Korean Chem. Eng. Res., Vol. 44, No. 6, December, 2006, pp. 636-643

ZUAIS AFSES-(supercritical water oxidation, SCWO)Y A

F7lEAe] Eal 7t szobAaL ofell ofsl A Yol PR v

Dimethyl methylphosphonate(DMMP)2| Z=A|5 AS|HES

Ofafigt - FAE - O|ZH - SrHA

300-600 thAA] 3 A= AXRE 35-1
(200641 22 179 A=, 2006 7€ 242 )

:L

1o

Supercritical water oxidation of Dimethyl methylphosphonate(DMMP)

Hae-Wan Lee’, Sam-Gon Ryu, Jong-Chol Lee and Deasik Hong

Department of Chemical and Biological Defense, Agency for Defense Development, Yuseong P.O. Box 35-1, Daejeon 305-600, Korea

(Received 17 February 2006; accepted 24 July 2006)

2

12

A4 SCWO HES7IS 0810 DMMPe] 215 AFohIESS NEG-Ie 440-540 °C, WES<] 242 bar, 2574

7¥ 10~26 %, 2T 40-200%2) 27 Sl S35}, ¥
0% 90w, DMMPS] 17k 27kl thek DMMP 38 S71Ich ARSHA 5% wajell e Fehae: o
;IL_

= =
LI

i

1] olgfellM= AASHl Y ke, En] o) del 1017} ASATE. DMMP H-8l&0] 85% ©]/d<]

M) AFAIANZFE DMMPE] QA ABINES: HE21S =ESISIT). Pre-exponential factor= (1.10:0. 76)x106,
S @3l = 90.66+3.87 kl/mol, DMMPS} AAof thdt Wh-g-xlmi= ZH2} 1.02+0.03, 0.3240.03% o] <]

]g’_é}\—‘r]_ A 644)\—0 ;(1— O]/(] ol_oﬂq_

RS2 540 °CollA] DMMP E&€-2 99.7% o)

=

Abstract — Supercritical water oxidation of DMMP using continuous flow reactor was studied at temperature ranging
from 440 to 540 °C and a fixed pressure of 242 bar. The range of residence times in the reactor was from 10 to 26 s, and
oxygen excess value varied from -40 to 200 %. Destruction efficiencies (DE) of DMMP were greater than 99.7 % at
540 °C, and increased as the DMMP concentrations were increased. DE of DMMP were significantly affected by oxygen
concentration under stoichiometric amount, but showed little difference over stoichiometric amount. On the basis of 30 data
with conversions greater than 85 %, kinetic correlations for the DE of DMMP were developed. The pre-exponential factor
was (1.10£0.76)x10°, and the activation energy was 90.66+3.87 kJ/mol, and the reaction orders for DMMP and oxygen

were 1.02+0.03, 0.32+0.03, respectively. The model predictions agreed well with the experimental data.
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Dimethyl methylphosphonate(DMMP)2] 3

A el W2 A7 AEE I Qdvk2-11].

SCWO 7152 1970t F4F MIT 2t] Modell -l 2]3) 7
Aol 1A o] F W2 A Aol Sl G847 o] ol
tigt A4 71 AFA}t Basa Qlek 53] A|vk 1007k
SCWO 71429] W2 253t vhakd] lg=gof Wyt ope} =it
ofelAle] Zgo] ullg- EkabA] HaEo] gt SCWO 7]&2 4
SH7Z 181, WA S8, BA #71E A T AEE
oM miEs = thekst #71E A S ARE, BEF ellA
WA= s)ekakg-Al, sl 214, smoke, dye 5 FallE22] A
el 283 Ik

Ak o g}statgA| o] H7| 32 22 e AA =
1] 3golx A8A1E k] 80 o] 83 S35t - 2u
N AL 27 5 2 WIS o183l AT A2
Sk 19A Y FopuEeS AR WA HHAE AN AL
99.9999% 7HA AAHEY TP dEES A 0% ksl &
B7F 2] eh=rH 12, 13]. 2173284 O-ethyl S-2-(diisopropylamino)-
ethyl methylphosphonothiolate(VX) 5-% isopropyl methylphos-
phonofluoridate(GB)E 712381 methylphosphonic acid(MPA)
7}, =3E2r8-A] Bis(2-chloroethyl) sulfide(HD)E 3}81H thiodiglycol
(IDGY’} 4739t o] F8hg 2 ghetahgA|e] A4
22 AR 7¥e/de] Qlem R SAged aztolu, SCWO, £
G}, AESH Eall T2 24} 7S o83l ks 7]
slojof g}, ml=i- Slely )R kel whet wlo] Bofstal Qo
© U spegAlE a7ES o8-8t w7l gon
27t hA71E2A4 SCWOE 835t 7| A1 S ofe] HSEAE
AR F= AA) Foll e 200940l s3t Z1o= o gstal gl
TH12-14].

