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Two-step oxidation of thioanisole as yperite ( HD) simulant by
modified aqueous H,O, solution

ZHAO Sanping XI Hailing ™" WANG Q1
(State Key Laboratory of NBC Protection for Civilian, Beijing, 102205, China)

Abstract; In the present work, thioanisole ( PhSMe) was used as a simulant of yperite (HD)
while NH, and NaOH were used as alkaline modifiers to study the oxidation products, kinetics and
mechanisms of the two-step oxidation of sulfides by alkaline-modified H,0,. The results indicated
that PhS( O)Me and PhS(0),Me were the only two oxidation products of PhSMe in modified H,0,
solution. Two different mechanisms of catalytic oxidation, proton-catalyzed oxidation and solvent-
aided oxygen transfer, contributed to the primary oxidation of PhSMe ( PhSMe—PhS(0O)Me) , and
relative contributions of these two mechanisms strongly depended on additive amount of the alkaline
modifiers and pH of the modified solution. Observed kinetic constants of the primary oxidation of
PhSMe (k) showed a three-stage profile with pH in both NH; and NaOH modified H,0, solution.
While secondary oxidation of PhSMe (PhS(0O) Me—PhS(0),Me) was much slower than the
primary oxidation, and the yield of PhS(0),Me depended exponentially on pH of the modified H,0,
solutions. Compared to NaOH modified H,0, solution, NH; modified H,0, solution produced much
less PhS(0),Me at same pH and reaction time. Superoxide anions (0 ) was the reactive oxygen in
same for the secondary oxidation of PhSMe, and addition of NH, into the alkaline H,O,-based
decontaminants could reduce the risks of over oxidation of sulfide since NH, can react with O; to
consume the oxidant.

Keywords :H,0,, thioanisole, reactive oxygen species (ROS) , superoxide anion (O, ).
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DU AL 28 FH R0 2013 4F BE 18 DR R 22 i & A4k 27 s BORC A 5% B AR Pk i o
BLITE B4R A TS A2 AR A T ) 35 A 2 PR TR R R B MR R R P X se ) F SR A
YPGB fEH B K, 22 Y Ja o AP AY)JiE 3~ DA B S Ak W ) R i AN, Tosk B, TRk 24 5
FUFIER IR 4 (0 714 B Hh AR B A2 3 F AL A SRy — B s K TR i, H,0, 3% ( Vaporous hydrogen
peroxide, VHP) XF A9 55 FIIF 7 (HD) | #2885 5700 4 22 50 3 (VX)) IR AR I, 18 % #2233 7 V0 AR
(GB) #R%Z (GD) Lk ImAL B (NH,) J5 IEEH, 0, <% (modified VHP , mVHP ) Xf VhAk 42 &
RS0 5 PR R 3 ) Wagner 2500, X2 B 4 35 15 ME RO 5 NH, A S T8 pH A%, 1
“HAMTE Z RS NH, A SR N R W] fE S msr F M AL . BHar, 5ot ,0, 355 h 44 Fhil &
ML 8T T 5 SO P T R DA Bt R A B DG e I 8 i DL TR A TR i 3

R W ik ( Thioanisole, PhSMe) S FHI ST PS5 AR 577 PR M A AHLHIZE L, PhSMe
1 EACHVE I T BE R A WA E AL A BRI (PhS(0) Me ) AR HIAL(PhS(0) ,Me)
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PhSMe PhS(0)Me PhS(0),Me
AL PhSMe 1E A0 T4  TERAR TP IFSE T NH, H NaOH BCPE (9 H, O, %R BEE 1 P By B B AL
N Bl )2 RRE B B R 7 pH TR AR B RS A 1A M A BT A R RO HL, O, ¥ R B B ) S Ak
MU HEFT T #R 1)

1 Sk

1.1 BetEH, 0,7

30% M H,0, ( AR ) { F A7 FH = 4 R 40 2 b 22, B BE 10 f5 2 3% (pH =~ 4.5). L& K (AR) 5§
NaOH ( AR) {&TRVE T 3% H, 0, %W ) pH. 5256 FH 7K ¥ A8 47K ( Millipore , 18.2 MQY) .

