 3l7&5 vlusisith.

A A3} FZ40|ZEA ethyl acetateS A3 73-9-03= Table 2
9} 2ol GBE ¢F 74% 3] 313191} chloroforme: AHg-31H 91%
Hof| w2} 3]580] 17% o S71Eel w2} chloroforms:

=8z AEsigict.

o

3-2. GBY| 7|E0l S

3-2-1. GBY] 7573l 57
GB9] 7hrital S ol thigh g3l Evtopet 2 (1)ellA
GB2] leaving groupq! fluorides & 73}l P-F A5 %U]"Jr

2 Ee T A=Al

NaOH - AMg-3lo] 7h-roﬂﬂ Az} 744 IMPAA UEF 9
o7 Ak H3ich B pHY) ATk vl I GBS HEHY
ojak fAIak7] f1ate] pH7F 9 o1 fAEefof SSITH11].
A71A A1 vk} Zo] pH7t o GB7F A E 5 Jlom
Fo 7l AAEQL IMPAE 1A Edo| R Ajx|slof gt
Zhel] Al B TR AR g FRHES) NaFrE A Erhs A
ol Zof thah NaF2] §ali= oF 4%7A AgHo|c}. webr &
He] 34 MEe Aste] Al A3 A JAE S wAs
7] S13ke] w9~ Sulet -N(GBell 5% NaOH £--2 oF 4,68 E3

s

ol om o= 10% 2] 7MIATE FMOF pHZF 11~ 120|897
FEERE EREATH6]. 28U 2 =EellAE GBE AEE]! 10
wW%/HA] S7IAA AAF 7R § el s HEAE] & o b

‘gt gk FAe] Jo] HAs) HEF HARK2.05 FHe] 7t
ATt gl ARgEle] HkS- Lo wkE B 541 et
3-2-2. 4b§ Algtel] e 7l &
124 - 5’.’%% GBS ¢ #H71E 46} AR 7R 24

Aol 127714 Ja“ﬂ#«ﬂ 250l kg

= 7}1—% 3 B&S ks Zlo] Fasiink wEA 7h

TR T2 Zhzt 50 70 9 90 °CE AAskar 7F LiefA Ay
7 o

/\] (2)J+ 71—0 7;"/\].01_031;].

%)/ %7] GB % x 100 (2)

48 Ak GBe 71 B8 g 25} Aol £E F7100
2} Ak 310 90 °CollA] AR B ok 99,999, oAk w9tk
E'J:% %E—loﬂj\ﬂ ﬂ"g%oﬂ EH?_} i]*—’-r——% _Q_i]— @—?4% _]‘1‘:1;]—5—]_0:1 1 j‘l_
T:‘I_%_EO Zl'—rol‘

- dC/dt = K[C] 6
2 (3 AEshd

- InC/Cy=kt @

}\]oﬂ/\‘] CO (05 7—1'7—}' _1_7] U] | }5_5‘__, = uke A=

AREOTE] iz &5 45 fmel vid g4 vheat o]
Arrhenius?] © % ﬁ-_?‘fj% 2 ot} =

k(T) = Aexp(-E_/RT) )
2 (5 vt o] @€

Ink = InA - Ea/R(1/T) )

100 | — o . .
/.__ ___________-—-—'-_‘ |
u/:"'-'-.-‘.-
80 |-
E oo —=— 50°C
2 —e— 70°C
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5 40|
o
==
T 20}
0L
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Fig. 2. Hydrolysis efficiency of GB depending on reaction tempera-
tures and times.

Table 2. Comparison of recovery efficiency for GB by two extraction solvents (GB;; Initial weight of GB, GB,; Weight of GB recovered)

Solvents used GB; (mg) Peak area (GB/DD) DD (mg) Wt. ratio (GB/DD) GB, (mg) Recovery efficiency (%)
Ethyl acetate 5.76 1911 0.705 6.008 4.24 74
Chloroform 5.51 2268 0.705 7.132 5.03 91
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Fig. 3. Reaction rate constant depending on reaction temperatures.

GB 7}ral w32 739 12+ %FA—% E%EM &5 AFE
= 2lof] tfQlated
TAS Ay Fig 33} 7o) AxAo] °ok (y=—"7.162*10°x + 17.659,
2 (5] A8 AnE Aesha Table 33} 7o)

oA g vkS- LE 1*1 GB7} 99% o)/ wafishi=t] 485 = ¥k Al
HE A5 4= ). o] ATENE GBO 4d-2(25°C) Wl Al
(90°C)elA Kk oF 9oule] Alto] AQEu} 2R8A] #7187 olA
= A%e Bal7h QTE TR 10203k o]l 99.99% o] Ak 3
7l~§l HEE-2 80 °C o] a1 golr] 7l 39S 29

3he Zlo] vheiat,

3-3. GB 7|0l 22| Eot

7P At golle) og Zhial] E4e] BrHE fl8ke] Fig. 49t
o] A v ul A sk tjoksl HpH o7 B EAS
215 A3} GBE B IMPAR #3l|=|¢).

HEomy

3-3-1. GC/MSDe]| 2J&t g}l
GB 7l Al 28l 249 #Rl2 f7] 89?1 chloroform®.
5F1 M- =07} 7 HTSH S ZAE A 7
Z’\] T A™93} f-TA3s] GOMSE RIS, 7lisl &
ono] ﬁ.u pHE oF 70]9lo v pH= xAek gdgkon] §7]&
oS chloroform® & F&3}0] #4938 A3 GB W GBS 7|3
=421 IMPAZ} ThA] HEgEte] A 7 Ao R SIEEH D bis

i

(o) o

Mefl$704< _NaOHM0 Me—#}—o~< + NaF

F OoH

GB / /
Liquid/Liquid Extraction N2 dry LCQ method
1. Chloroform Extraction 1. dryness of water with N2 strea 1. Dilution with DW
2. MgSO, 2. BSTFA 2.8CX
3. GC/MS 3. GC/MS 3. LCQ{Infusion)

1

9 2
vo-t-0—{_ o~F-0—(
OTMS OH

Fig. 4. Analytical methods used in this study for the GB hydrolysate.

