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A2 SCWO HES7IS 0183810 DMMPe] 29415 é&#&%@ HEE2 12 440~540 °C, HEE-E] 242 bar, AFAl
3F 10-26 Z, HYAEAET -40~200%2] =71 StellA] FaEIITE. RS2 540 °CollA] DMMP #3882 99.7% ©1%%
0% 3kou], DMMPE] 57} Z7htel wfe} DMMP 388 Z715130ch, Atk i Wslol uhe e oF
£H] ofslollxe AAGHA FES ko, YER] odelxEs & Alel7t §lSITE DMMP #all£o] 85% o173l 30
Ne] AeARZRE DMMPL] ZJAIF AR £ 5418 =E3ISI). Pre-exponential factory (1.10£0.76)x 108, 1
S AEUA= 90.66+3.87 ki/mol, DMMPSL Akl gt WHE-A1== 247} 1.0240.03, 0.3240.03% Flo] 2|3t
]_fié)\—‘r]_ A 644)\—0 ;ﬂ— O]/(] 0]_011]'4_
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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)S] ZIAIG~ AlePil-g- 637

A siAdel w2 A7 AFE AL Qlrh2-11].

SCWO 712 19709t] Z3F MIT 3the] Modell 5ol 2J8) &
Aol AAH o]F W ARl oal A&7} o ol
3t 28 74 A7 da) Bk vk £3] Ay 1003zt
SCWO 7]&9] ¥ 2=3 nigt]| o) Mt ojufg} J-8
ofel|xe] #go] wl-e- FitalA HWaE o] ghrh SCWO 7% A
SH71EHE, v 3u7E, BA H7E EuiA] T AklEd
oA BlEEE kst w71E A 3ol AR, FEsh rellA
WA= shelakgAl, shok, 3304, smoke, dye 5 fallEA] A

glol] A8+ St

1A gellA] Z-8A1E el FEHE o] 835t Felst 3 2ukA|
el FEEAS 271 T 231 @77 ES o83t HE A
ok 15HA1S] F3Nbg-& ARAIHA S8 EA| 2 A 9 F5A L
99.9999% 7H AN S EEE diH o® sl &
7} 2] $E=TH12, 13]. A732H8A] O-ethyl S-2-(diisopropylamino)-
ethyl methylphosphonothiolate(VX) 5=+ isopropyl methylphos-
phonofluoridate(GB)E 713l methylphosphonic acid(MPA)
7}, 32484 Bis(2-chloroethyl) sulfide(HD)YZS 53}81 thiodiglycol
(ITDGY} FAFHLY o5 T3MEE AHES glehakg-A]e] A+
A ARG 7FsAol Qlemw AR Azttt SCWO, &
Fhake], AESHA e T2 23 716 ol gsto] sl 7|
slofof g, w52 SPH7)E A okl W ulte] HAfekar §l
= v gk eAlE A7P)Es ol 8ste] H7|ste] koL,
27t A7 |24 SCWOE 483 d7IA1ES o] ASHEAE
AR F A7 Fol glom 20090 $Ed Aow gt Q)
th12-14].

SFEFARGA] o= FARREANS] 29071 ARSNES-ol 3 A=
AR AR o8l AyEar QLo AFA= AlgHA o) o
W o2 spshakgA| | w79} daEdt At Qe EAIE 1
H3lo] o] & 7Rl AL o= ZEA9} FARE 19t B
7 F4d0] k5t HARREAIE ARE-SITH15-16]. % A7rellA B
9 SFHER A7 DMMPE 2173284 GBS fAMEAIZ GB
oF FARE BATERE 7L 3L, GBell vlsl AF ez EAdo]
Aom 7leRaA] GBY 2ol MPAZ} A EItt. DMMPS} GB
o] F &4 A4S Table 1°] Blw &}t
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Table 1. Physical properties of GB and DMMP

Property GB DMMP
Molecular formula C4H,(FO,P C3HgO5P
g g 2
Structure HC—P—0—C—H K0 —P—OCH,
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

