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ABSTRACT

The supercritical water oxidation (SCWO) process exhibits distinct

advantages for destruction of toxic wastes. Examples of these wastes are two

chemical agent simulants, dimethyl methylphosphonate (DMMP) and thiodiglycol

(2,2'-thiodiethanol). DMMP is similar to the nerve agent GB Sarin in  structure, and

thiodiglycol is a hydrolysis product of the blister agent HD Sulfur Mustard. Both

simulants are migcible in water and relatively non-toxic in comparison to the actual J

chemical agents;-

Using a laboratory-scale, batch reactor, three temperatures were investigated:

425°C, 450°C, and 500°C using an initial concentration of one percent by volume,

(11,450 mg/  L, of DMMP and 12,220 mg/  L of thiodiglycol). Residence times

investigated were: 1, 2, 3, 6 ,  and 8 minutes. Reactor heat-up (H.U.) was determined

to be one minute. Both pyrolysis and oxidation tests were conducted. Oxygen levels

were uniformly set at 200% of stoichiometric requirements for the parent

compounds. The pressure was calculated as a function of reactor temperature and

density. In these studies, the density was kept constant to provide a larger sample

volume while continuing to achieve supercritical conditions. Both the mass and the

sample volume remained constant. The performance of the SCWO system was

evaluated as follows: measurement of total organic carbon destruction by TOC 3

analyses; determination of effluent sulfate and phosphate concentrations by ion

chromatography analyses; and monitoring the pH. I

Increases in reactor residence time and temperature resulted in greater

destruction of TOC for DMMP and thiodiglycol. The rate and degree of thermal

destruction (pyrolysis), oxidation, and hydrolysis, as based on TOC and for similar

conditions, were greater for thiodiglycol as compared with DMMP. The strength of

iii



H
.‘

the P-methyl bond in DMMP was suggested as the reason for this greater TOC

destruction.
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1.0 INTRODUCTION

With the drawdown of military forces and weaponry, the disposal of
weapons and associated hazardous wastes requires serious attention. The
development of capable technologies to treat and dispose of such unique
wastes is a difficult task. There are no treatment methods currently in use
that are both scientifically and publicly accepted.

With immediate action necessary to handle the disposal problem, the
federal government passed wide-ranging legislation. Initially, the US.
Congress passed the National Environmental Policy Act (NEPA) in 1985,
Public Law 99-115, requiring the Department of Defense (DOD) to destroy the
stockpile of chemical munitions by  September 30, 1994 (Carnes, 1989). The
US. Army acting as the executive agent for the DOD and the lethal munitions
arsenal established the Program Manager for Chemical Demilitarization (PM
l Demil) to implement a disposal program (Carnes, 1989). After
evaluating the problem, the Army informed the Congress in  1988 that
disposal of the arsenal would be delayed until 1997. The Congress extended
the deadline until April 1997 (Capaccio, 1990). The Army indicated that the
additional experience gained from monitoring the chemical weapon
destruction facility on Johnston Atoll in the Pacific Ocean would aid in the
design of similar systems in the continental US. (CONUS) (Carnes, 1989). In
1990, the Army requested a second extension due to operational difficulties at
Johnston Atoll (Capaccio, 1990). These delays resulted in further program
extensions, 1999 or later (Picardi et  a1., 1991).

There were also international deadlines agreed upon by the United
States and the former Soviet Union. These countries initiated agreements to
reduce chemical agent stockpiles to 5,000 tons over a ten-year period,-
beginning in 1992 (Ember, 1990). The development and reduction in nuclear
arsenals over the past  five to ten years created the need for safe and
innovative waste disposal technologies.

There are eight locations in the continental US.  where chemical
weapon stockpiles exist. These locations are: Umatilla Depot, Oregon; Tooele
Army Depot, Utah; Pueblo Depot,  Colorado; Pine Bluff Arsenal,  Arkansas;
Anniston Army Depot, Alabama; Newport Army Ammunition Plant,
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Indiana; Lexington Blue Grass Army Depot, Kentucky; and Aberdeen Proving
Ground, Maryland (Ember, 1990). Also, there are stockpiles at Johnston Atoll
in the central Pacific Ocean which received the stockpiles from the Federal
Republic of Germany, November of 1990 (Picardi et  a1., 1991). Tooele Army
Depot, contains the largest percentage of chemical munitions, 42% by agent
tonnage. Due to the diverse geographic distribution of these stockpiles and
the difficulties in transporting such wastes to a centralized location, the need
is apparent for cost-effective mobile or local treatment systems.

Supercritical water oxidation (SCWO) is an innovative waste treatment
technology ancfi subject to engineering design considerations, has  great
potential for adaptation as an effective system for destroying chemical agents.
SCWO conditions occur above the supercritical point of water which is  374°C
and 22.1 MPa.  The increased solubilities of organic compounds in
supercritical water make SCWO a unique environment for treating organic
wastes. SCWO operates as  a closed system that allows for complete control of
the effluent.

Experimental investigations require the use of chemical agent
simulants due to the toxicity and exorbitant cost of testing with the actual
chemical agents. The expense is due to the safety precautions that must be
taken to test these wastes. Safety concerns in any future full-scale treatment
of the chemical agents with SCWO will necessitate a remotely controlled
treatment system. A malfunction at a full-scale SCWO system treating
chemical agent or propellant wastes may result i n  serious injury or loss of
life. Handling such unique wastes requires extensive testing. Therefore,
pilot-scale testing of a waste treatment system is an important part of system
development.  "'

A limited amount of treatability data involving chemical agent .
simulants are available. Additional data are needed before a full~scale SCWO
plant can be designed to treat chemical agent and propellant wastes.

1.1 Objective

The objective of this study was to evaluate the effectiveness of SCWO
as a viable treatment option for chemical agent wastes. Specifically, the
purpose was to test the potential destruction of two chemical agent simulants,
DMMP and thiodiglycol. A secondary objective was to analyze the relevant
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literature as  to: 1) characteristics of chemical agents and propellants and
2) available disposal alternatives.

1.2 Scope

Two chemical agent simulants, dimethyl methylphosphonate and
thiodiglycol, were selected. Batch tests were conducted with U-tube reactors
and a fluidized sand bath heater.  The following influent and effluent
characteristics were measured:

1) total organic carbon (TOC);

2) phosphate and sulfate, respectively, for DMMP and thiodiglycol
using an ion chromatograph; and

3) pH.

The test conditions and procedures were limited to variations of
temperature, reactor  res idence  t ime, pressure,  and  oxidant .  Three
temperatures (425°C, 450°C, and 500°C) and four reactor residence times (one,
two, three, six, and eight minutes) were used. A heat-up period of one
minute was selected based on a temperature calibration of the sand bath and
temperature profiles obtained during preliminary test runs.  The reactor
residence times do not include the heat-up time. The pressure was calculated
as  a function of temperature while the density remained constant with no
change in the mass or volume. Oxygen, 200% stoichiometric, served as the
oxidant. To measure thermal destruction, pyrolysis tests were also conducted
for the three minute residence time a t  each temperature. Initial
concentration of the parent compounds was limited to a one percent by
volume solution: or 11,450 mg/  L for DMMP and 12,220 mg/ L for thiodiglycol.
To evaluate reproducibility of technique and analyses, duplicate samples were
obtained for every test at  one, two, and three minute residence times. If the _
relative percent difference (RPD), calculated based on the percent organic
carbon removed, varied by as much as  i10% for any duplicate test, a third test
was performed. The performance of the SCWO system was evaluated by 1)
measuring the destruction of total organic carbon using a TOC analyzer, 2)
determining the effluent sulfate and phosphate concentrations using an ion
chromatograph, and 3) monitoring the pH.
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1.3 Rationale

Chemical agents and propellants are extremely hazardous substances
and require destruction prior to disposal. The currently accepted technology
is incineration. However, the public has questioned this technology and put
increasing pressure on the DOD to explore alternative methodologies. The
greatest concern with incineration is  the release of oxidized by-products and
toxic contaminants to the atmosphere. This concern has expanded the
opportunities for alternative technologies. Undoubtedly, there will be a
continued role for incineration in  waste disposal, but the search for more
efficient and ecgaomical methodologies must continue.

SCWO has the capability to fulfill stringent requirements for the
treatment of specific chemical agent and propellant wastes. Although SCWO
cannot destroy the casing materials that contain these weapons, SCWO does
have the capability of destroying the actual chemical agents and propellants,
and based on preliminary studies,  is cost-effective. Therefore, a mobile
SCWO treatment unit specifically designed and constructed for the
destruction of chemical agent and propellant wastes would serve a useful
purpose. A mobile treatment unit would allow for the movement of the unit
to any of the eight sites in the contiguous US. that currently store chemical
agents or to the sites where propellant wastes are targeted for destruction.
The DOD has initiated multiple programs to develop pilot plants and mobile
systems especially designed to destroy toxic, propellant, and chemical agent
wastes (Shaw et al., 1991).

J



H
al

2.0 LITERATURE EVALUATION

The literature evaluation provides an overview of SCWO and a
general characterization of selected munitions wastes. The advantages for
using SCWO for the destruction of chemical agent and propellant wastes are
discussed. Two chemical agent simulants, DMMP and thiodiglycol, a r e
described and reasons for choosing each surrogate are presented. Treatment
alternatives for the destruction of these wastes are evaluated. A summary of
SCWO researcha; and alternative technologies provides a basis for process
evaluation. Finally, future directions for the treatment of chemical agent and
propellant wastes are considered.

2.1 Supercritical Water Oxidation

For the destruction of organic wastes containing less than 20% by
weight organics, SCWO becomes a viable alternative to such traditionally
accepted practices as  incineration and carbon adsorption (Thomason and
Modell, 1984). One of the unique properties of a supercritical fluid is that it is
a single-phase medium. This phenomenon occurs because the gas  and the
liquid phases, become more and less dense, respectively, as the temperature
increases. When this distinction is  no longer apparent, the critical point of
the fluid has  been reached and substances are referred to  as  "supercritical"
fluids (Shaw et a1., 1991). As  shown in Figure 2-1, the supercritical fluid
region for water occurs at 221 bars (22.1 MPa) and 374°C. Complete mixing is
possible  i n  th is  s ingle-phase ,  supercri t ical  medium, which means  that
reaction kinetics are not diffusion limited (Buelow et a1., 1989). A direct result

of these conditiOns is that SCWO has the capability to treat mixed wastes that
may include toxic organic,  inorganic, and radiological waste streams
(Bramlette et al., 1990). A

The SCWO process occurs in a completely enclosed reactor that allows
for complete control of the effluent. The majority of reactions are exothermic
and the process can be  designed to recover process heat or to co-generate
electricity (Buelow et a1., 1989). The SCWO process has been demonstrated as
capable of destroying a number of hazardous organic compounds. These
compounds are completely oxidized in the supercritical water, eliminating
the need for auxiliary off-gas processing (Thomason and Modell, 1984).
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Sometimes organic compounds and oxidizers are converted to simple, less
toxic compounds (Buelow et a1., 1989). The product of organic carbon
destruction is an inorganic form of carbon, carbon dioxide (C02) (Buelow et
a1., 1989). Hydrogen ions (H+) will  combine to form water molecules,
nitrogen will react to produce ammonia (NH3) and dinitrogen (N2),
phosphorus will revert to phosphoric acid (H3PO4), sulfur will react to form
sulfuric acid (H2504) ,  and  halogenic compounds will  produce their
corresponding halogen acids (Buelow et  a1., 1989). Typical oxidants used in
SCWO are oxygen (02) and hydrogen peroxide (H202). Oxidants are more
effective under $CWO conditions because the single-phase, SCWO medium
has no surface -;tension; this allows the oxidant to penetrate much smaller

pores than possible under standard conditions for water. The result is
complete oxidation of organic materials (Freeman, 1989).

Other important characteristics are associated with supercritical
phenomena. For example, the dielectric constant measures the degree of
molecular association (Thomason and Modell, 1984). Water has a fairly high
dielectric constant, 78.5, at 25°C and one atm, due to hydrogen bonding (Shaw
et a1., 1991; Thomason and Modell, 1984). This value drops sharply as the
temperature of water increases While the density remains fairly constant up to
the critical point. At  the critical point of water, the density falls off rapidly
and the dielectric constant of water i s  five (Thomason and Modell, 1984). A

low dielectric constant means a reduced level of hydrogen bonding as a result
of the increased thermal energy contained in the water molecules (Freeman,
1989). The result is that in supercritical water, nonpolar organic compounds
are miscible wh-ile salts are immiscible.