SFshAREA| o fARRREAIS] 2 AAIG Aol #st 1=
O)H. AT S| o)a] AEE T 9oL} APATE= AFHHo|}. o
o gstakgAl o] w79} THash AR bAe] wAlE L
glate] o] 7l A E Has A8AI9 ARE 728 28
T 57g0] ot FARREAIE AREEITH15-16]. 1 AtellA B
4l glstER 4173t DMMPE ﬂ d2+8-A4 GBSl FAFMEAIEZ GB
oF AR A S 7HA AL QlaL, GBell vls] ddiF 0w =Ado]
How 7liaAl GBS o] MPAZ} 84 €Itk DMMPS} GB
o] F ‘:’X‘«] E/32 Table 1] B3]

T2 512 QAN DMMPS] A4S &4
ok: ﬁOM A% 954 SCWO H371% o] g8te] WhELE,
DMMP &5, Abgte, AlFAIRE 0] A9x310] DMMP 2al&

Table 1. Physical properties of GB and DMMP

Property GB DMMP
Molecular formula C4H,(FO,P C3HgO5P
o} CH, o)
Structure HiC - F‘L -0 c'me Huo—%~ocua
F cH, OCH,
Molecular weight(g) 140.1 124.08
Melting point(°C) -57 -50
Boiling point(°C) 147 181
Vapor pressure(mmHg) 1.48(at 20 °C) 1.2(at 25 °C)
Density at 20 °C(g/cm?) 1.11 1.15
Aqueous solubility miscible miscible

SlAK Asplke- 637

Fof nAE G Avugton, A An2 e DMMPY
SCWO ¥+-3-& 7

DMMPE] SCWO A3 4o A452 HJ"—XC}%]% o]%@}oq ?:,L

- 242 bar® 1173}, 440~540 °C 2
2EEE DMMPE] ehaikslel] e st %k%@ Eoﬂ HMO% -40%
~200% T z=7dstelA] 53 }ﬁv A o] A2 20 7
ARzl SRS AFAI 10~26% W92 47 F55
EE dEste] WshrZom, DMMP f4855 5~
HBPA )

50 mmol/I=

21 IR R Y
A2 2AIT AR €] RS Fig, 10 E=AIEIAT A
P, A7), FNEE- 71d7), WhE Y], WA, Sk
(back pressure regulator, ©]3} BPR), 7] 2712 Fd31%lc}.
Ao Ba= vk Bl o] AP ARl 2E(SS 316)0]
™, 7], Wh7] U 71, 71719 ol whgo] dojupArt F-
2o F kg 2 Hastelloy C-276 AAL ARSI}, oA,
dEAlA], A 58 X9 ofe] x| dxeto] hH} 2
5 4300} AlAE] 942 BPR(Tescom, Model 26-1762-24-
090AyS 21719} 719 Eel7] Alele] Adx|ste] Alofsii=d, o
2] AlA (Sensys, PMSB35000)9} A4 E o 2502 oFS 243w
E dsii). &gk BPRE] <Fol] HE](35-10 um, Autoclave Eng.)
= Ax8lo] A el olgt BPRE] =3 &4 WAISIAITE BPR
9] o A|xE] o] A olfow bt A9-E dmlst
o BPR Foll QP H (relief valve, Hypro, RV-2H)E AdX]s}o] <F
A 128131}, Bgk BPRO|Y QFIE O] @ Zpof] wfe} AXE
o] gFeo] HAA| oo Subd A9 o HA 4He A
StAl 4 Q=S BPR¥I HHE RS WRHE AXsgic) Hx
o FAZE Al 19, 320 FA} Fehs 2he WISkl Al
AE AAS] o o] FURA] 9l ] flste] Azl EE
Feoll Amn g He R A5