DMMP2] SCWO 232 23 9] A42] WA E o]g-3le] §F
2L 242 bar? 3175}aL, 440~540 °C =770l Sasled), A
s DMMPE] e dstell o3t k22 wimoll thete] -40%
~200% Az A G o] AL 20% 7
bazziol A S=aEIATE AFAITERS 102632 HIAZ A7 T5%
EE ggsle] WA om, DMMP 5% 5EE 5~50 mmol/lE

HSHAIZITE

Q2] 2QAE ALK ) AR Fig. 10 EAISIC B
= IR, olelr], Fuke Fler), whe ), W), et

7](back pressure regulator, ©]3} BPR), 7] H&2]7] 2 +ds3it)
A0 B ik gl -] AL AEQlE A AE(SS 316)°]
o, 471, WkE7] vlF- JH, ¥71718) o] whkgo] dofuprL) -
2lo)| Fokek BE-L- Hastelloy C-276 AH-S ARE3IATE 2 AlA
AAlIA], A S-S AH ] o] Aol Ao kIt &
=5 S8k A12~Re] 9482 BPR(Tescom, Model 26-1762-24-
090A)2 H2}71e} 710 E2f7] Alelel] dAjsto] Alojail=dl, ¢
2] A4 (Sensys, PMSB5000)2} 1A o] ApF 0w 9bee xdal:
= dsioinh. B3k BPRE &kl SHE{(35-10 um, Autoclave Eng.)
= Adx)o] aAQA el oJgk BPRE] uF! /3-8 WAISI3IT). BPR
9] argow A|AE] gto] AA| olor ek 95 diulst
o] BPR S}ol| QP H (relief valve, Hypro, RV-2H)E A%|5}o] <t
A2 aefsigivt. =5 BPROJU QBMRS| @ 2pgo] ufe} AlAE]
9] teo] AHA) olow Eubd Ag T oR HA dEE A
StAl 4= Q=S BPR¥I HHR RS WHE AXsgic) Hx
off EAIZ7F BAAl g, a0 FAE AFehE 2E WISkl Al
28l QA9 oF sHo] FUAIA| Al sl flsle] o] BE
Holl AR E MR XSSt
] A& vlt} DMMP(aldrich, 25 97%) 588 2 #2381
o, AR ek 715 ARSI A3 ARkl 9] Fel
WM A FRTE ol8alo] AARS GEe AldE A T
T olledr] 9 qkgr] 71d71E ThssiSick. 7] dielA] A,
T Vsl dofubA] R o719 2EE oAl 2o
2 A om, dar]elx 7hdEE Flee] RiE S4s] 9
slo] HEO] AHE A8 25 9 o] sl A
= AR AbsAlE aaste] vk AAE kgl E9IE v
T Fleie FHSIRIT) o= Aksh L7V FAEA] ok 219
= Fud o ZEsiv ARl dofules Zle WAE]
Qlgtolet. gt AR FH F N ¥ 113 YHARE s F
Frel ASAS Faste] WhETel Hot Qe o] iEES B
S viEAE T Hl9d7) F55= HPLC “B2Z(LabAlliance Prep 24)
£ olgslo] FHEsidlion, AR 7= ARy 3718 4571
(Gas Booster, MaxPro Maximator)& ©]-8-510] 7]918t & 2ekf<:7]
(Mass flow controller, Brooks 58508)% A7 =331t}
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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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AT 1714 ksl e} uhf‘r RES719) oo R T Ew
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Dimethyl methylphosphonate(DMMP)S] ZIAIG~ AlePil-g- 639

o] #481%=t GCS} on-line 14t gas sampling valveZ ©]-&
3Fo] GCZ I35t CO,%F CO2l #2492 Carbonplot capillary
column(Agilent)#} AA¥ AHEE 7= 7|(thermal conductivity
detector, TCD)=Z, TRz §718}3-E2-2 HP-5 capillary column(Agilent)Z}
AAE 22k 0|23} 7E7](flame ionization detector, FID)E ©]-&
slo] FEA&drt.