Anothesignificant advantage with SCWO is the rapid increase in
oxidation kinetics above the critical point of water. The oxidation kinetics are _
a function of reactor residence time and temperature. With increasing reactor
residence time and temperature, there is  a corresponding increase in  the
oxidation kinetics and therefore, increased conversion of organic matter to
inorganic end—products.

SCWO design must consider corrosion and salt characteristics. The
corrosion problems result from the high temperature and aggressive SCWO
reactor environments. Salts containing chloride, sulfate, or carbonate appear
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to present the greatest difficulties (Barner et al., 1991). However, precipitated
oxide solids do not adhere to surfaces as readily. A tubular reactor has been
found to be effective in controlling the generation and adherence of salts and
solids while producing beneficial flow properties.

2.2 Characterization of  Problem Wastes

The disposal of propellant and chemical agent wastes poses a unique
problem. Recent legislation mandates the eventual destruction and disposal
of the munitions. The difficulty lies in  finding a disposal method effective
enough to satisfy an increasingly sensitive public. Open burning of weapons
containing progellants has resulted in  disapproval from those concerned
about the release of possible toxic emissions. Future methods of disposal
must limit toxic emissions and, in particular, find ways to treat gaseous
reaction products. Another consideration is  the age of many munitions
containing propellants. With each passing year, the risk of munitions
exploding unexpectedly increases.

Similarly, the age of chemical agent munitions approaches the age of
propellant munitions. The production of chemical weapons came to a halt in
1969 upon an Executive Order from President Nixon (Carnes, 1989). Age
estimates of chemical munitions vary between 21 to 45 years (Capaccio, 1990).
Little is  known about the physical-chemical changes that have occurred
during storage. The possibility of leaking chemical munitions heightens the
concerns of the public and the lawmakers who represent them (Capaccio,
1990). The Bush administration promised the Germans that the removal of
chemical weapons would be accelerated by two years. This promise has made
the chemical a'gent stockpile destruction program a high priority item
(Capaccio, 19903?
2.2.1 Propellant Wastes

There are three components of solid rocket propellants: fuel, oxidizer,
and binder. These three components contain mixtures of low molecular
weight prepolymers (i.e., less than 2,000 g/mole), curatives, plasticizers,
bonding agents, stabilizers, aluminum fuel, and oxidizer salts (Schreuder-

Gibson, 1979). Solid rocket propellants represent the majority of propellant
wastes. Liquid rocket propellants represent a smaller fraction and do not
contain the rubbery binder of solid rocket propellants.
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There are three classes of propellants; single, double, and triple-base
propellant mixtures (Wang et a1., 1982). The problems with the disposal of
these wastes are their unstable and corrosive characteristics. Bondline
failures in the solid propellant rocket motors have been reported due to rapid
chemical changes, processing problems, and the accumulation of damaging
stress (Schreuder-Gibson, 1979). The existing sources of propellant wastes
requiring disposal include 1) existing stockpiles, 2) on—going production, 3)
remanufacturing programs, 4) excess missile inventory disposition, and 5) the
excess weapons resulting from the Strategic Arms Reduction Talks (START)
(Rofer and Warxpier, 1989). The major concerns in the disposal of propellant
wastes are impact on the environment, the aging of weapons containing
propellants, treaty provisions which may override other considerations, the
reclamation of the contents of the propellant wastes, and the possible reuse of
the weapon containing the propellant (Rofer and Wander, 1989).

Before the treatment of the propellant waste can be accomplished, the
solid fuel contained in the solid rocket propellant requires removal. To
remove the solid fuel, a rubber-like material, from solid rocket propellants,
researchers have found success in  spraying or  immersing the solid fuel with
cold liquid nitrogen that reduces the solid fuel to a powder. The use of a
high-pressure stream of hot water has also been investigated, but the presence
of nitroglycerin that may explode under the application of the heat restrains
the applicability of this method. Previous methods of removing the solid
fuel used a high—pressure stream of cool water, but these were inefficient
(Broad, 1991). Safe and more effective methods of removing the solid fuel
from solid rocket propellants are needed.

Major constituents of propellant manufacturing processes include
nitrocellulose (cellulose nitrate), nitroglycerin (glyceryl trinitrate), 2,4,6-
trinitrotoluene (TNT), and phosphorus. Nitrocellulose is a principal-
ingredient in single-, double—, and triple—base propellants. Nitrocellulose, an
original compound in  single-base propellants, is  combined with
nitroglycerine to form double-base propellants, and it is combined with
nitroglycerin and nitroguanidine to form triple-base propellants. To
manufacture nitrocellulose, 16 to 22 gallons of process water are required to
produce one pound of nitrocellulose (Wang et a1., 1982). The resulting
wastewater contains significant concentrations of fine particles of
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nitrocellulose and nitric and sulfuric acids.  The fine particles of
nitrocellulose are not water-soluble and occur a s  colloids in  wastewater; this
makes physical-chemical treatment necessary before the waste can enter a
biological treatment system.

Nitroglycerin is a principal ingredient in double- and triple-base
propellants. Nitroglycerin is soluble in water to 1800 mg/  L at 25°C and is
miscible in the majority of organic solvents (Wang et a1., 1982). Nitroglycerin
manufacturing occurs in either a batch or a continuous process. The batch
process requires about 0.50 gallons of process water/ lb nitroglycerin produced.
The continuousg‘arocess requires 2.5 gallons of process water/  1b nitroglycerin
produced (Wang et a1., 1982). The TNT manufacturing process, including
phosphorus add’ition, requires additional amounts of process water similar to
that required for nitrocellulose and nitroglycerin.

The current industrial process for dealing with propellant wastes
involves removal,  collection, transportation, recovery and reuse, disposal
and destruction, and residue disposition (Rofer and Wander, 1989).  The
current techniques of disposing of propellants are open pit burning, use of a
detonation chamber, and static firing of the weapons containing propellants.
In the 19705, open pit burning and detonation were used to dispose of 68
million lbs/  yr at 54 separate facilities (Rofer and Wander, 1989). Although
open pi t  burning and  detonation have been the lowest  cost disposal
methodologies, these processes have become unacceptable because of their
transportation, storage, and environmental impacts. Currently, for unstable
materials, a detonation chamber is the only available method (Rofer and
Wander, 1989) . ,The detonation chamber method is not capable of disposing
of large quantities of propellant wastes, and there are safety concerns. The
static firing of weapons containing propellant presents environmental
concerns similar to that of open pit burning and detonation. Additionally, '
the high cost and inadequate potential for substantial inventory reduction
eliminate static firing as an alternative (Rofer and Wander, 1989).

Techniques that have shown potential for the disposal of propellants
in the next five years are incineration and the use of solvent extraction (Rofer
and Wander, 1989). Incineration occurs in any of three types of incinerators,
which include:  1 )  the rotary kiln, 2) the fluidized bed,  and 3) molten salt
incinerators (Rofer and Wander, 1989).  High destruction efficiencies of

10
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propellant wastes are achievable with incineration temperatures exceeding
2000°C, but the recurrent problems with incineration have hurt its acceptance
among many in the public. Air emissions are a major concern with
incinerators and often require air pollution control measures to treat the stack
gases. These measures often take the form of air scrubber or air stripping
equipment. With the current push for cleaner air, propellant waste disposal
through incineration techniques may be limited. Other problems with
incineration include corrosion and the possibility of detonations within the
incinerator leading to equipment damage.

Solvent gxtraction attempts to reclaim the valuable materials in
propellant munitions. The difficulty is  that the valuable materials are
present only in’trace quantities. Also, the reuse of many constituents in
propellants is currently prohibited.

Potential propellant waste disposal methodologies during the next five
to ten years are solvolysis and wet air oxidation (WAO). Solvolysis is a
process that uses organic solvents to convert the wastes to a form that is
acceptable for existing wastewater treatment. The major difficulty with
solvolysis is the required long reaction time (Rofer and Wander, 1989). WAC
is a demonstrated technology in the area of municipal sludge treatment. The
difficulties with the WAC process are the long retention times and oxidation
rates of insoluble ingredients (Rofer and Wander, 1989).

Other technologies that could play a significant part in the future
disposal of propellant wastes include biodegradation, ozonolysis, peroxide
oxidation, and SCWO (Rofer and Wander, 1989). Biodegradation i s  a cost-
effective approach but cannot achieve the necessary destruction efficiencies
for the disposal of propellant wastes. Also, a t  high enough concentrations,
certain components of propellant wastes are toxic to microorganisms._
Ozonolysis and peroxide oxidation require long retention times, which limits
their future applicability. However, before the implementation of any
disposal technique, the following considerations must be evaluated: safety,
economics, operability, environmental regulations, legal ramifications, and
the compliance with political mandates such as existing treaties (Rofer and
Wander, 1989).

The current objectives of studies in the destruction of propellant wastes
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using SCWO include 1) safe loading of propellant components into an SCWO
reactor, 2) determination of destruction efficiencies, 3)  evaluation of reaction
products, and 4) reaction rate studies (Buelow et al., 1989). SCWO of aqueous
propellant wastes has the ability to sustain a high degree of reaction and to
recycle the energy content. SCWO performance with energetic materials
requires verification, and a number of reaction rate models require validation
(Rofer and Wander, 1989).

Tests with propellant wastes under SCWO conditions have shown
over a 99.8% destruction of ammonium perchlorate, a compound often
present in progellant wastes, with a residence time of 15  seconds at a
temperature o f_500°C  (Buelow et a l . ,  1989) .  Over 99% destruction of
nitromethane, ahother ubiquitous component of propellant wastes, at 500°C
with a residence time of 30 seconds has been achieved (Buelow et al., 1989).

Both compounds have been destroyed by SCWO Without an explosive energy
release (Buelow et al.,  1989).

The distinct advantage of SCWO is its ability to use oxygen rather than
air. A concentrated oxidant minimizes the quantity of gaseous effluent
requiring disposal. The Modell Development Process claims the ability to
eliminate particulate emissions and acid gases using in situ scrubbing
techniques (Modell, 1991). Similarly, Eco Waste Technologies addresses
important design considerations concerning solid, liquid, and gas separation,
corrosion control and other design requirements (Eller, 1992).

Tables 2-1 and 2-2 provide an overview of some of the typical
constituents of solid rocket propellants. A large fraction of the solid
propellants consists of complex organic chemicals and explosive chemicals
such as nitroglycerin. I t  i s  possible to remove the binder for separate
treatment. This action may be required due to the explosive nature of t he .
binder materials. The oxidizer contains ammonium perchlorate, which is
extremely reactive and explosive. The fuel, typically an aluminum powder,
does not pose serious treatment problems.

2.2.2 Chemical Agent Wastes

The US. stockpile of chemical agents includes the organophosphate
(OP) or nerve agents G(German)A Tabun, GB Sarin, and VX, and the vesicant
or blister agents H, HD, HT, and Lewisite, which are different forms of sulfur
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Table 2-1. Main Components of Class 1.1 Composite
Propellant--Composite Modified Double-Base (CMDB) (O'Brien, 1991)

IN EDIENT WEIGHT 1%)

Fuel:

Powdered Aluminum 18.0

Oxidizer:
Ammonium Perchlorate 4.0
HMX 52.5

Binder: 3i

Nitroglyce‘ijin 17.67
Polyethylene Glycol 5.86

Nitrocellulose 0.06

Aliphatic Polyisocyanate 0.7

N MNA 0.56

Carbon Black 0.5

2-NDPA 0.15

J
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Table 2-2. Main Components of Class 1.3
Composite Propellant--HTPB and PBAN (O'Brien, 1991)

mgiREDIENTfi  WEIGHT 1%)

Fuel:

Powdered Aluminum

Iron Oxide

Oxidizer:

Ammoniurrg Perchlorate

Binder:

HTPB Prepolymer

IsoDecyl Pelarginate

Isophorone Diisocynate 0.545 “

HX-752 0.3

Protech 3105 0.1

Triphenyl Bismuth 0.005

PBAN Prepolymer

DER-332 Epoxy

Dioctyl Adipate (DOA)

Nadic Methyl Anhydride

14



H
al

mustard (Watson et al., 1989). The lethality of nerve agents based on a dose or
concentration value is much greater as compared to the blister agents. Blister
agents are carcinogens and as  such, pose potential long-term health problems
if accidental exposure occurs. The chemical munitions stockpile in the US.  is
estimated at greater than 25,000 tons (Carnes, 1989).