] A&ult} DMMP(aldrich, &5 97%) 89S A2 AlZ38130
om, AR IFE 3715 ARSI H 3 AkskAl 9] B
S WA FRTE o]83sle] AILRIS s AlEx A 71
T 97] 9 9kg7] 7FA71E 7HsSIIE dl97] HellA] da,
TEE 7REEs7E doluA] R TS uE oAl 2o
2 FAsIeH, el 7HdE= H9e] ReE S5 9
sto] HEe] AHE AAEIGITE 25 9 o] sl A
]“’4 AR ASHAIE Faete] W7 AAE Absl F9VIE T
T HAE FHBIATE o= Ak} 2717 BA3HA 92 2ol
A lﬁ"°"§ %"EJ‘Q o] 7Eslv a7 doluh= 2s BRI
Agtolct. ok Ad Fu F HA] T 1101 AR B F
Tk ARRAINRS: Fgsle] Whg7el ot Qi o] REES B
T ABIAZ)AL o] % ARsHA|S] B B BN Faste] AR
25 WiEAIACE w93} S5 HPLC B 3E(LabAlliance Prep 24)
£ olg3t] Fusilon, AR 3= Ay 371E 4571
(Gas Booster, MaxPro Maximator)Z ©]-2-3}0] 71913t & 28kf<37|
(Mass flow controller, Brooks 5850S)& B-}A1A Aka-53l3it).
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Fig. 1. Schematic diagram of SCWO apparatus.
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Fig. 2. Double shell type SCWO reactor.
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Dimethyl methylphosphonate(DMMP)] Z{IAI5~ AlePil-g- 639

o] #431%=1 GCS} on-line 1A gas sampling valveZ ©]-&
3l GCE FU3ITE CO,8 CO2l #2492 Carbonplot capillary
column(Agilent)?} AAH AH =% 7% 7](thermal conductivity
detector, TCD)=Z, TRz R718}3HE-2 HP-5 capillary column(Agilent)Z}
AAE 224 o]3} 7E7](flame ionization detector, FID)E ©]§
slof A8kt

W A g wEgo) Aol =t T 7| Be)7]E AA
SR =S EAlste] EASISITE DMMP Fall= A 7
Fallel ol MPAR Fallel 3 AksiES-of 28l covt Co,= %1%t
3t} 28] MPAYE 784 acid2A] &M% 7)3kE=] kol
GCE o83t A4 418 47k Qick. wbA] AF 3 viE8-os
o] uFFAE o] 8ale] FE o A A WHoR s
o, E5S ol silylation 5 =8 WHOE {FEAE TR
Aol gk et ol ek dAje] WhHe we- AlRte] A8
=, MPAS] 34-§o0] whe Bt ohel A frlEdEC] &
AE PR GCE o838t #42 E7Fssllt). o3t o HEe
A Fgglo]l EAIEE A4 418 5 1= lon Chromatograph
(DIONEX DX-100) @ NMR(varian, 600 MHz FT-NMR)S ©]8-8}
o] FIKHES FA5IS e H, FH716k4 -437] (total organic carbon
analyzer, shimadzu, TOC-VCPH)E ©]&-3}¢] TOCE =73}
DMMP2] Ha| &8 Attt DMMPS] AEHES-olA QlAto]
FAER AYE ] wiEgde 23S w]A] ot o]2 Q13je] R\t
A W RN s fdsing ke §s o] 83t
Ads] FekAelste] miEstolof gt mMiEES A EE pH
meter(Orion, EA940)Z ARE-310] 27981300}

3. 20 3 oE

3-1. DMMP &%
ZAAIS dEloll A DMMP7} AkAel oJs)] eHakslsE Co,,
H,0 18|31 HyPO,E #$=H, 4hela] 2 o537 2t}

C,Hy0,P + 50, — 3CO, + H,PO, + 3H,0 (1

-3} &5 (destruction efficiency, DEYX TOC A3H&-S- 7|52
AR FEHE Vo R t5 7 o] Yo AHow

7 At
stk
DE of DMMP(%) = Conversion;, (%)
— (TOC)m — (Toc)nut x 100 (2)
(TOC)in
0,)..—(O
OE = 02,Excess — ( 2)111 ( 2)slomhlomelrlc % 100 (3)

(02)srowhiomelnc

1714 (TOC),,, (10C),,n= BFS7] -2k E7-ellAe] TOoC %
£, (01 (Ogichiomenic= FFe71 ATrollA1 2] AbasE 9 DMMP2)
ehatslel Mot FBA e rE Uehic)