(1-methylethyl) dimethylphosphonate (CgH,,05P,)] pyro $F3H&
£ vla) gt 9, 40 S Ak FPaw B
BSTFAR 54| 3}510] A2 mass spectrum 4] A} 7<=

e GBI fluoride” Bl uUzE IMPA(TMS)SE L 5HAl
el Htt

=1
o
ke

<

O (@)
I I
(CH3),CHO ~ P -F — (CH;),CHO - P -OH

| |
CH, CH, 7

Sarin IMPA

3-3-2. LCQUT)ell 2]3 gkl

LCQell &gt 7l &4 w412 WA, 712l &9& °F 10
ppm 7F4] 348§ SCX(Fole wErFA)E ARESte] gollo &
AR Fol-g AAT vy LC ZHe Sk & 2 o3}
A7) infusion WO 2 #5190 GB 78l 892 LC
AHMEY B4 A3} positive modeol| 4] Table 49} 0] IMPAS]
M+ 1 3= (peak)® FH == m/z=139 2 2M + 1 F 31 m/z=277

I 2 FRI15I9TE IMPAYS- 31517 $1810] m/z= 139 TS MS?
A7 @3’4’ IMPAE—‘?‘H isopropyl group®| 2] =] A ER= m/z=97
35 #Rlsldut. 3 miz=277 I IE MS? A7) A3} IMPAY)
M+1 3321 m/z= 1392 A3== ACZHE m/z=277 JIA=
IMPAS] 2M + 1 T39S F58 5 AT

3HH, Table 5= negative modeollA] B jons-o ¥AISH O
], IMPAS] M-1% 8%+ m/z=137 33 ¥ M-1+HC02H°J m/
z=183 935 LA 5 AT T3 miz=137°] MS? Al%S o)

Table 3. Reaction times required for the destruction of GB(>99%) by NaOH solution depending on the reaction temperatures

o 3 . 1 3 Times(h)
Temp (°C) /T(K)*x10 Ink k(min™)x10
99% 99.99%
20 3413 -6.78578 1.130 67.9 1359
25 3.356 -6.37556 1.703 451 90.2
30 3.300 -5.97895 2.531 30.3 60.6
40 3.195 -5.22374 5.387 14.2 28.5
50 3.096 -4.51530 10.940 7.0 14.0
60 3.003 -3.84940 21.293 3.6 72
70 2915 -3.22233 39.862 1.9 39
80 2.833 -2.63079 72.022 1.1 2.1
90 2.755 -2.07184 125.954 0.6 12

3l5kast H45H H2S 20074 4%
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Table 4. Ions observed from GB hydrolysate (Infusion, Positive mode)
Tons observed(m/z)
[2M+1] [M+1] Fragmentation
277 139 97

Table 5. Ions observed from GB hydrolysate (Infusion, Negative mode)

Tons observed(m/z)
[M-1+HCO,H] [M-1] Fragmentation
183 137 95

negative mode°lA] IMPAZ}-E] isopropyl group®] Eoj#] A7 &
979 miz=955 & 5 AN T m/iz= 1835 MS*A]
A7 m/z = 1372 A= 210 ZHE] m/z = 1832 IMPAS} buffer
Gl Fof| e-F-E formic acidZHE] FdE M- 1 +HCO,Hell 3l
FEE FJAYE FHE 5 AT

] A= 8P positive mode] 73 M+1 =20 m/iz=139
9} negative =2 79 M- 18] m/z=137& &1 & 5= 9lglom,
744 B MS? A7) A3 m/z = 139(positivey= m/z =973 A 3HE]
%121, m/z=137(negative):= m/z=95= A=t} o] A=
alkylphosphonate®] C-P ZAg|A4] carbon®] methylZ ©]F0{#] )
= el wEbA $] 333= GBY 3l E2Q1 IMPAR H-E
AdE 29s glisk = SISl

.48 E

A} (isopropylphosphonofluoridate, GB)2] A5 % Fd #H7]|&
715101 GB 10 W% 7HgArt £-91(2.05eq) % Wb £5(50, 70
2 90 °CyellA] 7hsliate] wall a&-2 S5k, 7F 25004 GB
o) 7] &S 99% oFd FsP] Sk ol a8 Alks AFEs)H
k. BESh, ZREal whs At Aae] AF=E SN
ol =Ee vekeh o EAskaL ofefie} 2 AEE A3

(1) GBY] 7F#al] &5a= Whe-2% Aol whet Skl o,
90 °CollA F 1.2 A WHEEPA 99.99% o) F-al|E k. ofuf
3&4-2 isopropyl methylphosphonate (IMPA) ©] 31T}

@ 23l E4e) FiEo] AAY HRkEE GBE 4] & Afoll=
GBS F% &v&A] chloroforms AFE-3H= 7o) ethyl acetate 1.
t} 3]580] 17% o1 1Sl

() 7k2all § &l EASh= GBS A 412 GC/FID B2
GC/FPDE AHESIG om, Ul 37 B4 24 el oJ$t GBY)
AZ3AR= 70 ppb ©IAT).

(4) GC/MS(SECTOR)9} LCQE o]&-ato] 7l B8 w4
§F A3} GBE= K7 IMPAR 2813131 © 7 methylphosphonic acid(MPA)
2 pyro SHHE2 SQ1IHA] kTt
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