The configuration of munitions while in  storage i s  in either an
explosive or non-explosive mode depending on its wartime function. Bulk
containers represent 60% of the stored tonnage (Carnes, 1989). Ton capacity
containers, spray tanks, and bombs are examples of bulk containers. Examples
of explosive cahfigurations are M55 rockets, M23 land mines, mortars,
cartridges, and projectiles (Carnes, 1989). The explosive configurations are
kept in earth-bermed bunkers or igloos. Ton-capacity containers, used to store
mustard agents are stored in the open, this storage of mustard agents is  the
only open-air munition storage in the US. (Carnes, 1989).

Table 2-3 outlines some of the physical properties of the principal
chemical agents. The high variability of these properties is an underlying
problem in designing an effective disposal system. For example, GB is
miscible in water at 25°C while VX and HD, respectively, require a dilute
mineral acid and an organic solvent to improve solubility levels. Although
the heterogeneity of chemical agents represents a significant problem, mixed
hazardous waste streams occasionally found at  superfund sites pose even
greater problems.

The solids content of an agent may present a problem in SCWO.
Solubilization of the agents may be necessary before entry into the SCWO
reactor. For exjmple, VX has a heat of combustion that is three times higher
than HD or GB, and this large variation could cause overheating and reduced
operating efficiency.

2.3 Chemical Agent Simulants

The selection of a chemical agent simulant involves mirroring, as
closely as  possible, the physical and chemical properties of the chemical agent.
The most probable choices, based on chemical properties, are the hydrolysis
and thermal decomposition products of the chemical agents. Simulants with
similar physical properties are necessary to accurately depict initial mixing
and mass transfer during heat-up and the reaction period (Carney, 1991). For
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example, since GB is  completely miscible in water, the simulant also should

be equally miscible in water.

Table 2-3. Select Physical Properties of Chemical Agents
(Carney, 1991)

__r Eli
MolecularF—‘Weight J 140.1

II Boiling Point (°C) 158
Freezing Pt. (°C) -56 -39
Heat of Combgstion 784 2254 756
(kcal / mole)
Density (g/ml)’ 1.09 1.01 1.27
@ 25°C
Solubility in 3.0
Distilled Water miscible 7.5 @ 15°C 0.092
(8 /1008)  @ZSOC miscible < 9.4°C
Best Solvent N /  A dilute mineral acid organic solvent
Readily Soluble N /  A organic solvent 92.5% ethanol

at > 28.6°C
acetone

The critical properties of concern in  selecting a chemical simulant
include density, viscosity, molecular weight, and solubility (Carney, 1991).
Similarly, the‘critical property in the simulation of the appropriate
homogeneous or heterogeneous conditions during initial mixing and heat-
up is solubility. The homogeneity or heterogeneity of a chemical agent will
differ based on its solubility in water or an organic solvent. Certain chemical
simulants may have to be studied as a slurry, which would result in a more
heterogeneous mixture. Both chemical agent simulants selected for this
study are miscible with water at 25°C.

Density and viscosity, along with the diffusion coefficient, help
determine diffusion. The diffusion coefficient is a function of molecular
weight, molar volume, and ionic mobility (Carney, 1991). Density and
viscosity are the physical properties that characterize the flow conditions. The
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high dilution and rapid destruction of inorganic reaction products, as well as
the general properties of supercritical water, will determine the density and
viscosity of fluid in the reactor. The chemical structure of the simulant
should include the most difficult cleavage groups of the actual agent. For
example, GB Sarin contains phosphorus-methyl (P-CH3) bonds, which are
difficult to cleave, and the simulant, dimethyl methylphosphonate (DMMP),
also contains P-methyl bonds.

Previous SCWO research, Section 2.5.1, suggests that the effective
reaction rate is mass transfer limited rather than kinetic. A mass transfer
limited reactiongirate places less emphasis on precise simulation of chemical
structure and .rnore emphasis on obtaining the characteristic physical
properties responsible for diffusional and hydrodynamic processes (Carney,
1991).

2 .3 .1  Dimethyl Methylphosphonate

Dimethyl methylphosphonate is analogous in structure and molecular
weight to GB Sarin and is  relatively non-toxic in comparison to the actual
agent. DMMP is the transformation product of all chemical agents and their
associated decomposition products containing the P-methyl bond (Verweij et
al., 1985). The molecular formula for DMMP is C3H903P. The compound has
the following structure:

The presence of phosphorus in  DMMP permits investigation of this
heteroatom. However, DMMP does not contain fluorine. GB Sarin does

contain fluorine and will present challenging corrosion problems and a
different set  of physical and chemical interactions. Specifically, the
phosphonate structure will be dissimilar in GB Sarin due to differences in the
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electron withdrawal characteristics associated with fluorine (Chang et al.,
1987). DMMP contains single-carbon methyl groups, which suggests a
possible study of the production of acetic acid (CH3COOH) occurring through
the combination of single-carbon radicals. DMMP is miscible with water at
25°C, which helps avoid problems with solids buildup in reactors.

2.3.2 Thiodiglycol

Thiodiglycol is listed by the International Union of Pure and Applied
Chemistry (IUPAC) as 2,2'-thiodiethanol. This compound is a natural and
final hydrolysis product of HD Sulfur Mustard and is relatively non-toxic.
The molecular firmula for thiodiglycol is (C2H4OH)ZS. The compound has
the following stfiucture:
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Thiodiglycol is also miscible with water at 25°C. HD sulfur mustard is nearly
insoluble in  water and as  such, requires the use of a surfactant or organic
solvent to improve upon its solubility level. Since thiodiglycol is miscible
with water, the emulation of mixing and mass transfer mechanisms may not
occur (Carney, 1991). Thiodiglycol contains ethanol groups (CH3CH20H),
which introduces the possibility for investigating a wider range of probable
by-products as compared to DMMP and its associated methyl groups.
Thiodiglycol and HD Sulfur Mustard both contain the heteroatom, sulfur, but
thiodiglycol does not contain chlorine, a constituent of HD Sulfur Mustard. '
The absence of chlorine significantly alters some potential and important by-
products. For example, some of the partially chlorinated by-products of HD
Sulfur Mustard have a greater vesicant activity and toxicity than the parent
compound; HD by-products can be up to five times as toxic as HD (Clark,
1989). The presence of chlorine in HD will also impact reactor materials
selection.
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2 .4  Treatment Alternatives

Treatment alternatives exist for the destruction of chemical agent and
propellant wastes. The treatment alternatives for propellant wastes were
discussed in Section 2.2.1. Incineration was adopted as the preferred method
of disposing of chemical agents in 1982 (Picardi e t  al., 1991). However, this
policy i s  under review. The Army's previous claims were that
biodegradation, nuclear detonation, etc., were "problematic" and "premature"
methods not worthy of consideration (Carnes, 1989). However, recent studies
indicate that the incineration of these wastes may present some special
problems. Incirl§ration requires rigorous control over the fire box, secondary
chambers, air ‘éleaning systems, and solids disposal. Also, it is  nearly
impossible to  transport these toxic munitions across state and local
governmental boundaries. Treatment alternatives to  supplement
incineration are under development and will help ease the amount of wastes
requiring treatment by incineration methods.

2 .4 .1  Supercritical Water Oxidation

Many researchers believe SCWO, as  compared to incineration, can treat
aqueous waste streams at a substantial reduction in cost (Modell, 1991). One
estimate involving an aqueous hazardous waste, (which has a total organic
carbon content of 100,000 mg/  L) suggests that incineration would cost
$0.35/ gallon whereas, SCWO would cost $0.10/ gallon (Modell, 1991). SCWO
operates at temperatures of 400°C to 600°C as compared to 1000°C to 1500°C for
incineration. The SCWO process is also capable of recovering exothermically
developed process heat.

Aqueous‘ewaste streams susceptible to SCWO treatment include a host
of liquid organic wastes and biological or organic sludges. Additionally,
SCWO can accommodate incinerator stack scrubbing liquors, chemical agent '
equipment wash waters, and mixed low-level radioactive wastes. There are
also advantages to treating chemical agents and propellants in an aqueous
waste stream. For propellant wastes, dispersion of ammonium perchlorate
and nitroglycerin in an aqueous stream promotes extraction of these
compounds (Modell, 1991). The hydrolysis of chemical agents will result in
the production of hydrolysis products that are far less toxic than the original
agent (Modell, 1991). For example, thiodiglycol is a natural hydrolysis product
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of HD Sulfur Mustard and represents a substantial reduction in toxicity of the
original chemical agent.

Another significant advantage of SCWO over other treatment
technologies is  that SCWO operates under homogeneous, single-phase
conditions. These conditions promote excellent mixing along with elevated
mass and heat transfer rates in  the reaction vessel.  In  addition, the presence
of solids in the reactor i s  not thought to be of concern by some researchers,
which would alleviate one of the potential problems with the SCWO system
(Carney, 1991).

Destructign of chemical agents or their simulants may occur due to
hydrolysis, thermal decomposition (pyrolysis), and oxidation. The first stage
of this destruction will involve the conversion to lower molecular weight
compounds, which will occur during the heat-up period (Carney, 1991). The
predominant destruction mechanism will differ for each chemical agent due
to varying molecular structures. The following reactions are the predicted
oxidation reactions for GB, VX, and HD under SCWO conditions:

GB:

C4H10P02F + 6.502 = 4C02 + 3H20 + H3PO4 + HF

VX:

C11H26POZSN + 19.2502 = 11C02 + 10.5H20 + H3PO4 + HZSO4+ 0.5N2

HD:

C4H88C12 + 702 = 4C02 + 2H20 + H2504 +2HC1

(Modell, 1991).;

The preceding expected oxidation reactions of the chemical agents ‘
suggest that corrosion is a major concern. All three reactions produce strong
acids. Production of phosphoric, sulfuric, and hydrochloric acids are all
expected in the oxidation reactions, and consequently the pH will be lowered.
SCWO of GB, VX, and HD will require special corrosive-resistant materials.
The final inorganic products are the precursors of the corrosion problem and
include H2504, H3PO4, HCl, HF, NH3, and C02 (Carney, 1991). A reaction

mixture with a pH of less than one is not uncommon and requires
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neutralization before discharge to the environment.

GB is completely miscible with water; VX has a limited solubility; but
HD is nearly insoluble. Solids may present a challenge in SCWO. Therefore,
in some cases the solubility of the agents must be increased before they enter
the reactor. A water-miscible organic solvent or surfactant may be necessary
to improve the solubility of the agents VX and HD (Carney, 1991).

2.4.2 Biological

Biological processes include the biodegradation of chemical agents and
the use of bioreactors. The biodegradation of chemical agents is  in the
laboratory stage of development. For example, a t  the Sunflower Army
Ammunition Piant in  Desoto, Kansas, pilot- and  bench-scale biological
treatment systems are being tested for the treatment of an explosive
nitroguanidine waste (Picardi et al., 1991). Bioreactors for the destruction of
chemical agents have been successfully demonstrated on a pilot scale and are
in the production stage of development.

Biological methods are applicable only to wastes consisting of organic
substances such as  the organophosphorous nerve agents. In particular, the
biological degradation of the nerve agents Soman and Sarin has been
demonstrated by using immobilized enzymes from microorganisms and
invertebrates (Picardi et  al., 1991). The direct C-P bond is a rare, nonreactive
bond existing in unsubstituted alkyl- and aryl-phosphonate nerve agents and
is the cause of conjecture about the effectiveness of biological methods. The
C-P bond resists cleavage by the microorganisms often capable of degrading
complex organic molecules with their enzyme systems. Also, at high enough
concentrations; chemical agents are toxic to microorganisms. Clearly, the
capability of biological methods to destroy chemical agent wastes is not
proven. Even the widest use of biological methods to destroy chemical agent-
wastes would apply to only a small percentage of the overall stockpile.