1.2 BHIEEE N

(1) pigh itz

PhSMe (99% ) # B& 9 1 mg-mL ™" AYSEREE/ 7K (30:70, V= V) ¥R . 2 PEH, O, 7 W AEFE IR /K4 (30 °C)
SRS A 1 mg-mL™' 49 PhSMe W, i S BAR R BT IR BE AL 10 g - mL™ T R 35 16 50 J5 i
T 4% [ BRE 5 mL S0, A SRR A 38 2 e (AR) #EBUS F 540 - 7] 0L 43 56 56 B 31 ( Unico,
UV2100) F 250 nm A&7 K0 _E 2 A HLK h PhSMe &5 i F-H,0, Kk ad & (B0 s vy 391 1) H, O, ¥k JiE 4
FEAAE , PhSMe 25t B[] 52 45 50T B (R>0.999) , MR 35— 2 S 1 51 7 24 A5 FTH, O, Y B 1158 PhSMe
SEIEES =R ARSI DI 2 (O IR

(2) &A= Wy 5 W

PhSMe #J R E A 200 g mL™" A4 S N, S5 v — 5 B [8) i FH AR RS — @ FF 08 ( AR ) AR, £ HL
T4 TCIK LR BN T8 )5 WEFT GC-MS 437 ( Thermo, DSQ 11 ) Al GC 43 #T ( Agilent7890-FID) .

GC-MS 431 544 : DB-5MS SfM: A 0 B AN AE A LR BE260 C 5 A3 di A B ] 0.5 min; {55
LR 260 °C ;3K He (>99.999% ) 5 FHRAFR T W1 4R R 50 °C, - 4F 1 min, L 20 C- min™' FHRE 2
280 °C , 1445 5 min; JRIEAME B B 1L, B TALHLUE 70 eV, B FURIEE 150 °C s HH#7 20 &84 k8
B PR 33—550 amu. GC 43HT 454 . HP-5 B4 HE ; HERE LIELEE 250 °C ; FHEFRT VIR IR
40 °C, 455 1min, BL 30 C- min”' A ZE 280 °C, {845 3min; FID I #% 96 ¥ 300 °C, H, i &
30 mL-min~', 25K A 400 mL-min™', BWRS ( N,) Ji =25 mL-min~".

1.3 MR
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i I EIE R IELE 580 nm P2 AEEREZ YL ) 1 mmol - LY NBT /KIEBUINAAE pH B9 H, 0, 75 1K
IR 580 nm OB (E (A ) BB OF FIXH =AY HEAE.

2 R 51e

2.1 FALRR )

HE A AR A AL A BRI SR T 35 A 2258 3, R O 9T A (HDO ) & JC 5 1Y, 1M 57 -8R
(HDO, ) 754K ELAT AH 1 (9 BEA 1 ) 72 BB T A6 H, O, VA TR P, A28 K 2 7 e i) IV XL 5 0 Rl Bk e Ak S B
ELAIR U] e L it — 248k . GC-MS A 45 3R 7w |, et H, O, %, PhS (0) Me . PhS( 0) ,Me 2 (VA 1)
PR BR (P 1) | B BB i) ) S, P H, O, VR T PRI AL 74 PhS (0) Me 32 T8/, 1Tk
GUAMLT=HIPS (0) , Met T, (7% 1 5 5 (R FFAE 5. SR04 5 7 W0 AR 5 BB 1 BB 5 3 ]
Ah B SIERAY pH B VIAHE. B pH B8, SO0 30 min J5 5% B3 A9 PhSMe 2 #3600, pH = 10.4 1}, NH,
2eEH, O, 1R 22 5% B3 1) PhSMe 153 T 10. 2%.5 PhS(0) Me AN[A], PhS(0),Me =R [ pH 38 A HH g 34 i, 24
pH=10.4 [, IR 30 min P~ BIHBE TIPS (0) ,Me (0.9% ) , S 24 h BFAE] T 57% , 1 pH=4.5
iF, K0 24 h JGPhS(0),MeZ K 4%.

(a) } (b)
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pH=7.4
WU““J""M*—*“ L =] pH=4.5 gy t LT
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RT/min RT/min

1 NH,SPEH, 0,3 PhSMe &4k =kt pH AR 975 1k
(a. t=30 min;b. t=24 h)
Fig.1 Effects of pH and reaction time on the oxidation products of PhSMe in NH; modified H,0, solution

2.2 RpBh I
2.2.1 PhSMe—PhS(0)Me

FEHEH, O, 7 W Y, PhSMe IR ML AL S L &, B pH 52 =B i8R RAAE (1 2) <
A (pH=4.5—6.5) ,k,,., B pH BYREINTIIH/N ; 24H, 0, WA pH>9.5 Ik, T pH 1 i1 i e
IR/ 3 AL AE FIRNEAAF N (pH=6.5—9.5) ,NaOH-H, O, i Ik, FEAHEFFREE , 5 KOH 2tk
H,O0, %7 AR IE—2, 1T NH,-H, 0, 7Y k., A — &2k I KT NaOH-H,0,.
2.2.2 PhS(0)Me—PhS(0),Me