W AT whgo] gl Tt Foll 71 Eel7E A
HjE s RS 238e] A8l DMMP 38l WA 71
wallel] oJEl MPAR allEl & AksikE-el &8 cod o2 %k
g} 231d MPAYE 84 acid2A 205 73k X gko}
GCE ol&3lo] A3 #2498 471 glrt. wehA] AF e viEdds
o] 2WETAF o] 8ste] FEHoI Ak HA| WHoR SRS
= 5%3F Zo silylation 5 53 WO 2 FEAE WS
EAstedof gtk T2 o] gh HAe] WhHE W Ale] A9
Hw, MPAS] 3]&0] w& Erl o} A frlEdEe] &
AF PR GCE o83t w42 ErFssIglt). ol#$t o] MEe
AR Fgglo]l EAIEE AA 418 5 1= lon Chromatograph
(DIONEX DX-100) 2 NMR(varian, 600 MHz FT-NMR)2- ©]-&-3}
o] FIKHES B8 eH, 7184 -437] (total organic carbon
analyzer, shimadzu, TOC-VCPH)Z ©]&3}o] TOCE =45}
DMMP2| 3l &3 ATt DMMPE] Alsihgoll A Q1ito]
FARERE AdEo] viEg-dL AMdE WA Hrt o]= <lste] BE
A W FAAn| o] Fals filelng dvle] S o83t
AHs] FEAgsto] wjEstoof ot MiEES] AV EE pH
meter(Orion, EA940)Z AME-3}0] 2798130t}

3. 21} 9 1E

3-1. DMMP &9

ZQAIT ZdElol A DMMP7L 4k2xell o3l ehdAakskE . CO,,
H,0 78|31 H,PO, 2 F8=w, 4heha] S o537} 2}

C,H,05P + 50, — 3CO, + H;PO, + 3H,0 1)
-3} &8 (destruction efficiency, DEY TOC A2 7|50 2,
S Abnske: PRNIE T1Fow thes) o] ola Aow A
s
DE of DMMP(%) = Conversion;, (%)
T in— (T
= ( OC)m ( OC)mlt X 100 (2)
(TOC)in
OE = OZ,E — (02)in _ (OZ)SIOIChlomelrlc % 100 (3)
Xcess

(02)srowhiomelnc

17141 (TOQ),,, (TOC),,~= W71 7} E7ollA 2] TOC 5%
%’ (Oz)irn (Oz)stoichiomen'icl-‘: }:‘]—]"%‘7] c‘)J:'loﬂ/q‘o’] )‘\l-—/’\‘}g‘l}:‘ 1;4 DMMPP’]
Salel] Wesh oFE A ES ek

DMMPE] ZQAIG AbsRES- A& 943 242 bar, =W 4
440~540°C, DMMP?] 5% 5~50 mmol/l, #}%) AF 5% 40~200%, A
FAIZE 10-2620] W3lelA FaEii o, Table 20 Z17ke] 213

Z2 5 A3 YeERigid

it

AW 07 AFAR- &7} Sk fhastal, kel 57
7V ek mEbA] 294 el wkeEe]

BlA] 9F-S- F7IAI7K(space time) O & AREAl &5, ¢ o] wslo]| )
& AFARY M3k 9 E 71 glok oA B Arelie 59
gk 25, o1 elld AFFAIRIEY] Jakg Aunr] flste] vk

4
getaL RES-ET} AbshAI] fS WSIAA AFAITEY] g3k &
A&t AFAITH ) 718 F3)(V)yE 204 2208t e
WEE719] JelM ] (v, )02 Ve sho® ot

T = Vive, 4

AA| 29 ] W7 darellA FE5ES Bkt R
T W 9 A el N B AIE 71 0R vy A o
|3l ARAIEE ARSIt

T= V(pxc,n/pl‘)/vl‘ (5)

A7 AFAITH)E Z ()= YERH, BEE7] F-3)(V)E em’,
Wxbol| X 2] Wz (p,)2k ZAAVENA ] Wi (p, ) g/em’, HHEE-2]
Z27] T (v em’sE YERACE ¥R o] EO] Uk
EOX-SCx X & 735 o] g3}o] Akl o, k3o ARg-¥
DMMPY Ak Emi= w9 2o u g wkg-Eo] W= Eof 1
=9} gt 7Pgsiit.