2.4.3 Chemical

Chemical processes under development include the following: 1)
SCWO and WAG, 2) Synthetica steam gasification process, 3) molten salt
reactor, 4) metallic couples, 5) dechlorination, 6) Goodyear Sodium
Naphthalide Process, 7) Acurex Process, 8) Sun Ohio PCBX, and 9) the Galson
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Remediation technologies (Picardi et a1., 1991). The SCWO process was
discussed in  detail in Section 2.4.1. Technologies 4) through 9) are either at
the early stages of development or their practical application to chemical
agent wastes are not yet determined.

To achieve an acceptable level of destruction with chemical processes,
a combination of processes will be necessary. For example, the Synthetica
steam gasification process can operate in a field mode with a variety of liquid
and solid waste feeds by exposing the vaporized waste to superheated steam.
The Synthetica steam gasification process could serve to detoxify chemical
munitions and their casings but produces toxic emissions in  the process. The
toxic emissions :will require further treatment using an exhaust gas scrubber.
The SCWO, WAO, and  molten sal t  reactor processes in theory are considered

nonspecific according to waste feed, making these processes attractive for
further development. In practice, SCWO, WAO and molten sal t  reactor
processes will be  limited by  organic loading, sol ids content, economics, etc.
The molten reactor process has demonstrated the ability to treat
organophosphorous  compounds  similar  i n  s t ruc ture  to  the
organophosphorous nerve agents (Picardi et a1., 1991).

2.4.4 Photochemical

Two broad categories exist for the classification of photochemical
processes; processes designed for treatment of dilute aqueous waste streams
and processes designed for vapor waste streams. Photochemical methods
have the following perceived advantages: 1) ability to operate using a closed
loop system with controlled discharge and 2) potential of vapor phase
processes to directly treat  undiluted chemical agents.  Photochemical
applications include: 1) ozonization, 2) ultraviolet radiation (UV), 3) a laser
photochemical system, 4) gamma irradiation, 5) the Sandia/SERI Soltox and -
Photox Processes, and 6) the Sandia/SERI Solcat Process (Picardi et  a1., 1991).
All of the photochemical processes are currently in the laboratory stage of
development with the exception of the Sandia/SERI Solcat Process, which is
in the pilot—plant stage (Picardi et a1., 1991).

Applications for aqueous waste streams typically use sunlight in
conjunction with a titanium dioxide (TiOz) catalyst operating at solar
concentration ratios from 1 to 20 and a nearly ambient temperature. The
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removal of the TiOz particles from the effluent aqueous waste stream appears
to pose the most difficulty.

Processes designed for vapor-phase waste streams operate at solar
concentration ratios from 300  to 1,000 and temperatures between 700°C to
1100°C. The vapor-phase processes are designed to operate in the absence of
catalysis. Processes designed to operate in the vapor phase will require
significantly more energy.

2.4.5 Electrochemical

Applicatig‘ns for electrochemical techniques for waste treatment fall
under two categories, electrodialysis and electrochemical treatment (Picardi et
al., 1991). Elecfrodialysis involves concentrating the waste stream through
removal of ions, which results in  a reduced volume of waste. A direct electric
current i s  applied to the waste stream, selectively transporting ions across a
semi-permeable membrane. Electrodialysis could be used to remove heavy
metal contamination found in chemical agent waste streams and is  in  the
production phase of development.

In electrochemical treatment, organic waste materials and  energy
supplied to an electrochemical cell use metal ions to act as a coupling agent to
oxidize the waste materials. The oxidation occurs in  one of two ways: 1)
direct electrochemical oxidation reaction of the waste materials a t  the anode
or 2) indirect oxidation through formation of oxidizing species with the
addition of NaCl or HOCl. With indirect oxidation, the NaCl or HOCl results
in the propagation of free chlorine, which functions as the oxidizing species.
In addition, indirect oxidation does not restrain the electrochemical oxidation
reaction to a two-dimensional interface of waste material and electrode. The
disadvantage with indirect oxidation and free chlorine as the oxidizing
species is the likely production of chlorinated organics. '

Two electrochemical processes under development are the SYDOX
Process and AEA Process (Picardi et  al . ,  1991). The SYDOX Process i s  in
laboratory-scale development undergoing catalyzed oxidation reaction testing.
Terminal oxidizing agents used in the SYDOX process are hypochlorite and
persulfate. Funding for a pilot installation using the SYDOX Process has been
requested. The AEA Process is under pilot-plant study. The process involves
direct oxidation of organic material at the anode in a highly efficient
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electrochemical reaction. The AEA Process has been tested with the
organophosphorous solvent tributyl phosphate, (C4H9)3PO4, and is able to
treat solid waste materials. Uncertainties in its ability to handle chlorinated
organics are the source of concern with the AEA Process. For example,
vesicant agents Lewisite and Agent T are highly chlorinated, and performance
of the AEA Process with these compounds is unpredictable.

2.4.6 Neutralization

In the past, the Army concluded that chemical neutralization, as
compared to incineration, would require the disposal of three to four times
the amount of hazardous waste. Due to the addition of chemicals required to
neutralize the Waste. Chemical neutralization required reaction times on the
order of days instead of the predicted reaction times, which were in terms of
hours. These prolonged reaction times resulted in the need for additional
caustic solution, NaOH, which translates into additional cost. Suggestions
have been made that the neutralization process might be reversible under
certain conditions for the agent GB. No major research—demonstration effort
appears to have been undertaken to address this reversibility notion, but it
could result in a major drawback for using neutralization.

The only neutralization technologies under development involve the
processes of hydrolysis and oxidation (Picardi et al., 1991). Hydrolysis with
organic compounds involves a reaction between water molecules and the
organic compound whereby hydrogens replace carbon functional groups and
hydroxide ions (OH‘) are left in solution. The degree of solubility of the
chemical agent is the determining factor for use of hydrolysis technology.
While GA andPB are miscible with water, the nerve agent VX and mustard
agents are characterized by low solubility with water, which constrains the use
of hydrolysis. Organic solvents such as monoethanolamine (MEA) are used _
to increase solubility levels but at the same time can slow the hydrolysis
reaction rate.

For oxidation, the Army prefers adding HOCl as the oxidizing agent in
an aqueous waste stream for detoxification of mustard agents and the nerve
agent VX. Decontamination agents are also added to assist in the propagation
of the oxidation reactions and completion of the decontamination process.
Sodium hypochlorite, calcium hypochlorite, and the organic N—chloramine
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are examples of decontamination agents (Picardi et a1., 1991).

Hydrolysis and oxidation technologies are in  the production stage of
development. Before implementation of hydrolysis  and oxidation
technologies, a full characterization of end-products must occur in order to
ascertain a method to treat process residues. Complete retainment of process
residues is the distinct advantage of hydrolysis and oxidation processes.

2.4.7 Chemical Reprocess

Technology applications in the area of chemical reprocess include
chlorinolysis and catalytic hydrodechlorination. Chlorinolysis involves
exhaustive chlorination using a series of columns containing assorted
chlorine-based compounds (C12, CC14, HCl, etc.) at various temperatures and
pressures to produce usable raw materials, carbon tetrachloride, and possibly
other hazardous compounds. Carbon tetrachloride presents problems due to
i ts  atmospheric half life of 40 years and because i t  is a carcinogen, a
c0ntributor to ozone depletion, and a "Greenhouse Gas" (Picardi et a1., 1991).
The most significant question with chlorinolysis is  waste generation and
subsequent waste disposal.

The intent of catalytic hydrodechlorination is  the production of
compounds suscept ible  to biodegradat ion through par t ia l  or  total
dechlorination. Solvents,  fuels, and  chemical intermediates are potentially
useful end-products resulting from the process. The applicability of catalytic
hydrodechlorination lies with the vesicants or chlorine-based agents. A
separation system would be necessary to remove partially dechlorinated end-
products. The most encouraging application for catalytic hydrodechlorination
is in the hydrogenation and reuse of hazardous organic wastes in the form of
petroleum products. Applications to decontaminate chemical agents appear
limited. Both of these processes are in the production stage of development»
(Picardi et a1., 1991).

2 .4 .8  Thermal

Technologies utilizing thermal treatment or  heat treatment include:
1) plasma microwave, 2) plasma torch, 3) radio frequency (RF), 4) SHIRCO IR
Process, and 5)  incineration processes (Picardi e t  a1., 1991). There are inherent

dangers in the application of the intense heat necessary to initiate the thermal
processes. The explosive nature of munitions may result in severe damage to
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thermal process elements. If the explosive contents of the munition can be
removed and treated separately, the risk created by the contaminated casing
material is minimal.

The plasma microwave and plasma torch technologies are in
laboratory-scale development. Liquid and solid organic wastes, refractory
organic compounds, and metal-containing wastes can be treated with plasma
technologies. Plasma technologies use a process similar to incineration with
different methods of supplying process heat. The plasma microwave process
uses microwave radiation, and the plasma torch process uses a torch to supply
process heat. The shortcomings of plasma technologies are similar to those
associated with incineration processes;  concern over air emissions and
susceptibility to process upsets.

Radio frequency technology uses an RF electrode exciter array
containing tubular electrodes placed in the soil. The heating of the soil
volatilizes the soil contaminants, which are collected in a cover placed over
the area of contamination. After collection of the soil  contaminants, further

treatment using a separate technology is  necessary. RF technology has
applications in the treatment of soils contaminated by chemical agents. This
process is in the pilot—scale stage of development.

The SHIRCO IR Process uses electrically produced infrared radiation
via silicon carbide rods. The process uses primary and secondary combustion
chambers and is  a refinement of various incineration processes. The SHIRCO
IR Process is designed as a mobile unit for operation at remote sites. Before
full-scale implementation of the SHIRCO IR Process,  problems with air

emissions, incljiding the inability to operate in  a closed system, must be
addressed. Both the SHIRCO IR Process and incineration processes are in the
production phases (Picardi et  al . ,  1991).

2.5 Previous Treatment

Chemical agent and propellant waste treatment has a limited history.
Chemical neutralization of the nerve agent GB occurred in the mid 19705.
Propellant wastes were disposed of with incineration in the 19705, and the
Army has built two chemical agent disposal facilities, the Chemical Agent
Munitions Disposal System (CAMDS) pilot plant at Tooele Army Depot,
Utah, and the Johnston Atoll Chemical Agent Disposal System (IACADS).
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Prior to 1969, open pit burning, ocean dumping, land burial, and atmospheric
dilution of the wastes were accepted treatment methods.

In 1982, the Defense Nuclear Agency proposed destroying chemical
agents by using nuclear explosives in an underground cavity (Clark, 1992).
The perceived advantages included: 1) no requirement for disassembly or
preparation of the agents prior to disposal and 2) no residue disposal. The
method was rejected by the Army in favor of incineration.

In 1984, the Army's plan was to construct six demilitarization facilities
for munitions targeted for disposal (Sides and Spafford, 1984). For modified
munitions (drairgiied of active ingredients) exposed to chemical warfare agents,
but a level of decontamination called 3X was required. The 3X level of
decontamination can be achieved using chemical decontamination with
sodium hydroxide or sodium hypochlorite solutions. After achieving a 3X
level of  decontamination,  the munitions could be  cleared for movement
between government installations but not for release from government
control (Sides and Spafford, 1984). Further decontamination to a 5X level was
necessary before release to the public. A 5X level of decontamination could be
achieved by heating the materials to 1000°F for 15 minutes. Upon reaching a
5X level of decontamination, the material was considered free of any trace
chemical agents and could be released for public use (Sides and Spafford,
1984). The 3X and 5X decontamination processes ran into difficulty.
Presently, neither are considered to be acceptable levels of treatment.

2.5.1 SCWO

Pilot-scale SCWO systems have demonstrated the capabili ty of
destroying hazardous wastes, including chemical agent or propellant wastes.
No full-scale SCWO treatment system exists. Bench-scale SCWO studies with
chemical agent simulants showed little increase in destruction efficiency with
increasing temperature (Carney, 1991). Slight increases in destruction
efficiency with increasing temperature indicate mass transfer limited
reactions, which include mixing and diffusional processes, rather than
kinetically limited reactions.