DMMP?] QA5 2keik-g A 3S 99 242 bar, =5 9
440~540°C, DMMP2] 5% 5~50 mmol/l, ¥} AF% 552 40-200%, Al
FAIRE 10~26322] H9lollA 88310, Table 200 2H2+2] 9
Z71 9 AnE Vel

ANk o7 AFAIRS 257F S7FsHE 2hAstar, Ee] S
ShA Z7FsHAl At weha] 2Q0A] AdE whe-EL] UEE 1
4] 2k F7HA T Kspace time) O & AXFA] 25, 42 2] Wgle) u}
E AFARE HgE e ) gik kA 2 Aol 59
F 2, o StollA] AlFAIZRE G AuRT] flste] vk
25 440~540 °C 7oA 4 242 bar, FUEE 50 mmol/IE T
Jstal REET AbsA|S] s WA AFAIRES] dEe &
AT AFAITHryE WH8719] H-3)(V)E 29A Z7stel gl
HES719 rellM O] (v, )02 Ve #ho= g i)

T=V/vg, O]
AR 2 A W) AT FREYS WSz

vheall) o W QAN BAGAE J1E0R the A8
gajo] AFARE AP,

o
4

T= V(pxc,n/pl‘)/vl‘ (5)

A7 AFAITH)E Z(s)= YERH, BEE7] F-3)(V)E em’,
ol X 2] W (p,)2k ZAAVENA 2] Wi (p, ) g/em’, HHE-E-2]
Z27] T (v em’sE UERATE WhS- 7oA 9] O] U=
EOX-SCx ZZ 13 o] g3l AXkston, vkg-of 285
DMMPL} AE29] F i ul9- 2o U@ wkdEo] W= Hof 1l
o} Ao 7Pgsislct.

DMMP2] AFghukg-o] ok DMMPE] 7}eial) o Ais) 4
EE gl st 1Y 2% F7H400, 450, 500, 550 °C)ollA
AEEkAle] Fgo) §lo] ARe eItk whe719] Qltel &t
A AESE 2] TOC =5 71502 & o] 400 °ColA 7.6%.
450 °ColM 8.4%, 500 °CollA 8.6%, 550 °CollM 9.1% H-a =T},
Fig. 32 WEg7] Z7ellA] MER S o] =S NMRE ©] &
slo] B8 A7 (a)F= C-NMR AFEHL, (by= P-NMR 29
EFS e Floju), tiF-E2] DMMPE 7=28l|E]o] BhaE 2
shehs 242 MPAS) Hghgol, 918 E3lsh= B2 MPAS) 1)
22 ite] AEH T

DMMP?] 7}53) AAdEo] MPASL Higkewlo] &R % &
F38kaL TOCE] 7HaE HRl 218 7hitalol] oJaf /g% mshe<]
LH7E 2550 HoI0E Abde] ofal] ARk 7] wiEo® Alsd
t}. o]z 7lgmEal] WA A S5 U] ARRE Al Rk
on, THFE HUFE ol Al oF 4bar PO TR 718
o Fadl] whitol] S5oll §<= Akado] Eolxl] wiiel viEl
W EAo g B 42 qlu)h wEba BE A1E-L- 59 of|¢d7] o4 DMMP
= WA Slsle] A2 gk el FREielth
Fig. 4= DMMP &3l agol| gt AkshA] =0 ks vepd
Z0 7 & 242 bar, 2% 490 °C, DMMP 5% 50 mmol/[Z 117
slar, A3HA HEE ke -40-200%2] Bl WA 7|
A A8 TSI Ak 27 Tl Wl DMMP
&2 ST, Hdakago] 0 ofstellA = AlshA Hx W
slo|| w2} DMMPS] Ealgo] @Al JT-e kot FJAk
ol 0 ool g Qa2 wig- AAek. ofel] whet oiie] A
2 pJakagd 209% o] F7lelA Sl on, v E] A
ol M= Feaka® 0% oI5k A A2 dlolEl = AlQlsk3ith
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Table 2. Results for SCOW of DMMP
25 (°C) [TOC],, (mg/l)  [TOC],,, (mg/l) A FA 7k (s) 3l 8(%) [DMMP] (mmol)  [AFA] (mmol) A AFATH(%)

