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Abstract−Supercritical Water Oxidation (SCWO) has been proven to be a powerful technology to treat a wide range

of wastes, but there are few references in the literature about the application of SCWO to chemical weapon agents.

In this work, SCWO has been tested to treat a chemical agent stimulant, dimethyl methylphosphonate (DMMP), which

is similar to the nerve agent VX and GB (Sarin) in its structure. The experiments were performed in an isothermal

tubular reactor with H2O2 as an oxidant. The reaction temperatures ranged from 398 to 633 oC at a fixed pressure of

24 MPa. The conversion of DMMP was monitored by analyzing total organic carbon (TOC) on the liquid effluent sam-

ples. It was found that the oxidative decomposition of DMMP proceeded rapidly and a high TOC decomposition up

to 99.99% was obtained within 11 seconds at 555 oC. An assumed first-order global power-law rate expression was

determined with activation energy of 32.35±2.21 kJ/mol and a pre-exponential factor of 54.63±1.45 s−1 to a 95% con-

fidence level. By taking into account the dependence of the reaction rate on oxidant concentration, a global power-

law rate expression was regressed from the complete set of data. The resulting activation energy was 42.00±0.41 kJ/

mol; the pre-exponential factor was 66.56±0.48 l
1.31 mmol−0.31 s−1; and the reaction orders for DMMP (based on TOC)

and oxidant were 0.96±0.02 and 0.35±0.04, respectively.
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INTRODUCTION

Under the provisions of the 1993 International Chemical Weap-

ons Convention, all stockpiled chemical warfare agents (CWAs) are

to be irreversibly destroyed. Studies of the degradation of CWAs

by various technologies are underway in support of an international

program for the destruction of these CWA stockpiles. The conditions

of destruction for chemical weapons and munitions are shown in

the Fig. 1 [Lee, 1999a, b]. Among these technologies, supercritical

water oxidation (SCWO) is one of the promising technologies that

can be used for the decomposition military chemical weapons.

SCWO is known to be a promising technology for treating var-

ious organic compounds including toxic organic materials like poly-

chlorinated biphenyls (PCBs) and dioxins [Ahn et al., 1998; Anitescu

and Tavlarides, 2000; Park et al., 1996, 2003; Park and Park, 2002;

Tester et al., 1993; Mizuno et al., 2000; Pisharody et al., 1996]. SCWO

proceeds by bringing together an oxidant, usually fed as air or oxy-

gen, and organic compounds in the presence of water at a high tem-

perature (400-600 oC) and high pressure (~25 MPa). Organic com-

pounds and oxygen can be intimately mixed in a single phase at

these supercritical conditions. Thus, the rapid reactions are unhin-

dered by inter-phase transport limitations that could occur at sub-

critical conditions where multiple phases could exist. Nowadays,

SCWO is being applied in many pilot plants and a few commer-

cial scale plants and has been successfully demonstrated for com-

plete destruction of organic wastes efficiently [Yoo et al., 2004].

Knowledge of the kinetics of the chemical reactions that occur

during SCWO is required to design and analyze SCWO reactors

and processes [Oh et al., 1996]. This realization has motivated numer-

ous previous studies of SCWO kinetics, nearly all of which have

Fig. 1. Alternative technology for destruction of chemical weap-
ons and munitions.
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concentrated on the kinetics of reactant disappearance. Simply mak-

ing the reactant disappear, however, by converting into a set of differ-

ent organic compounds is insufficient for waste treatment by SCWO.

Moreover, it is potentially dangerous if the products of incomplete

oxidation are more toxic or hazardous than the starting material. It

is the oxidation rate of the total organic carbon (TOC) to CO2, not

the disappearance rate of the initial organic reactant itself, which is

of primary applicability to the commercial SCWO process [Frisch

and McBrayer, 1996]. Indeed, destruction and removal of TOC is

the ultimate goal of some SCWO. Thus, the kinetics of TOC dis-

appearance assumes particular significance.

In this paper we describe experiments of dimethyl methylphos-

phonate (DMMP) which was designed to identify kinetic oxidation

rate in supercritical water. DMMP was chosen as a simulant for the

nerve agent such as VX and GB since it is structurally similar and has

physical properties that are comparable to the actual agent. DMMP

has no halogen compound; therefore, there is no corrosion problem

during the destruction by SCWO [Kim et al., 2000]. The chemical

structure which can be described DMMP, VX and GB is shown in

Fig. 2 where R1 and R2 are differing functional groups. For DMMP,

R1=OCH3 and R2=CH3; for GB, R1=F and R2=CH(CH3)2; and for

VX, R1=SCH2CH2N(C3H7)2, and R2=CH2CH3. Select physical prop-

erties of DMMP and Agent GB are listed in Table 1 [Akzo, 2002].