Brief residence times, less than 10  seconds, have resulted in high

destruction efficiencies. For example, a 99.9999% destruction efficiency for the
nerve agent VX was achieved in 3.5 seconds at 450°C (Carney, 1991).
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However, there is an important distinction between destruction efficiency
and complete removal of hazardous compounds. Destruction efficiency is
often reported based on the degree of destruction of the parent compound and
not for the destruction of potentially hazardous transformation products.
Therefore, the level of TOC destroyed i s  often a better measure of the
complete destruction of hazardous organic wastes.

2.5.2 Technologies Exclusive of SCWO

More than 6 million lbs of mustard agent and over 8 million lbs of
nerve agent GB.were chemically neutralized in  the early to mid—70$ at  the
Rocky Mountairili Arsenal, Denver, Colorado (Carnes, 1989). The US. Army
Toxic and Hazardous Materials Agency was the agency responsible for the
destruction of these agents. The current agency responsible for implementing
a disposal program is  the Program Manager for Chemical Demilitarization
(PM l Demil), established by the Department of the Army (DOA). The
DOA is the acting executive agent for the DOD in  the disposal of chemical
agents.

Incineration technology was used to treat propellant wastes a t  the
Radford Army Ammunition Plant in 1972 (Forsten, 1973). The propellant
waste was fed as a slurry, 12.5% solids by weight, to the combustion region.
About 27,300 lbs of propellants,  1,065 lbs of HMX, and 273 lbs of TNT were
disposed of in a rotary kiln incinerator at  a feed rate of 250 lbs solids/  hr
(Forsten, 1973). To facilitate in the preparation of the slurry, a ball mill
grinder was used to grind the HMX, TNT, and propellant materials into a
uniform particle size.

At Tooele Army Depot, the Army used chlorine as the oxidizing agent
to decontaminate the nerve agent VX in 100 lb lots. The munitions were
dissolved in 1.5N HCl and chlorine until the formation of a green color. A '
99.999999% destruction was reportedly achieved with the conversion of the
munitions to drum dried salts (Picardi et  al.,  1991).

In 1981, testing was conducted with an activated sludge system to
biodegrade Agent Orange at  the Utah State College of Engineering Water
Resource Laboratory (Picardi et al., 1991). Reductions of Agent Orange in the
range of 64% to 73% were achieved with aqueous mixtures of Agent Orange at
concentrations ranging from 230 to 3,450 mg/  L incubated at 18°C.
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2.6 Present Status

Officially, incineration remains the technology of choice by the DOD to
destroy the chemical agent and propellant waste stockpiles. However, public
pressure and operational delays with the incinerator currently dedicated to
the destruction of the stockpile have forced the DOD to investigate using
alternative technologies to assist in the process. SCWO is  an alternative
technology that has received a significant amount of recent attention. The
attention is  a result of the capability of the SCWO process to sufficiently
destroy hazardous organic wastes while operating in  a closed-system
configuration afia reasonable cost. Before a full-scale SCWO plant becomes
operational for‘ chemical agent destruction, the following engineering tasks
need to be addressed:

0 design and scale-up of the reactor;

0 evaluate salts deposition and scaling;

0 select most appropriate construction materials, considering life
expectancy; and

0 establish environmental and safety requirements (Barner et  al.,
1991).

2.7 Future Directions

If delays and problems continue to slow the incineration of chemical
agent munitions, the Army wil l  have to implement an alternative
technology for the disposal of the munitions. As a prelude to future disposal
difficulties, the Under Secretary of the Army disallowed marine transport of
munitions from Aberdeen, Maryland. Concern has been expressed over
possible contamination of the Chesapeake Bay in the event of an accident
resulting from transportation or handling activities (Carnes, 1989). It has
been suggested that site-specific conditions should dictate the applicable
technologies. Consideration should be given to the chemical composition
and configuration, bulk containers or munitions, at  each site. Other factors
that should be  considered include the site-specific geography, geology,
hydrology, and meteorology (Picardi et a1. 1991). Public awareness is essential
to ensure public trust.
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3.0 EXPERIMENTAL PROCEDURES

A batch-scale SCWO reactor system and a U-tube reactor were used for
all of the treatability runs. The following sections describe the experimental
apparatus, procedure, and preliminary calculations.

3.1 Batch Reactor System

The U-tube reactor, as shown in  Figure 3-1, was connected to a reactor

vessel and shaker assembly. A control switch was used to move the reactor
vessel either horizontally or vertically. The horizontal transfer cylinder was
used to move the reactor to and from the sand and water baths,  and the
vertical transfer cylinder transferred the reactor into and out of the sand and
water baths. The fluidized sand bath was heated electrically, and
temperatures were recorded continuously. Oxygen was added at  the
beginning of each test. As a safety measure, a shield constructed of
transparent, impact-proof polycarbonate sheets surrounds the batch reactor.

3.2 U-tube Reactor

As shown in Figures 3—2 and 3-3, the U-tube reactor contained two
plugs. The plugs served to minimize dead volume. Also, one plug was fitted
with a type-I thermocouple for temperature measurement while the other
plug provided an inlet for oxygen. The reactor used throughout the
treatability tests was constructed of Stainless Steel 316. As shown in Figure 3-
3, the outer and inner diameter dimensions, respectively, were 12 .7  mm (0.5
in.) and 8.128 mm (0.32 in.). The internal volume of the U—tube reactor was
20 mL. The flat bottom portion of the reactor, 6 mL, helps to minimize the
effect of temperature gradients. For these tests, the upper part of the reactor
vessel remained above the heated sand.

3.3 Methods and Materials

A typical experiment consisted of the following procedures:

0 us ing  a clean syringe,  a 6 mL sample  of either DMMP o r
thiodiglycol, at a known initial concentration, was injected into the
U-tube reactor vessel;
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reactor plugs were inserted into the U-tube reactor and the reactor
sealed;

in  non-pyrolysis experiments, oxygen was then added at a
predetermined pressure through the shut-off valve on the oxygen
reactor plug;

the shut-off valve was closed;

the reactor was connected to the side-shaft of a wrist-action shaker;

the thermocouple was connected to the pyrometer;
3'

the timer on the wrist—action shaker was  se t  and started (the set time

covered the entire test period);

the reactor was transferred using the horizontal transfer cylinder to
a position directly above the fluidized sand bath using the control
switch and immersed in the sand bath with the help of the vertical
transfer cylinder;

a 60 second heat-up period was used;

while the reactor remained in  the sand bath, both the temperature
and pressure were recorded;

following the pre—set residence time, the reactor was removed using
the vertical and horizontal transfer cylinders;

the reactor was quenched in a water bath;

the reactor contents were collected for analysis; and

the r§actor plugs were cleaned, rinsed with distilled water, and
prepared for reuse.

Calibration data were recorded. The temperature of the sand bath is
depicted in Table A1 (Appendix A) and Figure B1 (Appendix B).

The reactor vessels were cleaned after each experiment to remove
corrosion products and encrusted materials. The cleaning solution contained
a mixture of H20 (50%) and 0.1N HNO3 (50%). Each reactor was rinsed
initially with hot tap water and filled with a 0.1N HCl solution. After a
reaction of 30 minutes, the reactor was again rinsed with hot tap water, filled
with a 0.1N NaOH solution, and  subjected to a 30-minute reaction period.
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The reactor was sequentially rinsed with hot tap water and distilled water
(room-temperature). Finally, the reactor was dried overnight at 120°C.

W
The procedures and analytical tests used in  both the DMMP and

thiodiglycol experiments were similar. The estimated 02 requirements, 200%
of stoichiometric, were calculated based on a probable reaction. A constant
density, in contrast to pressure, was selected because this technique provided a
uniformly large volume for analytical purposes. With a calculated density
and temperature, the pressure could be determined.

The calcfllations for density and oxygen pressure for a DMMP
concentration of;one percent (by volume) were as follows:

1. Given;

reactor volume = 20 mL,

sample volume = 6 mL,

pwater = 1 g/mL,
PDMMP = 1.145 g/mL

The feed solution was prepared in a 100 mL volumetric flask.

2. Simplified DMMP reaction;

C3H903P + 502 => 3C02 + H3PO4 + 3H20

3. Density calculation;

_ (lmLDMMP) (1.1453DMMP/mL) + (99mLH20) (1gH20/mL)l) ( 6mL)
P “ 100mL 20mL9.

The 6 mL ove: 20 mL factor corrects for the fact that the sample volume
resides in only 6 mL of the 20 mL (reactor volume).

p = 0.3 g/cm3 or 0.3 g/mL

4. Pressure calculation using the ideal gas law;

nRT
V02  pressure: PV = nRT *9 P =

R, gas constant = 0.08205 L—atm/K—mole
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T = 298 K (room temperature)

Vsample = 6 mL = 0.006 L
Vdead = 14 mL = 0.014 L
Molecular weight of DMMP = 124.07 g /  mole

n = moles of 02 required x 2 (200% stoichiometric 02 requirements)

_ 5moles 02 (11.450gDMMP/L) (0.006 L) 2 _ 554 10-2 l
n ' 1 mole DMMP (124.07g/mole DMMP) " " ' x mo es

L-a tm 298K .
P = (5.:4x10 2moles) (0.08205m) (m) (14.7psz/atm)

P = 142 psi
The percentage of oxygen in the ambient air was assumed to be 21% (standard
temperature and pressure).

atmospheric 02 pressure = (0.21) (14.7 psi) = 3.1 psi

P = 142 — 3.1

P = 138.9 psi

The oxygen pressure initially applied under ambient temperature was 140 psi.
The density, 0.3 g /cm3,  was constant for all DMMP tests. The 200%
stoichiometric oxygen requirements were not recalculated for the varying
influent concentrations. For example, the pressure resulting from the lowest
influent concentration, 11,500 mg/  L,  and the 200% stoichiometric 02
requirement was 140 psi, as  contrasted to 147 psi resulting from 12,066 mg/ L
and the 200% stoichiometric Oz requirement. The reason for using 200%
stoichiometric 02 was to insure sufficient oxygen to oxidize the primary
organic compounds and the transformation by-products. The error resulting
from using the above technique was less than 5%. Temperature and reactor
residence time were dominant factors in  TOC destruction. Duplicate
experiments were performed with different initial concentrations under the
same conditions of temperature, pressure, and reactor residence time; these

yielded similar results.

3.3.1.1 TOC

The level of organic destruction was based on total organic carbon
(TOC). TOC, in contrast to chemical oxygen demand (COD), permitted a more
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direct measurement of the total organic carbon content. TOC is independent
of the oxidation states of  the organic matter, whereas the COD test i s
dependent on the oxidation states of the organic matter. TOC is  defined by
Standard Methods for the Examination of Water and Wastewater, 17th ed., as
"all carbon atoms covalently bonded in organic molecules." The inorganic
carbon (IC) fraction i s  defined as "the carbonate, bicarbonate, and dissolved
C02."

There are some limitations to the TOC test. For example, because TOC
is independent of the oxidation state of the organic matter, the test provides
no measure ofgother organically bound elements, such as  nitrogen and
hydrogen. The test also does not measure the contribution of inorganics to
the oxygen demand (Clesceri et a1., 1989).

A Beckman TOC Analyzer, Model 915, was used for all samples
containing DMMP. A Beckman Infrared Analyzer, Model 215A, served as the
measuring instrument for the total carbon (TC) and IC analyses. Standards
were run according to Standard Methods for the Examination of Water and
Wastewater, 17th ed.,  section 5310-3, Combustion-Infrared Method. The only
deviation from Standard Methods for the Examination of Water and
Wastewater, 17th ed., was that COz-free water was not used in the preparation
of the organic and inorganic carbon stock solutions used to develop the
calibration curves. The potential error from not using COz-free water in
either s tandard solutions, TC or IC,  should  have  subtracted out  i n  the
calculation for influent and effluent TOC, where T OC = TC — IC. Calibration
curves are provided in Figures B6 through B9, Appendix B. The influent and
effluent TOC was based on these TC and IC calibration curves. Before
performing a TOC analysis, three or four standard solutions were used to
validate the calibration curves for the total and inorganic carbon channels.
Also, the TC and IC of distilled, deionized (DDI) water was tested using both '
the TC and IC channels. This procedure ensured that there was no analytical
bias resulting from the infrared analyzer.