540 1985 4.61 14.22 99.77 50.38 302.30 20
540 1985 4.91 12.79 99.75 50.38 302.30 20
540 1985 7.32 10.66 99.63 50.38 302.30 20
510 1970 1.00 19.73 99.95 50.00 300.00 20
510 1970 2.81 17.27 99.86 50.00 300.00 20
510 1970 6.11 1535 99.69 50.00 300.00 20
510 1970 8.86 13.81 99.55 50.00 300.00 20
510 1970 27.95 12.55 98.58 50.00 300.00 20
510 1970 51.71 115 97.38 50.00 300.00 20
490 1730 21.50 20.94 98.76 4391 263.45 20
490 1730 23.29 18.32 98.65 4391 263.45 20
490 1730 28.05 16.29 98.38 4391 263.45 20
490 1730 46.54 14.66 97.31 4391 263.45 20
490 1730 84.06 13.32 95.14 4391 263.45 20
490 1730 122.10 1221 92.94 4391 263.45 20
470 2006 51.73 2243 97.42 50.91 305.50 20
470 2006 57.28 19.63 97.14 5091 305.50 20
470 2006 85.30 17.45 95.75 5091 305.50 20
470 2006 119.80 15.7 94.03 5091 305.50 20
470 2006 182.80 14.27 90.89 5091 305.50 20
470 2006 506.80 13.08 7474 5091 305.50 20
440 1970 209.60 25.6 89.36 50.00 300.00 20
440 1970 346.90 2243 82.39 50.00 300.00 20
440 1970 742.20 19.91 62.32 50.00 300.00 20
440 1970 1756.00 17.92 10.86 50.00 300.00 20
490 2030 300.10 16.55 85.22 51.52 154.55 -40
490 2030 146.60 16.46 92.78 51.52 206.10 20
490 2030 45.00 16.37 97.78 51.52 257.60 0

490 2030 38.90 16.29 98.08 51.52 309.15 20
490 2030 22.90 16.11 98.87 51.52 412.20 60
490 2030 18.70 15.95 99.08 51.52 515.25 100
490 2030 17.30 15.54 99.15 51.52 772.85 200
490 191 10.25 16.37 94.62 4.84 24175 900
490 388 15.39 16.37 96.03 9.84 246.00 400
490 964 28.33 16.37 97.06 2447 244.65 100
490 1996 41.62 16.35 97.91 50.66 263.45 4

490 1996 17.21 15.95 99.14 50.66 506.60 100
490 1996 24.54 16.13 98.77 50.66 395.15 56
490 1996 137.20 16.46 93.13 50.66 200.10 21
490 388 28.24 16.63 92.72 9.84 102.35 108
490 191 20.54 16.72 89.22 4.84 50.30 108
490 191 12.06 16.63 93.67 4.84 100.55 316

Cocero & [17]°]l &Jaha FBAATF = 5% olake] AbAae) 7
O RE A AR Falrt FEaivhal Huskal vk 3715 A
SR ARSEE 79 AR FoJRo] A AkaE ARE Uﬂoﬂ H]
slo] 714 o] oF sl = o, nEA Aao 719E 98
ZH|$l= oURE AvlsHl At B3 55 Fofl v]&4d 72t
Y- @O A A= anti-solvent G5 3] g3llE 19 Sell=E
O AA2AIA A9 HAE 7RG HERE AR E o Aka
ARggo] vlekAlsithal B selct.
Fig. 5= 7F 59 AlFAIREl oIk DMMP 2882 ¥
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Dimethyl methylphosphonate(DMMP)2] 3

(b)

110 100 9 .11 70 &0 50 a0

3 28 w4 pem

Fig. 3. NMR spectra for DMMP hydrolysis procuct (a) C-NMR, (b)
P-NMR (P =242 bar, T=500°C, [DMMP] =50 mmol, [O,] =
0 mmol).
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Fig. 4. Effect of oxygen concentration on DMMP conversion
(P =242 bar, T = 490 °C, [DMMP] = 50 mmol).
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Fig. 5. Effect of temperature and residence time on DMMP conversion
(P = 242 bar, [DMMP] = 50 mmol, O, excess = 20%).
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Fig. 6. Effect of residence time on DMMP conversion and CO, yield
(P =242 bar, T =510 °C, [DMMP] =50 mmol, O, excess =20%).
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Fig. 7. Effect of feed concentration on DMMP conversion
(P = 242 bar, T = 490 °C, O, excess = 100%).
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Fig. 8. Comparison of the experimental and the model predicted
conversion.
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