EXPERIMENTAL

1. Apparatus

The experiments were conducted in a laboratory-scale, continu-

ous-flow SCWO reactor system. A schematic diagram of the sys-

tem for SCWO experimental apparatus is shown in Fig. 3. All wetted

parts, from the high pressure pumps to the gas-liquid separator, were

made of stainless steel (SS) 316 except the reactor. The reactor was

constructed from a 280 mm length of 18 mm outside diameter (O.D.)

and 9.5 mm inside diameter (I.D.) SS 304 tubing. The oxidant feed

was prepared by dissolving hydrogen peroxide into deionized water

in one feed tank. Another feed tank was loaded with DMMP solu-

tion. The feed streams were pressurized in the different lines by two

high-pressure pumps (Thermo Separation Product Company) and

then preheated separately. The temperature of the system was con-

trolled by a temperature controller (Hanyoung DX 7).

DMMP feed stream was preheated within the pre-heater of 0.5 m

1/16-in O.D. SS 316 tubing. In order to ensure that all H2O2 was

decomposed to give H2O and O2, the oxidant was preheated by flow-

ing through 6 m coiled 1/16-in O.D. tubing. Based on the works of

Croiset et al., it has been evidenced that H2O2 completely decom-

posed in the pre-heater even in those experiments carried out at high

flow rate and low temperature [Croiset et al., 1997]. After preheat-

ing, two streams were mixed at the reactor inlet. The effluent of

the reactor was cooled immediately by passing through a shell and

tube heat exchanger to prevent additional reaction and afterwards,

depressurized by using a back-pressure regulator (Tescom Co. 26-

1721-24). The product stream was then separated into liquid and

vapor phases. The liquid products were collected in a graduated

cylinder, and their volumetric flow rates were determined by mea-

suring the time interval.

2. Materials and Analytical Methods

DMMP (Aldrich, 97 wt%) was the reagent used in the experi-

ments. Hydrogen peroxide (Junsei, 35% w/v aqueous solution) was

used as an oxidant. Diluted oxidant solutions were prepared by using

deionized water.

The concentrations of DMMP and liquid-phase reactor effluents

were analyzed by TOC Analyzer (Shimadzu 5050), which is based

on combustion and subsequent non-dispersive infrared (NDIR) gas

analysis, respectively.

Destruction efficiency of TOC, X, defined as follows, was used

to evaluate the extent of oxidative decomposition.

(1)

where [TOC]i is the initial TOC and [TOC]f is the residual TOC

after reaction.

X = 1− 

TOC[ ]f

TOC[ ]i

-----------------
 

⎝ ⎠
⎛ ⎞

Fig. 2. Structure of chemical agent welfare.

Table 1. Physical properties of DMMP and GB

Property DMMP GB

Molecular weight 124.08 140.1

Boiling point (oC) 180 158

Melting point (oC) Pour point : < −50 −56

Density at 25 oC (g/ml) 1.17 1.09

Solubility in distilled water

(g/100 g) at 25 oC

miscible miscible

Fig. 3. Schematic diagram of the continuous-flow reactor system
for SCWO.



Total Organic Carbon Disappearance Kinetics for Supercritical Water Oxidation of Dimethyl Methylphospate 581

Korean J. Chem. Eng.(Vol. 22, No. 4)

RESULTS AND DISCUSSION

Forty-one supercritical water oxidation experiments were perform-

ed in an isothermal and isobaric tubular reactor reactor. Table 2 pro-

vides the experimental conditions and a summary of the results obtain-

ed from the DMMP oxidation experiments. The oxidation reaction

in this study can be represented to following stoichiometric Eq. (2).