3.3.1.2 Ion Chromatograph

A Dionex Ion Chromatograph, System 14, equipped with anion
separator columns and a conductivity detector served as the analytical tool for
the analysis of the conversion of phosphorus for DMMP. Phosphate (PO4'3)
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standards were prepared prior to IC analyses. These standards were based on
the expected production of phosphoric acid. The resulting calibration curve
was used to translate IC data into mg/ L, as phosphate. After the phosphate to
phosphorus translation was made, the percent phosphorous conversion, as
based on influent to effluent analyses, was calculated as follows:

DMMP - PPO4P
%P conversion = [ P )x  100

DMMP

The reproducibility of the IC analysis based on periodic duplicate injections
was excellent.

3.3.1.3 pH ?‘
The influ’ént pH, for one percent by volume DMMP and thiodiglycol

solutions, was determined using ColorpHast® pH paper. The ColorpHast®
paper was sensitive within 1i0.5 pH units. A syringe was used to extract
approximately two milliliters of influent solution, four to  five drops were
placed onto the paper, and finally the syringe was purged with distilled,
deionized water.

Similarly, the effluent pH of each sample was determined by using pH
paper. However, pHydrion Controls pH paper was used because of greater
sensitivity ($0.2 pH units). The pH ranges selected, 0.0 to 1.5 and 1.2 to 2.4
units, were chosen based on the influent pH of DMMP (5 5.0) and the fact that

phosphoric acid in the effluent would lower the pH. The range of anticipated
effluent pH values was 0.5 to 2.0.

3.3.2 Thiodiglycol

The procEdures for monitoring the destruction of thiodiglycol (TDG) to
inorganic by-products were similar to those used in the investigation of
DMMP. The calculations for a one percent (by volume) solution of TDG were .
as follows:

1. Given;

reactor volume = 20 mL,

sample volume = 6 mL,

Pwater = 1 g /e

PTDG = 1.221 g/mL
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The test solution was prepared in a 100 mL volumetric flask.

2. Simplified thiodiglycol reaction;

C4H10025 + 702 => 4C02 + H2304 + 4H20

3. Density calculation;

([(lmLTDG) (1.2213TDG/mL) + (99mLHzO) (lgHZO/mL)])( 6mL )
100 mL 20mL

The 6 mL over 20 mL factor accounts for the fact that the sample volume
resides in only 6 mL of the 20 mL reactor volume.

p = 0.3 ggfcm3 or g/mL

4. Pressure calculation using the ideal gas law;

nRT
Ozpres su re :PV= nRT —> P = V

R, gas constant = 0.08205 L-atm/K-mole

T = 298 K (room temperature)

Vsample = 6 mL = 0.006 L
Vdead = 14 mL = 0.014 L

Molecular weight of Thiodiglycol = 122 g /  mole

n = moles of 02 required x 2 (200% stoichiometric 02 requirements)

_ 7 males 02  (12.221 3 TDG/L) (0.006 L)
n ‘ 1 mole TDG (122 g/mole TDG) x2 = 8.4x10'3moles

L-atm ) ( 298K
n m)  (14.7psi/atm)-3 _(8.43510 moles) (0'08205K— fi l e

I? = 216 psi

The percentage of oxygen in the ambient air was assumed to be 21% (standard ~
temperature and pressure).

atmospheric 02 pressure = (0.21) (14.7 psi) = 3.1 psi

P = 216 —3.1

P = 212.9 psi

The oxygen pressure initially applied under ambient temperature was 215 psi.
The density, 0.3 g/cm3, was constant for all thiodiglycol tests. The lowest TDG
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influent concentration (12,285 mg/  L) and the 200% stoichiometric 02
requirement resulted in a pressure of 214 psi as contrasted to 227 psi for the
highest influent concentration, 13,004 mg/  L. The pressure differential
represents an error of less than 5.6%. As with DMMP, temperature and
reactor residence times were the dominant factors in limiting TOC
destruction of thiodiglycol. Duplicate experiments were performed with
different initial concentrations under the same conditions of temperature,
pressure, and reactor residence time and yielded similar results.

3.3.2.1 TOC

The TOG? analyses for thiodiglycol were performed as  outl ined in
Section 3.3.1.1 for DMMP. There was no deviation in the methods of TOC
analysis for thiodiglycol in comparison to DMMP.

3.3.2.2 Ion Chromatograph

The IC analyses for thiodiglycol were performed as outlined in Section
3.3.1.2. In this case, sulfate standards were prepared based on the expected
production of sulfuric acid, and calibration curves reflected the concentration
of the 504-2 anions present. The reproducibility of the IC analyses for
thiodiglycol was excellent.

3.3.2.3 pH

The influent and effluent pH of each sample was measured as outlined
in Section 3.3.1.3 for DMMP. The pH of the influent thiodiglycol solution was
E 5.0. The range of expected effluent pH values was 0.5 to 2.0.

3.4 Applicability of Results and Sources of Error

Sourcesiof potential experimental error were defined. Similarly,
completeness calculations were undertaken. To assess the mutual agreement
of independent experiments for duplicate runs a Relative Percent Difference
(RPD) calculation for TOC was performed. RPD is a data quality indicator that
is  a determination of the precision of the experiments. The RPD was
calculated as follows:

(C1 - C2) x 100

(C1 +C2)

2

RPD (%) =

where,
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C1 = the larger of the two observed values

C2 = the smaller of the two observed values

The calculation was made based upon the percent organic carbon removed
rather than the percent organic carbon remaining. If the RPD value exceed
110% for any duplicate test, a third test was performed to verify the agreement
of the experiments.

To measure the amount of valid data from the batch tests with DMMP,
the completeness of the experiments were calculated. Completeness is a data
quality indicator ‘to assist in determining the legitimacy of the data. If the data
reinforced the pgredicted trends, the data was considered valid. For example,
the amount of ;TOC destroyed was  predicted to increase with increasing
temperature and reactor residence time. If a data point reinforced this
prediction, the data was considered valid. A completeness calculation was
made for the TOC results from the TOC analyzer and percent phosphorous
conversion results from the ion chromatograph. The calculation was made
as follows:

Y.Completeness (%) = 100 x (T )

where,

V = number of measurements judged valid

T = total number of measurements

The completeness values for the batch tests with DMMP were judged as 92.9%
for the TOC results and 82.1% for the percent phosphorous conversion
results. The cdmpleteness values for the batch tests with thiodiglycol were
judged as 923% for the TOC results and 85.2% for the percent sulfur
conversion results. The completeness values for thiodiglycol are higher due .
to greater familiarity with experimental technique.

The potential sources of experimental error are: 1) inconsistent heating
of the batch reactor, 2) instrument error, 3) the dilution error associated with

those samples where dilution was necessary to complete an accurate sample
analysis, 4) contamination of samples from insufficiently cleaned glassware,
reactors, reactor plugs, etc,  5) consistency of sampling analysis, and 6) errors
in experimental technique. Steps were taken to minimize the potential error
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in each source.

The most  significant source of potential error is  the inconsistent
heating of the batch reactor. There is inevitably some variability in the heat-
up and cooldown temperature profiles for independent experiments. A
temperature calibration of the fluidized batch reactor attempted to minimize
the error by providing a basis for selection of a thermocouple temperature to
target the desired reactor temperature.

Instrument error was minimized by  achieving intimate familiarity
with the analytical equipment. The TOC analyzer consistently measured only
70% to 80% of the theoretical influent TOC for both compounds. The percent
TOC destroyed was calculated as follows:

TOC influent  " TOCeffluent

%TOC destroyed = TOCinfluent x 100

For the varying influent concentrations, the measured TOCinfluent was
determined using the TOC analyzer.  The theoretical TOCinfluent was
calculated based on the molecular structure of the parent compounds. For
example, DMMP has the molecular formula C3H903P and a molecular weight
of 124.07 g /  mole. Therefore, the theoretical TOC for DMMP is:

36 C
mole DMMP 0.29 g C

124.07 g DMMP 0" g DMMP
mole DMMP

The percent TOC destroyed equation indicates that the instrument error
decreases with increasing TOC destruction because the difference of
[TOCinfluent— IOCeffluent] increases. The increasing difference reduces the
effect the disparity between [measured TOCinfluent — measured TOCeffluent]
and [theoretical TOCinfluent — measured TOCeffluent] has on percent destroyed
values, which decreases the TOC destroyed error. Because the values reported '
for TOC destroyed were based on measured TOCinfluent and effluent  values, the
values are conservative. For the highest (98.4%) and lowest (15.0%) levels of
TOC destruction (DMMP), the percent error for TOC destroyed was 0.32% and
63.5%, respectively. Similarly, for thiodiglycol, the percent error in TOC
destroyed was 0.44% and 4.40%, respectively, for the highest values of TOC
(98.2%) and for the lowest values of TOC (83.5%).

As discussed in Section 3.0, standard procedures were implemented to
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minimize the effects of contamination. With regard to consistency of
sampling analysis, the TOC and pH analyses were conducted within 24 to 48
hours following a test. Errors in experimental technique refer to familiarity
with the experimental procedures and improved with time and experience.
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4.0 EXPERIMENTAL RESULTS

The experimental results, Sections 4.1 through 4.3, summarize the data.
Detailed data and experimental conditions are contained in  Appendices A
and B. Experimental results reinforced the prediction that SCWO
environments can effectively destroy potentially hazardous organic
compounds.

4.1 DMMP

A total ofiZS DMMP experiments were conducted. Of these, twenty-five
were conducted'with oxygen and three without an oxidant.

Table 4-1 summarizes the oxidation data obtained from DMMP tests.
The percentage of TOC destroyed and the conversion of phosphorus (P) were
analyzed for three temperatures (425°C to 500°C) and reactor residence times
ranging from one to eight minutes. For these conditions, the percentage of
TOC destroyed varied from 15.0% to 98.4%. Similarly, the percentage P
conversion varied from 2% to 79%. Phosphorous conversion results include
only phosphorus measured as phosphates in the effluent. Phosphorus was
also present in the effluent in the form of methylphOSphonic acid but was not
quantified. Both the TOC destruction and P conversion data showed a high
degree of variability with respect to temperature and reactor residence time.

4.1.1 Residence Time Effects

Increases in reactor residence time correspond with increases in  TOC
destruction and production of phosphoric acid. Longer residence times
permitted greater demarcation of reaction pathways for by-product formation
and transformation. Figures 4-1 and 4—2 show the results of the oxidation
experiments with DMMP.

Figure 4-1 depicts TOC Destruction vs. Residence Time. Considerable
scatter occurs at shorter residence times and lower temperatures. In
particular, at a temperature of 425°C and a reactor residence time of one
minute there is considerable dispersion. This variability at low temperatures
and residence times i s  a function of two factors. First, short-term stability
with this reactor design is difficult to achieve. Second, the reaction pathways
for by—product formation and transformation are less defined.
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Table 4-1. TOC and Ion Chromatogriph Dank-Oxidation of DMMP
Run Temp. Time TOC 13'O4Conc.1 P Conver.2
# (°C) (minutes) Destyd. (mg /L) (%)

(%)
1 415 1 15.0 200
2 425 1 28.7 350
3 425 1 67.7 2900
4 425 1 70.4 2900

|| 5 435 1 68.6 1600
6 425 2 61.0 1500
7 425 2 66.4 2600
8 425i 3 76.3 2600

|| 9 425 3 70.6 750
|| 10 425 8 73.0 600
[L11 450 1 63.3 3500
12 450 1 63.6 3000 34

L13 460 1 74.7 3800 43 ll
14 450 2 72.1 4700 53
15 450 2 68.5 2000 22

l 16 450 3 74.7 3800 43
|| 17 465 3 84.9 5400 62

18 450 8 86.9 1100 12
“19 500 1 78.9 4700 53
|| 20 510 1 86.6 5300 60
|| 21 500 2 88.3 5900 66

22 520 2 94.5 7300 79
23 480 3 89.0 5900 66
24 490 3 88.6 6200 70
25 500 6 98.4 3700 40

-~

1Concentration’mof phosphates measured in  the effluent.
2Includes only phosphorus measured as phosphates in the effluent.
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Figure 4-2 reveals that percent phosphorus converted from DMMP
increases with increasing reactor residence time. The three data points for the
longer residence time at each temperature, 425°C, 450°C and 500°C, do not fit
the general trend. A possible explanation could be the impact resulting from
the use of a contaminated reactor. The three experiments conducted at longer
residence times for each temperature were with reactors previously used for
thiodiglycol tests. The thiodiglycol samples had contaminated the reactors,
even after cleaning, with substantial concentrations of sulfates measured in
IC analyses. The interference of the sulfate contamination probably led to the
irregularity seer]; in the phosphorous conversion results.