DMMP2] 4Fspik-g-o] SkA] DMMPE] 7lital] B el 4
EE ol st a7l 2% F7H400, 450, 500, 550 °C)ollA
2HA1E] Fol glo] Ade 3tk w719 Ad7tel &7l
A AEHS 2] TOC 55 71502 & ol 400 °ColA 7.6%.
450 °ColA 8.4%, 500 °CollA 8.6%, 550 °CollM 9.1% H-a =T}
Fig. 32 ¥h87] S0l AER e o] AAJES NMRE ©§-
slo] #43F AFE (a)= C-NMR 2 EFE, (b)i= P-NMR )]
ES v Aot} g2 DMMPE 7ReRalE o g4 £
shehs 842 MPAS) Hghgo], 1S Islsh= E22 MPAS) 7
2] o] AEH T

DMMP?] 7128l A’dZe] MPASEH Hlehesto] 1
TBIAL TOC] HAE Bl 22 71g=iaol <) 44
AR} Egol HolQld Absol] Q& AHslE 7] i
t}. ol 7lgal] WA A S5 U] ARRE AT Rk
om, FHRTE AN Fze] FFA & 4bar RG] IR 7IYS
o Fudh] whitol] S5roll 8= Akado] Eolxly] witel viEl
wego g B 4= ol weha BE AL w9 od7]el A DMMP
9 FallE WAsl] 218t HAL- o|HskA] Far TSIt

Fig. 4= DMMP &8l agol| tigh AkshA] s=2] oJ3ks vepd
207 F 242 bar, 21 490 °C, DMMP % 50 mmol/lIE 117
3laL, A FEE ) akagF -40~200%2] WLl WstAl7E
A AEE FSISIT). A 2t Sl Wl DMMP
&2 ST, ko] 0 ofstellA = AlehA Hx W
glof| ulzl DMMP2] all&o] @AM Q3 wigkort #elika
Fo] 0 o) - Fake- g AQIr). olel] wht oiF-e] A7
2 Ak 209% o] F7lelA Sl on, HEeL R E A
oM Zeaka® 0% oI5k A A dlolEl= Allst3ith
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Table 2. Results for SCOW of DMMP

Jar .
T

25 (°C) [TOC],, (mg/l)  [TOC],,, (mg/l) A FA 7 (s) 3l &(%) [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 15.35 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 50.91 305.50 20
470 2006 85.30 17.45 95.75 50.91 305.50 20
470 2006 119.80 15.7 94.03 50.91 305.50 20
470 2006 182.80 14.27 90.89 50.91 305.50 20
470 2006 506.80 13.08 74.74 50.91 305.50 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 1991 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

5% olake] Akaze) Rt Rl Zlofth, 27} Tk mEf F2 AlFARIME 2

Cocero 5 [17]°l 2JsHA Y& =
R I s I e

SR AR 7 Akh Aol FUTE AAE AR “HOH H]
3] 714 fEkol oF sull Fw o, u|gA Aao 7HAS fs)
ZHglE AMUAE AnlsH] dot. B3 55 Foll u|gA 7kt
U4 EoH 2= anti-solvent 98-S Slo] &3llE 19 Bl E
U 2AA 9] JAE 7KSsA HEE ARAIRE 5 Ak

ARg-Slo] mitAlEaL Barsigict.
Fig. 5% 2} 2528 AlFAITE st DMMP #-8l&2] ¥

mlm

m
71
T

sfetsst 448 H6= 2006 123

&S BAAh 540 °Co] A9 AFAIE 105004 882 99.7%
TR w9 Qkrh TEu 440 °CE) - Al 263004 oF
90%2] walES B oL, AFAIRE 18% AWM= &F 11%= 543]
7r 51590}

Fig. 6= DMMP 5% 5% 50 mmol/l, &3 242 bar, &% 510°C
ol A1k Wislel ulE DMMP Esll&&3} Co,o AdH W
shz vER Zlolth AlfFARle] 1150 2022 F7F Al ElE
B8 97.3%°14 99.9%7H F7¥el o, CO,20 WAHE S8t
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110 100 30 80 70 60 50 ) 30 20 10 o ppm

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%).