AN T 1 h PN EAR 5E 40 9 S A S, PhSMe (UK 2 48 AL I 7 ( PhS (0) Me—PhS( 0) ,Me ) B 2%
18152 | R P HAGE AL it 2 dnite ™ 5 kB pH 9 =BG ASE A E], PhS(0) , Me B 7 5 ) 15 15 % 1)
pH S HEHUHIE (F 3a) (Ry,omim,0, = 09733 Ry 1,0, =0.982) .pH =10 B, ZEHAL Y LRI EI Y (<10 h) |
S8 —GRAELF=) 53 A ( Ryuomnano, = 09535 Ry, = 0.964) A o, UHE H,0, 7 1 PhS(0) ,Me/
PhS(O) Melf I [i] 1) 22 Ak B H2 300 % 9 217 (18] 3b) (Ryuomam,0, = 0-9995 Ryyino, = 0.998) , X F IR &
PhS( O) Me P44k 3 32 2 H 5 RS 48U A AT PR AU P R D2 119,28 h S 71 PhS(0) ,Me/PhS(0) Me
FUAB 55 2RGSO AH Lo B0 T 3R 0 1M 22 , 7T g 55 BOPE S VR T HL, O, 28 4o K Bk ] 4 ik e 2 3R A1 A5 3800
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Fig.2 Effect of pH on the kinetic constant for primary oxidation of PhSMe (%, ) in modified H,0, solution (7=30 °C)
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Fig.3 Effect of pH and reaction time on relative proportion of the oxidation products

2.3 MR

NBT a2 W, LA NaOH 7E st B H, 0, %W 1) 05 7 3B pH 3§ KT 2840 (R =
0.994) .NH, E ek E, in A2 NH,(pH<9) ,NBT 3R 0; 723 Bl pH 8 K idé fin; 24 NH,-H,0,
i) pH {1 9.0 B, A NH,IUE OF 7= 28] i FAR, 75 pH=10.0 2475 BIRARME ; B & NH, i — 20
T, O 7= FF b B [l T (EAT A A T 1] pH 9 NaOH-H,0, (&l 4a) . 5t — 28 S, 78 pH=10 &)
NaOH-H, O, W H I NH, ,NBT 3R89 O, (7= %k NH, A G52 2] 7[R AR B A6 (& 4b).

L6F () 06 (1)
Lar -6~ NH;-H,0, 05
12 —— NaOH-H,0, ol
1.0 :
Z 08 Z 031
= =
0.6 ol
0.4
02 0.1
0 I 1
112 0 50 250 500 2500 5000 25000 50000

NH/(mg-L™")

B4 NBT [LEZEDIFER
(a) NBT #fi3k 03 97~ #I1E 580 nm WOGEE(E (Asgy ) FEBUEH, O, % pH YRR R 4K ;
(b) 7E NaOH-H, 0, ¥ (pH=10) HH LA NH, X 07 7 Z 1520
Fig.4 Result of the nitroblue tetrazolium( NBT) colorimetric test
(a) Effect of pH on the absorbance of the reduction product of NBT at 580 nm ( A580) in modified H, 0O, solution;
(b) Effect of NH; concentration on the A580 of the NaOH modified H, 0, solution (pH=10)
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2.4 ALK L]
2.4.1 PhSMe—PhS(0)Me
AR BMEH, O, W k., BE pH 19 =B 281k, R A R AL S AR HLI B pH A2 £k 2[RI 4E F 1 45
H*BeAEALH, 0, 7= A s E M AL OHY ' IAIARKE PhSMe %464 PhS(O) Me:
H*+H,0, <= OH*'+H,0

0
I

©>S\ +OH*—H" + @S\

P EH, 0, W pH=4.5—6.5 Ik, Bl pH Il Ny nT B85 ik HEEALHLEIAROC. 3% 1)
H,O, AW (pH =4.5) k,, (= 0.16 L-mol - min™") k55 88 ¥ ( pH = 6.5—9.5) AY NaOH-H,0, &, ,
(=~0.12 Lemol ™" min™") %15 30%. K& BPEBCHEF I, H YR BE B W REAR &, T B I35 21 55 0 1 45
T AT E A

SSBRE AATT A Ak W 0 T Tk 28 1% 0 4 4R 3 DA Ry SR e i R A Bl Y SR RS L R AT
R AR RO R YA pK, (EZMEAEDE X PhSMe 1fi & , i34 5 H,0, HA(HA=H,0 H,0,)
TV B B4 AR 3 90 25 T S B 1 4R 5 S R PhSMee (1) 484K

/\A/\ H H/A\\
.._f_{of o/ — \ /H _>©\ +HA+H,0
\ -—Q —0
Y =

S;O

I
MMER R R pH (ETE 6.5—9.5 Z [HIEF, % W THH,0, K2 Ul oy FIE A7 78, It NaOH-H, 0, X}
PhSMe 19k, FEA DR R FRE (1B 2) 76 AL B ik (9 o 72 b H,0, WREVE 4 72 5 A I
W B T pK, 0, = 11.6<pK, 0, = 15.7, B[ H,0,1<[H,0], FIILH,0, 4> F 1Y F AL VE T2 Kk
B
ko ANZHLREEA(10,) T — PR NaN, 2 m , rTHERR M N H, 0, 43771 O, X 14 S Ak 1) BT
MRG0 NH; 5% Na" W BERERE & k., (] 5) A FHBRACPERT , 2208 H, 0, B RGA 2IAH A B pH, NH, B INA S L
NaOH E£2 3% ] figf&- F807E pH=6.5—9.5 [X[f],NH,-H, 0, 1] k., , B 5T NaOH-H, O, i J5A (1] 2).