4 .1 .2  Temperature Effects

Originally, the three temperatures chosen for the DMMP and
thiodiglycol experiments were 400°C, 450°C, and 500°C. These temperatures
were chosen to provide adequate separation between temperatures and thus
avoid overlapping temperature profiles due to the inconsistent heating of the
batch reactor. The 425°C temperature was substituted for the 400°C
temperature because of the inconsistency of experimental conditions when
operating near the critical point of water. A change to the experimental
conditions that should have been made was to replace the 450°C with a
temperature between 460—470°C to restore adequate separation of the
temperature profiles. For that reason, the manifestation of the temperature
effect was more difficult to demonstrate when comparing 425°C and 450°C
tests and caused more anomalies in the data.

Figures 4-3 and 4—4, respectively, are graphs of TOC Destroyed and P
Conversion vs.‘Temperature. These include data developed at one, two, and

three minute reactor residence times. Only three tests were run at reactor
residence times other than one, two, and three minutes.

Longer residence times resulted in higher TOC removal and greater
production of phosphoric acid for most experiments. The greatest variability
occurred at 425°C and one minute reactor residence time. At  500°C,  the
activation energies of most compounds are exceeded and as a result the trends
are more consistent. For 500°C tests, triplicate experiments were unnecessary
based on a relative percent difference (RPD) calculation for TOC results.
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4.1.3 Oxidant Level Effects

It was necessary to compare the thermal effects on DMMP destruction.
Therefore, three pyrolysis tests were conducted using a three minute reactor
residence time. Figure 4-5 clearly shows that pyrolysis destruction was slower
as compared to oxidation. The percentages of thermal destruction, based on
TOC destroyed, and three minute reactor residence time at 425°C, 450°C and
500°C, respectively, were 8.10%, 13.5% and 21.7%. The percent conversion of
phosphorus to phosphoric acid was one percent or less for the pyrolysis tests.

It should be noted that some oxygen was present during pyrolysis runs.
Ambient air in file reactor contained approximately 21% oxygen. Oxygen was
present as dissolved oxygen and oxygen atoms in water molecules, and
organically bound oxygen was associated with both the DMMP and
thiodiglycol. However, the IC results for both compounds indicated little
thermal oxidation in the form of phosphoric or  sulfuric acids. Table 4-2
summarizes the thermal and oxidation data at a three minute reactor
residence time.

Table 4-2. DMMP Data for Three Minute Residence Time
With and Without Oxidant

Run Temperature Oxidant TOC P
# (°C) (% Stoich.) Destroyed Conversion1

(%) (%)
8 425 200 76.3

n 9 425 200 70.6
H 16 450 200 74.7
[I 17 465 200 84.9

23 ,480 200 89.0
|' 24 490 200 886
|| 26 425 0.02 8.10
|| 27 450 0.02 13.5
I 28 500 0.02 21.7

1Includes only phosphorus measured as phosphates in the effluent.
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4.2 Thiodiglycol

A total of 26 experiments were conducted with thiodiglycol. Twenty-
three oxidation experiments and three pyrolysis experiments were conducted.

Table 4-3 summarizes the oxidation data  obtained from thiodiglycol
tests. The percentage of TOC destroyed and the conversion of sulfur (S) were
analyzed for three temperatures (2 425°C to 500°C) and reactor residence times
ranging from one to three minutes. For these conditions, the percentage of
TOC destroyed varied from 83.5% to 97.8%. Similarly, the percentage S
conversion varied from 17% to 87%. Sulfur conversion results include only
sulfur measure§ as sulfates in the effluent. Sulfur was also released in the
form of effluent;-sulfur gases. The S conversion data showed a high degree of
variability with respect to temperature and reactor residence time.

4 .2 .1  Residence Time Effects

As shown in Figures 4-6 and 4-7, the amount of TOC destroyed and the
percent of sulfur conversion for thiodiglycol increased with increasing reactor
residence time and temperature. The variation of TOC destruction, Figure 4-
6, was significant only at  the lowest temperature. Figure 4-7, S Conversion vs.
Residence Time, contains one significant anomaly in the data. These TOC
and sulfur results were about 10% higher than corresponding DMMP data. A
more complete oxidation of sulfur as opposed to the phosphorus was not
expected. One conceivably would expect the phosphorus to be oxidized more
rapidly because the phosphorus present in DMMP is at its highest oxidation
state, while the sulfur in thiodiglycol is not. The greater percentage of TOC
destroyed in the thiodiglycol tests indicates the relative strength of the C-P
bond. Presumably, the strength of the C-P bond is greater than that of the C-5
bond. In addition, this bond strength may account for the greater
completeness of the sulfur oxidation.

4 .2 .2  Temperature Effects

Figures 4-8 and 4-9, respectively, are graphs of TOC Destroyed and S
Conversion vs .  Temperature. These include data for one, two, and three
minute reactor residence times.
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Table 4-3. TOC and Ion Chromatogr_aph DatanOXidation of Thiodiglycol
Time TOC $04 Cone.1 S Conver.2
(minutes) Destyd. (mg /L) (%)

(%)
____________i____

425 1 83.5 5500 54
|| 2 425 1 87.2 6200 61
ll 3 425 2 89.8 6700 66

4 430 2 92.9 6300 62
5 435 2 90.1 5600 55
6 425 3 92.1 6000 59
7 425. 3 88.3 4400 43
8 42§ 3 87.8 5500 54 4
9 425. 3 90.5 5200 51

ll 10 450 1 88.0 5300 52
|| 11 460 1 92.0 5700 57
|| 12 450 2 94.3 5500 55

13 450 2 91.1 6600 68
ll 14 450 2 94.3 7200 70
15 470 2 97.1 6800 67

ll 16 450 3 96.1 7000 69
|| 17 450 3 96.6 6200 64
|| 18 500 1 94.0 1700 17
|| 19 515 1 95.6 8000 83
[I 20 500 2 97.0 6300 65

21 500 2 97.5 8400 87
n 22 500 3 97.8 7900 82

23 500 3 97.0 8000 83

1Concentrat ion of sulfates measured in the effluent.
2Includes only gulfur measured as sulfates in the effluent. 1'1
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Higher temperatures resulted in increased TOC destruction and greater
production of sulfuric acid. The greatest variability in TOC destruction and
conversion of sulfur occurred at 425°C and a three minute reactor residence
time. At 500°C, the activation energies of most compounds are exceeded and
as  a resul t  the trends are  more cons is tent .  For 500°C t es t s ,  tr iplicate
experiments were unnecessary based on a relative percent difference (RPD)
calculation for TOC results.

4.2.3 Oxidant Level Effects

Three pyrolysis tests were conducted for the longest residence time.
The percentagegiof thermal destruction based on TOC destroyed, with three
minute reactor residence time were 89.7%, 90.2% and 92.7%, respectively, for
temperatures of’425°C, 450°C and 500°C. The percent conversion of sulfur to
sulfuric acid was one percent or less for the pyrolysis tests. Figure 4-10
indicates that thermal destruction based on TOC destroyed proceeded almost
as rapidly as the combined thermal and oxidation destruction. The wide
differences in the sulfur conversion might indicate that the thermal
decomposition of thiodiglycol occurs under a separate reaction pathway.
Reports have been made on the complete destruction of HD for pyrolysis
experiments that were conducted in a nitrogen atmosphere at 450°C for an
unspecified amount of time (Sides and Spafford, 1984). Table 4—4 summarizes
the oxidation and pyrolysis data at a three minute reactor residence time.

4.3 pH effects

Both DMMP and thiodiglycol influents exhibited a pH of about five.
The effluent pH values ranged from 1 to 1.6 for both compounds. This drop
in pH resulted from the production of phosphoric and sulfuric acids,
respectively, f6} DMMP and thiodiglycol. The only exception was the pH
reduction for the three pyrolysis tests with thiodiglycol, which resulted in pH
values of four. Although similar pH reductions occurred for the oxidation
tests of both compounds, the presence of solids, possibly from reactor
sidewalls, in thiodiglycol samples might indicate that sulfuric acid produced a
more corrosive environment as compared to phosphoric acid.
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Table 4-4. Thiodiglycol Data for Three Minute Residence Time
With and Without Oxidant

Temperature Oxidant TOC S
# (°C) (% Stoich.) Destroyed Conversion1

_f (%) (%)
6 425 200 ' 92.1 59
7 425 200 88.3 43
8 425 200 87.8 54

425 200 90.5 51
"916 450 200 96.1 69
|| 17 450 200 96.6 64
||| 22  500 200 97.8 82
|| 23 §00 200 97.0 83
|| 24 425 0.014 89.7 1.0
|| 25 450 0.014 90.2 1.0
“$6 500 0.014 92.7 0.5

1Includes only sulfur measured as sulfates in the effluent.
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5.0 DISCUSSION

Barner et a1. (1991) cited that the rate of oxidation of large organic
molecules under SCWO conditions is controlled by smaller, partially
oxygenated compounds. This may explain why a significant amount of the
TOC was removed at shorter reactor residence times and lower temperatures.
Increases in reactor residence time and temperature, although destroying
more TOC, removed TOC at a reduced rate.

The results indicate there is a direct relationship between TOC
destruction and conversion of phosphorus and sulfur. For all conditions of
temperature and reactor residence time, increases in TOC destruction were
coupled with increases in conversion of phosphorus and sulfur, respectively,
to phosphoric and sulfuric acids. The lower percentage of phosphorous and
sulfur conversion as compared to TOC destroyed indicates that in the SCWO
of both compounds the carbon groups (methyl groups in DMMP and ethanol
groups in  thiodiglycol) were detached before the conversion to phosphoric
and sulfuric acids.

The destruction of the parent compounds occurred through hydrolysis,
thermal destruction or pyrolysis, and thermal oxidation. Previous research
has indicated that most of the chemical agents react to form lower molecular
weight compounds in the heat-up to SCWO conditions (Carney, 1991).
Although previous studies indicated no effect of water density on the
destruction rate (Lee et a l . ,  1990), the density was maintained at a uniform

level .  fi

5.1 DMMP

The hydrolysis reaction with GB is pH dependent, and under acidic
conditions will form isopropylmethylphosphonic acid (IMPA) plus fluoride.
The IMPA will yield methylphosphonic acid (MPA) at a reduced rate with the
loss of isopropanol (Verweij e t  al., 1982). The IC results with DMMP showed
significant peaks for the phosphate and methylphosphonate anions, which
are the anions associated with the compounds phosphoric acid and MPA,
respectively. Analyses of methylphosphonates were not included in this
study.
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The structural similarities of DMMP with GE suggests that MPA might
be produced during the hydrolysis of DMMP. The high resistance of the P-
methyl bond to hydrolysis would indicate that the breakdown of the MPA, if
present, would occur due to thermal oxidation and pyrolysis (Verweij et al.,
1982). With the exception of the fluoride ion, the hydrolysis products of GB
Sarin are non—toxic (Clark, 1989). Therefore, the hydrolysis products of
DMMP are presumably non-toxic because of the absence of fluorine in  the
structure of DMMP.