C3H9O3P+10H2O2→3CO2+H3PO4+13H2O (2)

1. Rate Expression for Oxidation of DMMP

In order to develop a reliable reaction rate expression, data were

taken under various conditions. The global power-law reaction rate

can be described as follows:

(3)

where [Cn] is the concentration of reactant (mmol/l); [H2O2] is the

concentration of oxidant (mmol/l); [H2O] is the concentration of

Rate = − 
d Cn[ ]

dt
------------- = k Cn[ ]a

H2O2[ ]b
H2O[ ]c

Table 2. Summary of DMMP oxidation

Reaction temperature
oC

Reaction pressure

MPa

Residence time

sec

TOC concentration

mmol/l

H2O2 concentration

mmol/l

H2O2 excess

%

TOC

conversion

398.3 24 05 15.81 104.63 029 0.58000

398.4 24 05 31.93 229.92 026 0.62000

398.5 24 04 20.10 177.76 095 0.53000

399.3 24 08 23.03 156.01 030 0.76000

399.4 24 06 23.97 224.50 087 0.71000

399.6 24 05 20.94 153.20 043 0.67000

399.7 24 05 17.69 110.32 025 0.58000

400.2 24 05 21.50 133.02 024 0.59000

400.2 24 05 23.48 150.30 026 0.63000

400.2 24 05 23.48 225.45 090 0.67000

400.2 24 05 23.48 300.60 153 0.69000

400.2 24 08 03.23 089.14 200 0.77020

400.2 24 09 03.23 089.14 200 0.84201

400.2 24 11 03.23 089.14 200 0.85638

400.2 24 13 03.23 089.14 200 0.87074

400.4 24 07 31.01 223.89 026 0.81000

401.5 24 05 24.10 246.01 111 0.65000

402.0 24 05 23.99 174.28 051 0.63000

420.3 24 11 02.65 073.13 200 0.88510

420.3 24 12 02.65 073.13 200 0.89946

420.3 24 13 02.65 073.13 200 0.91383

420.3 24 15 02.65 073.13 200 0.94255

440.1 24 11 02.34 064.52 200 0.91383

440.1 24 12 02.34 064.52 200 0.93393

440.1 24 13 02.34 064.52 200 0.95404

460.5 24 10 02.13 058.74 200 0.92819

460.5 24 11 02.13 058.74 200 0.94255

460.5 24 12 02.13 058.74 200 0.95691

480.4 24 09 01.97 054.44 200 0.94255

480.4 24 10 01.97 054.44 200 0.95691

480.4 24 11 01.97 054.44 200 0.97128

491.9 24 13 05.06 052.35 200 0.98435

493.5 24 12 05.04 104.15 200 0.98908

499.5 24 12 07.13 102.26 200 0.99224

499.9 24 12 07.13 051.08 500 0.98015

555.5 24 11 04.29 088.62 500 0.99997

556.8 24 11 06.17 088.38 200 0.99580

628.7 24 09 05.37 076.99 200 0.99740

628.9 24 09 03.72 038.48 200 0.99986

631.5 24 09 03.71 076.63 500 0.99887

633.0 24 09 05.33 038.22 200 0.99512
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water; t is the reactor residence time; a, b, and c are the reaction

orders of Cn, H2O2, and H2O respectively. k is the rate constant, which

can be expressed in Arrhenius form as follows:

k=A exp(−E
a
/RT) (4)

where A and Ea are the pre-exponential factor and activation energy,

respectively.

The dependence on the H2O concentration in the supercritical

water oxidation reaction is not yet clearly understood. Helling and

Tester found that water in Eq. (3) is not merely an inert medium

for oxidation reactions [Helling and Tester, 1987]. However, some

authors have assumed that water does not participate appreciably

in the oxidation reaction [Krajnc and Levec, 1996; Jin et al., 2001;

Gopalan and Savage, 1994]. Furthermore, negative orders for water

can also be found in the literature [Oshima et al., 1998]. The possible

effect of solvent on reaction rate has been extensively explained by

Koo et al., concluding that it cannot be explained by phase behavior,

solvation, electrostatic or transition state theory [Koo et al., 1997].

Water seems to participate in the reaction as a reactant via a multi-

step reaction mechanism. Since the reaction medium always con-

sisted of more than 99% of water, its impact on the organic disap-

pearance rate was to be avoided. Moreover, these experiments were

not designed to evaluate the effect of water concentration; the reac-

tion order for water was considered zero, so the global power-law

reaction rate can be expressed as:

(5)

Substituting Cn with [TOC] and rearranging the equation with

respect to the TOC decomposition X defined by Eq. (1), the rela-

tionship obtained is,

(6)

In Eq. (6) if reaction order of TOC is assumed to be first order

and the change in oxidant concentration throughout the reaction is

assumed insignificant, regardless of the order of reaction with respect

to the oxidizer, an integral equation will become,

ln(1−X)=−kt (7)

A plot of ln(1−X) against the residence time (for each tempera-

ture) is shown in Fig. 4. The negative slope of each linear fit gave

the rate constant, k. The Arrhenius plot, shown in Fig. 5, provides

estimates of global activation energy of 32.35±2.21 kJ/mol and a

pre-exponential factor of 54.63±1.45 s−1 to a 95% confidence level.