:/

012
E
3
z
2
3 008 —&— NaCl
K
0.07 |
0.06 1 | | | |
0 0.5 1.0 15 2.0 25
C/(mol-L™1)

5 PHE FUBEXS NaOH-H, 0, 7 11 PhSMe R EMLH ALk, I
(pH=8.5, T=25C)
Fig.5 Effect of cation concentration on k _; of PhSMe in NaOH modified H,0, solution

pH YN H, 0,381 H B 2 HOO™ AR b —FoR % 7k 4657, HOO™ X PhSMe 11 481k BE 7 1 A I
H,0,"7", NI 50 pH>9.5 B k., PR T B 5506 R H,0, 250742 051 0, 1P (K 2 %
B, XS/ N TIEPEE R PhSMe—PhS(0) Me UM BIRCE AR K H,0,.

2.4.2 PhS(0)Me—PhS(0),Me

Z 375 (B 5 R R BRI, PhS (O) Me I SR M L 38 13 775 575114 B 1) AU e RS ML adE— 28 404k, PhS (O) ,Me ™

R 5 pH BYA M (B 3a) WS & 73X — 5. PhS(0) Me 1.0 S JEF 174> 1IF HL BRI T OH" . -OH .
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1O, 45 S HL PR W R A R R I 52 B, PhSMe 7E 3% Y H,0, R R 24 h AL AR R 19 PhS(0) ,Me
(E 1b) 51" O, BT I NaN, I AFE20E PhS(0) Me BEAL (1l 6) s4ER - OHIIE BRI, 7E pH>9 Ay Btk
AT AR Z A2 0.3% )57 P IEETT LA RCBH T - OHG IE ARG VE .

05
m NaN,=0
W NaN;=2.5X107* g-mL"!
04
)
=
o
s 03
&
)
2
o2k
%1
=
=
0.1

pH=9.5 pH=10
B 6 NaN,%I PhSMe 7 NH,-H, 0, /& &Mk = W s Bt A R (1= 24 h)

Fig.6 Effect of sodium azide(NaN;) on selectivity of oxidation products in NH; modified H,0, solution(:=24 h)

TEHERR T ER IS PR AR | % B FIPhS(0) ,MefY =3 (K] 3a) 55 NBT Fb (032 fif SL By O 7=
(& 4a) i pH 72—, L &% NH,-H,0, 1 NaOH-H,0,7EPhS( 0) ,Me 05 723 XTS5 & |, HEWT
0; Z53E PhS(0)Me — PhS(0),Me i 4. NaHCO, AL H, 0, AL HLI5 YWyt , BOR T [ gtk
PR (ESR) AT 2] 0, 0 0, A &5 TG Y iR B AL G v ) Bop A oE 48 B T -OH, /1
ARSI R A FH T IR REBE O, A S P 80 oA — FRBROMA T 5 ) flL 3t ) 75 7). 0 SRR PSR 76 1
MK (>1 s) BB AL PhS(0) Me FOZE R AR A B3R, X PhS(0) Me Al fEHISELHLHI A1 T .

» i
0—Q * N, — — j—Ph—» —ﬂ—Ph + n +Ho,

NH; %} PhSMe—PhS (0) Me EA — & (L /EH (B 5) , fH M NH, 5% NaOH 21 H, 0, 3 ¥
PhS( 0) ,MeAIA f KK (16l 3a) , NH, AR S B B HEH, 0, 1P PhSMe (10 BE 41 , 35 o AE U6 T NH, 55
PhS(0)Me X O, Ay3aF-PERFE (& 4b).

3 44ig

Bl ACPE I AR X H, 0, %5 W pH FIARTR], PhSMe 72 UM, O, I8 BRI R AL T T R F AL R
b 7Rl B AU 4% 45 2 B R AR L G 3R R0 O SR Ak B R R Bk B pH S S B AR KL O 2
PhSMe % E it — AR PhS (0) ,Me ) T ZEE R4, B pH 3K, 05 FEIE N, PhS(O) Me #E— 4
AL HPRS(0) ,Me ¥ XI5 NaOH-H, 0, 4 L, B it 78 NH,-H, O, %5 ¥ 3 B2 484k P 1%, NH, /&
1L A T T A AR PR R NH, 5 O HL, O, 74 R v 3 UV AL B = iR A R R A
W5z,
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