The following is  a list of probable by-products produced in  the SCWO
of DMMP (TurrEr, 1992):

carbon dioxide, C02 phosphoric acid, H3PO4

carbon monoxide, CO dimethylphosphinic acid, (CH3)2P(O)OH

methanoic acid (formic acid), dimethylphosphite, (CH3O)2P(O)H
HCOOH

methanol, CH3OH methylphosphonic acid, CH3P(O)(OH)2

ethanal, CH3CHO phosphonoacetic acid, (HO)2P(O)CH2C02H

ethanediol, HOCH2CHZOH trimethylphosphate, (CH3O)3P(O)

ethanoic acid (acetic acid),  tr imethylphosphonoformate,
CH3COOH (CH3O)2P(O)C02CH3

ethanol, CH3CH20H trimethylphosphonoacetate,
(CH3O)2P(O)CH2C02CH3

methanal (formaldehyde), HCHO

Carbon dioxide and carbon monoxide constitute the inorganic carbon content
of the reactedMMP. Acetic and formic acids could result from the
combination of the single—carbon radicals. The formation of other carboxylic
acids  i s  possible, but pas t  research with SCWO has  indicated that the most

commonly formed and remaining carboxylic acids are acetic and formic acids.
Phosphoric  acid is  a predicted end—product in  the SCWO of organic
compounds  whe re  t he  he t e roa tom phosphorus  i s  p r e sen t .
Methylphosphonic acid is  a predicted hydrolysis product of DMMP. In the
hydrolysis of DMMP, the methyl groups attached to the oxygens on DMMP
might  be  replaced with hydrogens.  The resul t ing transformation is
methylphosphonic acid.
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5.2 Thiodiglycol

Hydrogen sulfide, H28, is a reported principal decomposition product
of HD sulfur mustard at higher temperatures, 350°C to 450°C (Sides and
Spafford, 1984). Because thiodiglycol is a natural and final hydrolysis product
of HD sulfur mustard, hydrogen sulfide gas formation should be expected
under SCWO conditions. The presence of hydrogen sulfide, sulfur dioxide, or
an associated gas containing a mercaptan bond, H—S bond, was detected during
the studies reported herein. All testing with thiodiglycol must be undertaken
beneath a protective and vented hood.

The fouraoxic thermal decomposition products of HD sulfur mustard
are all  halogenated (Sides and Spafford, 1984). Thiodiglycol i s  not
halogenated, and i t  is probable that the thermal decomposition products
produced in the SCWO batch experiments might be relatively non-toxic.
However, solids, possibly derived from reactor sidewalls,  were present in the
effluent samples. Therefore, the existence of a highly corrosive environment
might indicate the possible presence of toxic thermal decomposition products.
Removal of solids from reactor sidewalls did not occur in the SCWO of
DMMP.

The following i s  a list of probable by-products produced in  the SCWO
of thiodiglycol (Turner, 1992):

carbon dioxide, C02 ethanal, CH3CHO

carbon monoxide, CO ethanediol, HOCHZCHZOH

diethylsulfate, (CH3CH20)2502 ethanoic acid, CH3COOH

diethylsulfite, (éH3CH20)zso ethanol, CH3CH20H
diethylsulfone, (CH3CH2)ZSOZ methanal, HCHO

diethylsulfoxide, (CH3CH2)ZSO methanethiol, CH3SH

dimethylsulfate, (CH30)2502 methanoic acid, HCOOH

dimethylsulfite, (CH30)2SO methanol, CH3OH

dimethylsulfone, (CH3CH2)2502 sulfuric acid, H2304

dimethylsulfoxide, (CH3)ZSO hydrogen sulfide, H23

sulfur dioxide, 502
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Carbon dioxide and carbon monoxide constitute inorganic carbon content of
the reacted thiodiglycol. The production of acetic and formic acids would
arise from the combination of the single-carbon radicals. The ethanol groups
(CH3CH20H) in thiodiglycol, as opposed to the methyl groups in DMMP,
account for the increase in the probable list of by-products. The distinct odor
of hydrogen sulfide, sulfur dioxide, or an associated mercaptan bond was
present in all effluent samples with thiodiglycol. The odor was even more
distinct for the pyrolysis tests.
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6.0 CONCLUSIONS

1. It is concluded that supercritical water oxidation (SCWO) is a viable
t r ea tment  op t ion  for  t he  chemical  agen t  s imu lan t s  d imethyl
methylphosphonate (DMMP) and thiodiglycol. Based on total organic
carbon (TOC) tests, including the parent and all organic transformation
compounds, TOC destruction during batch tests was as high as 98%. For
th i s  maximum des t ruc t ion  o f  DMMP, the temperature and  reactor
residence tirges, respectively, were 500°C and six minutes.  At the same
temperature? and level of TOC destruction, the residence for thiodiglycol
was only three minutes.

2. Increases in  reactor residence time and temperature in  the SCWO of
DMMP and thiodiglycol resulted in increased TOC destruction and greater
production of phosphoric and sulfuric acids. For DMMP at 450°C and one,
two, and three minute reactor residence times, the average TOC
destruction and conversion of phosphorus  to phosphoric  acid,
respectively, were 63%, 71% and 75%, and 36%, 38% and 43%. At  a two-
minute reactor residence time and 425°C, 450°C, and 500°C temperatures,

the average TOC destruction and conversion of phosphorus to phosphoric
acid, respectively, were 64%,  71% and 88%,  and 23%,  38% and 66%.

Similar results were reported for thiodiglycol.

3. The rate and degree of destruction (oxidation, hydrolysis, and pyrolysis), as
based on TOC changes and similar experimental conditions, were greater
for thiodiglycol as compared to DMMP. The greater degree of destruction
suggests that the strength of the P-methyl bond is a better indicator of
expected destruction than the initial oxidation states of phosphorus and
sulfur. For example, the level of TOC destroyed at 450°C and two minute
reactor residence time was 71% and 93%,  respectively, for DMMP and
thiodiglycol. At a temperature of 500°C and reactor residence time of three
minutes,  the level  of TOC destroyed was 90% and 98%, respectively, for
DMMP and thiodiglycol.

4. The relatively high percentage of TOC destruction observed during the
pyrolysis tests involving thiodiglycol (90% to 93% at 425°C to 500°C and
three minutes) indicates that the degradation of chemical agents and
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chemical agent simulants containing sulfur will undergo rapid
destruction. Within a batch reactor, this may allow for complete
destruction of TOC during reaction periods of five minutes or less. In
continuous-flow reactors, i t  i s  anticipated that the reaction rate will be
uniformly faster and more complete.

. Previous studies with chemical agent simulants noted that increases in
temperature had little effect on the destruction efficiency of parent
compounds (Carney, 1991). Based on this preliminary study of percentage
of TOC destroyed, it was unclear whether temperature or reactor residence
time had a illore significant effect. For example, the percentage of TOC
destroyed (PMMP) using a three-minute reactor residence time at
temperatures of 450°C and 500°C, respectively, was 75% and 90%. At
500°C, the TOC reductions (DMMP) for one and three minute residence
times were 79% and 90%, respectively. Similarly, a t  450°C, the TOC
destructions (DMMP) at one and three minute residence, respectively,
were 63% and 75%. These results indicate that temperature, as based on
the absolute difference of temperature and residence time, may have had a
greater effect. However, when results for DMMP at the 425°C and 450°C
temperatures were compared in  a similar manner, residence time had a
greater effect. Similar results were reported for thiodiglycol experiments.
Therefore, determination of which parameter had a more significant effect
depends on the conditions chosen for comparison.

. It  is concluded that kinetic analyses should be  performed to determine
specific reaction orders. Continuous-flow reactor experiments should be
undertaken.“ Also, special attention should be directed to carbon and
phosphate ffiass balances. Carbon dioxide and carbon monoxide releases
should be  evaluated. Similarly, carbon and sulfur mass  balances need to
validated. Determining thiodiglycol mass balance will be more difficult, as
compared to DMMP, because of the anticipated sulfur gas or gases.
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APPENDIX A. Data

Table A1. Temperature Calibration of the Sand Bath

Time 620°C 550°C 500°C 450°C
(secs) (set tem .) (set temp.) (set temp.) (set tern .)
15 367 329
30 460 420 392 371
45 507 460 423 392
60 525 473 435 403
75 531 485 447 406
90 5§fl 487 450 409
105 548 490 454 411

"120 547 497 456 411
135 546 499 454 412
150 548 502 458 412
165 548 505 460 413
180 552 504 459 413
210 555 505 460 412
225 553 507 461 413ll 240 557 510 460 413
255 560 510 - 415
270 559 510 - 415
285 559 510 - 414

u 300 561 512 462 415
360 563 518 463 412
420 560 522 464 413
480 563 525 464 415 l
540 568 528 464 412

69



’
l
v
‘
z

Table A2. Summary of All Data for the Batch Experiments With DMMP

Conditions:
Reaction Density = 0.3 g/mL

Initial Oxygen Cone. = 200% of Stoichiometric Demand

InitCon Temp. Time Pres. TOC PO4C0 P Effluent
c (°C) (min) (MPa) (%) n Conv. pH
(mg/ L) (mg/ L)

1 11940 415 1 32.7 15.0 200 . .
2 11740 425 1 35.3 28.7 350 4.0 1.2
3 12066 ~ 425 1 35.3 67.7 2900 32 1.2
4 12066 ’1 425 1 35.3 70.4 2900 31 1.2 ~’
5 11970 ,a, 435 1 38 68.6 1600 17 1.2
6 11740 425 2 35.3 61.0 1500 17 1.2
7 11970 425 2 35.3 66.4 2600 29 1.2
8 11740 425 3 35.3 76.3 2600 29 1.2
9 11970 425 3 35.3 70.6 750 8.0 1.2
10 12066 425 8 35.3 73.0 600 7.0 1.2
11 11550 450 1 41.9 63.3 3500 39 1.2

|| 12 11500 450 1 41.9 63.6 3000 34 1.2
|| 13 11500 460 1 44.6 74.7 3800 43 1.2
14 11500 450 2 41.9 72.1 4700 53 1.2
15 11970 450 2 41.9 68.5 2000 22 1.2
16 11500 450 3 41.9 74.7 3800 43 1.2
17 11500 465 3 45.9 84.9 5400 62 1.2

" 18 12066 450 8 41.9 86.9 1100 12 1.2 n
19 11550 500 1 55.2 78.9 4700 53 1.2
20 11550 510 1 57.8 86.6 5300 60 1.2
21 11550 500 2 55.2 88.3 5900 66 1.2
22 312066 4 520 2 60.4 94.5 7300 79 1.2 a
23 11550 1. 480 3 49.9 89.0 5900 66 1.2
24 11550 490 3 52.5 88.6 6200 70 1.2

12066 500 6 55.2 98.4 3700 40 1.2

Conditions:
Reaction Density = 0.3 g/mL

Initial Oxygen Cone. = Oxygen in Ambient Air

26 12066 425 3 35.3 8.1 130
27 12066 450 3 41.9 13.5 200
28 12066 500 3 55.2 21.7 83.6
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Table A3. Summary of All Data for the Batch Experiments With Thiodiglycol

Reaction Density = 0.3 g/mL
Conditions:

Initial Oxygen Conc. = 200% of Stoichiometric Demand

InitConc Temp. Time Pres. TOC SO4Con S Effluent
Run (mg/ L) (°C) (min) (MPa) (%) (mg / L) Conv. pH
# (%)
1 12877 1 35.3 . 5500 .
2 12877 425 1 35.3 87.2 6200 61 1.0

II 3 12877 . 425 2 35.3 89.8 6700 66 1.2
|| 4 12877 g 430 2 36.7 92.9 6300 62 1.2
|| 5 13004 ; 435 2 38.0 90.1 5600 55 1.0

6 12877 425 3 35.3 92.1 6000 59 1.0 ||
7 12877 425 3 35.3 88.3 4400 43 1.0 ||
8 13004 425 3 35.3 87.8 5500 54 1.6 II
9 13004 425 3 35.3 90.5 5200 51 1.0
10 12877 450 1 41.9 88.0 5300 52 1.2
11 12877 460 1 44.6 92.0 5700 57 1.0
12 12877 450 2 41.9 94.3 5500 55 1.2
13 12285 450 2 41.9 91.1 6600 68 1.0
14 13004 450 2 41.9 94.3 7200 70 1.0

'I 15 12877 470 2 47.2 97.1 6800 67 1.0 ll
16 12877 450 3 41.9 96.1 7000 69 1.0 ||

|| 17 12285 450 3 41.9 96.6 6200 64 1.0 ||
18 12285 500 1 55.2 94.0 1700 17 1.2
19 12285 515 1 59.1 95.6 8000 83 1.0
20 12285 500 2 55.2 97.0 6300 65 1.2
21 12285 500 2 55.2 97.5 8400 87 1.0

|| 22 12285 4 500 3 55.2 97.8 7900 82 1.0
| 23 12285 4.. 500 3 55.2 97.0 __8_00_0 83 1.0

Conditions:
Reaction Density = 0.3 g / mL

Initial Oxygen Conc. = Oxygen in Ambient Air

| 24 ‘12285 425 3 35.3 89.7 50
25 12285 450 3 41.9 90.2 50

L26 12285_ 500 3 55.2 92.7 40
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