The resulting first-order rate expression for the oxidation of DMMP

is as follows:

(8)

2. Effect of Oxidant Concentration

In order to investigate the effect of the concentrations of oxidant

on the decomposition rate of TOC, three experiments were con-

ducted at a temperature 400±1 oC, a pressure of 24 MPa, and res-

idence times of 5 seconds. The TOC concentration at the reactor

was fixed at 23.48 mmol/l. In these experiments, the oxidant excess

was varied from 26% to 153%. As can be seen in Fig. 6 the TOC

conversions are enhanced by increasing oxidant concentration. This

is an indication of the fact that the global reaction order for oxidant

is greater than zero.

In this study, the rate equation is assumed to depend on the tem-

Rate = − 
d Cn[ ]

dt
------------- = k Cn[ ]a

H2O2[ ]b

− 
d 1− X[ ]

dt
------------------- = k TOC[ ]i

a−1
1− X( )a

H2O2[ ]b

− 
d TOC[ ]

dt
------------------- = 54.63 1.45

− 32.35 2.21±
RT

-------------------------------⎝ ⎠
⎛ ⎞ TOC[ ]exp±

Fig. 4. Plot of ln(1−X) against residence time for DMMP in SCWO.

Fig. 5. Assumed first order Arrhenius plot for DMMP in SCWO.

Fig. 6. Effect of oxidant feed concentration on TOC conversion.
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perature, the TOC and H2O2 concentration. Since all of experiments

were performed at very short contact time, between 4 and 15 sec-

onds, the method of initial rates can be used for all data [Fogler,

2000].

If the method of initial rate is applied to Eq. (6) with the initial

condition X=0 at reaction time t=0, it can be solved analytically to

provide Eq. (9) as the relationship between the TOC removal effi-

ciency and the experiment variables.

for a≠1 (9)

A non-linear regression analysis is used to fit the rate of reac-

tion, and estimation of the parameter values was made in order to

predict the rate of reaction. Confidence values can be reached by

minimizing the sum of the squares differences of the experimental

and the predicted conversion  for all data points

[Fogler, 2000].

These 41 data led to reaction orders of a=0.96±0.02 for TOC,

and b=0.35±0.04 for oxidant, respectively. The values of the Arrhe-

nius parameters, A and Ea are 66.56±0.48 l1.31 mmol−0.31 s−1 and 42.00±

0.41 kJ/mol, respectively. The uncertainties reported here are the

95% confidence intervals.

(10)

Fig. 7 shows a parity plot of the rate predicted from the global

rate law by using the parameters from experiments data in Eq. (9)

against the rate obtained experimentally. A perfect fit of the model

to the data would result in all the points lying on the 45o line. Our

model fits the experimental data reasonably well over the range of

conversion.

CONCLUSION

Decomposition of DMMP in supercritical water was studied in

a continuous flow tubular reactor. It was found that TOC conver-

sion greater than 99.99% can be obtained within 11 seconds at tem-

perature of 555.5 oC. Assuming the oxidation reaction was first order

in wastewater and zero order in oxidant, the calculated activation

energy was 32.35±2.21 kJ/mol and the pre-exponential factor was

54.63±1.45 s−1 at a 95% confidence level. 

A series of experiments was carried out for the examination of

the oxidant concentration dependence. All oxidation data including

the specific oxygen dependence experiments were used to fit the

rate of reaction in a non-linear regression analysis, assuming a zero-

order dependence on water concentration. Parameter values were

determined to be 66.56±0.48 l1.31 mmol−0.31 s−1 for the pre-exponential

factor, 42.00±0.41 kJ/mol for the activation energy, and for the reac-

tion order, 0.96±0.02 for TOC, and 0.35±0.04 for oxidant. DMMP

could be completely destroyed at supercritical temperature and pres-

sure with sufficient amount of oxidant.
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