100 - M8
-

S L7 o
T S
9 904 £
[ £
[9) S
g 3
8 o £
o o}
le) o
= ]

80 —e— Conversion

—a— CO, yield L5
70 T T T T T 4
0 10 20 30 40 50 60

Feed Concentration(mmol/L)

Fig. 7. Effect of feed concentration on DMMP conversion
(P =242 bar, T = 490 °C, O, excess = 100%).

= A%E 13tk Co, ol2lel COx vl A= o AA 71
A3 Eo) tfgk AAFEEL FAIE v At o714 €00 &
2 GC responseZ 715502 At o7 AA AR EE
go] ohym, 2l 45717} gol EgEo] Qo] £49) 4
shet tha golg.

Bl Rolr} WR3-21 490 °C, 4 242 bar, ZAARATE
Azl DMMP %552 5, 10, 25, 50 mmol/IZ ¥ 3313
o F2) 557} S71gel wel DMMP 2882 S715h= 23
Qir}. o] the-9] Wk sjjAox] DMMP 5ol tiso] ¥ks-
A=7F 0 o)dele ulEth. DMMP #8le F7kel 3 CO,°l
WEE 7R o AU

32. B2 HISEE oflM

AFsEgo] S, plug-flow HHS7]oA 3w ™| I AlG=ollA
DMMP2] AFsHES- £S5 d5sh=tl] A5 (power law rate
equation)®] 2}-go] 7Fssittal 7Pdshd HA| TEA G WA
& o 7o) & S Qi
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DMMP, O,, H,08] §-g2175 YERATE RES-E 544 k= thad
7o) Arrhenius FE|Z & 4= Ut}

-E,
) ™
o714 A= A A AR (pre-exponential factor), E = 87
3} oLy (activation energy, J/mol), R 71A/d<(8.314 J/mol K),
T AUl = ((K)E HERATEH
G5k Abae} 2O] e A Ao ® kgl AA st
2 7L 712d0=000A X=0)% 295k S AN

&4, 04 AH oz B vk} o] AL, Xol e 2
o e 4 vk

k = Aexp(

_ 1/(1-a)
X=1 —(1 -1 —a)Aexp(RET“)r[DMMP]‘g* 1[oz]g[HZO]’(;)
for a# 1 )
7E1 b c
X=1- exp(—Aexp(R]:)T[OZ]O[HZO]O) for a=1 9)

o] Moﬂ A3 /x)z‘ﬂ}j—]ﬂ} X%ﬁ]*géi pﬁqja} 5 H]J\ %ﬂ?]‘ﬂ(marqualﬁdt
levenberg algorithm, sigmaplot, SPSS Inc.)2 ©]83}o] W52
o] Z} wiZAE Feieick. A FE (100264 gLl iz
g A2 AFE(X,, )7 ZEA 3l 5T DX,
o] @A1e] Aol gh(residual sum of square)®] #H27} = wo] wl
NS el W o= n)AE s 7] 9] E3712 tolerance”} 107
olstd wiz st

Nh
obs 5
RSS = Z (Xobs - Xpred) (10)

DMMP ZUAI A3k &s)j2]olr] B8 999 o] spafo.
&zﬁo 2 H A Abshisfel] gt £ JE> AT 5=
omg Bof tdk vhsEE 'l~r—— 0°% 7Pgaigict. A2

85% olde] =2 FalES 2 vhEFe 2HE Folon,
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E] AlkE pre-exponential factor= (1.10 £ 0.76) x 107, 43 3}of
A= 90.66 + 3.87 ki/mol, DMMPS} AF2of] tigt wke-ale= 242}
1.02+0.03, 0.32+ 0.03=, OIHH RSSE= 0.028, o|=% sjejn|g|o]
FHAR= 0.0062 WS- 352 2125k Bl o)F detrEE o]
|3lo] TS wHEhAE vhea) 2.

d[DMMP] _

—90.66 + 3.87)
dt

1.10 + 0.76) x 10° (
=( ) x exp RT
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Fig. 8. Comparison of the experimental and the model predicted
conversion.
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