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ABSTRACT

Base hydrolysis in combination with hydrothermal processing has been proposed
as an environmentally acceptable alternative to open burning/open detonation for
degradation and destruction of high explosives. ln thisreport,we examine gaseous and
aqueous products of base hydrolysis of the HMX-based plastic bonded explosive, PBX-
9404. We also examine products from the subsequent hydrothermal treatment of the base
i ydrolysate. The gases produced from hydrolysis of PBX-9404 are ammonia, nitrous
Gxide, and nitrogen. Major aqueous products are sodium formate, acetate, nitrate, and
nitrite, but not all carbon products have been identified. Hydrothermal processing of base
hydrolysate destroyed up to 98% of the organic carbon in solution, and higher destruction
efficiencies are poxible. Major gas products detected from hydrothermal processing
were nitrogen and nitrous oxide.

INTRODUCTION

In dismantling weapons from stockpile reduction, suitable degradation of the
associated high explosive (HE) waste to environmentally acceptable forms is a critical
objective within the DOE complex. Cumently, open burning is the method of choice for
HE disposal and separation of HE and uranium components. Revocation of bl!ming
licenses could hinder HE disposal and impact the dismantlement process. Thus, ah nate
methods are needed as back-ups and, eventually, as replacement techniques.

Base hydrolysis is one proposed alternative method that involves chemical
reaction of the HE with sodium hydroxide solution at temperatures of approximately 85
to 90”C The resulting product mixture is no longer energetic and mostly water-soluble.
Explosives such as nitrate esters, nitroaromatics, and nitramines are decomposed under
basic conditions (1-5). Nitrarnine explosives RDX and HMX decompose to form
nitrates, nitrites, ammonia, iiitrogen, organic acids, formaldehyde, and
hexarnethylenetetramine. In addition to this, RDX is more readily hydrolyzed than HMX
(3,6).

The products from the base hydrolysis of PBX-94041 have not yet been fully
characterized. In order to properly dispose of the hydrolysis product mixture, it is
desirable to obtain a mass balance for the reaction. The primary focus of this work is to
identify and quanti~ the products from the base hydrolysis of PBX-9@4,

Secondary processing of base hydrolysis products is needed because ~ome
constituents of the process are considered hazardous. Hydrothermal treatment has been
proposed as a seccndary process of base hydrolysate, In hydrothermal tre~tment, the
hydlolysate is heated to elevated temperatures and pressures (> 2009C, 10@bar) in !he
presence of an oxidant. Above water’s critical parameters (3’/4°C, 221 bar),
hydrothermal treatment is known more formally as supercritical water oxidation, The
transport properties of supercritical water resemble those of gases, allowing chemical

—
‘The formulation for PBX-9404 is 94% HMX, 3% nitrocellulose, 3% chlorocthylphosphate, and 0, I %
diphenylarnine,
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reactions to occur without diffusion limitations. Solution densities are also reasonably
high in SCWO/hydrothermal systems (O.1 to 0.9 g/cm~), allowing reasonably high waste
throughput (7), Because required organic oxidation temperatures are below 600CC, NO ~
gases are not generated (8). In addition. hydrothermal processing/SCWO reactors are
totally enclosed treatment facilities, in which gaseous and liquid effluents can be
analyzed and retained, if necessary, before theii release to the environment In this work,
we will discuss destruction, of PBX-9404 hydrolysate in a hydrothermal process reactor.
The general term hydrothermal treatment is applied to the 9404 hydrolysate, because the
critical parameters of the solution are unkncwr - [hat is, even though treatment
parameters we above the critical parameters for water, they may or may not be above the
critical parameters for the hydrolysate.

EXPERIMENTAL METHODS

M-se Hvdrolvsis Reaction condium
. .

The amounts of materials typically used were 10 milliliters cf 1.5 normal sodium
hydroxide solution per gram of explosive. Base solutions were f spared with reagent
grade sodium hydroxide and in-house deionized water. Hydrolo sis reactions were
normally performed in a round-bottom flask fitted with a condenser. A temperature
controller was used to obta.m a constant 85 to 90 ‘C temperature. The temperature was
held below the solution boiling point to minimize foaming and to keep the explosive from
splashing onto the sides of the reaction vessel. For the on-line mass spectral analysis of
gaseous products, the gases were swe;t with helium into the inlet of the instrument.

Products from the hydrolysis reactions were analyzed by a number of different
methods. Nuclear magnetic resonartce (nmr) spectrometry was used to identify the major
hydrolysis products, A JEOL GSX-270 multi-nuclear spectrometer was used to obtain
proton and carbon nmr spectra. Analyses were performed on the hydrolysis solution with
a small amount of deuterated water added to provide a lock signal. Mass spectrometry
was used to analyze gaseous hydrolysis products (Extrel residuzd gas analyzer) and for
solid residue analysis (Finnigan-Mat model 8200). Some gas analysis was also
performed by Fourier transform infrared spectrometry using a Bio-Rad FTS 40
instrument. Ammonia was analyzed by trapping in dilute hydrochloric acid solution and
using a gas sensing electrode for quantitation. Quantitative analysis for inorganic and
organic anions was performed with a Dionex ion chromatography using a conductivity
detector, Solid residues from dried hydrolysis solutions were tested for thermal stability
by differential thermal analysis (DTA) using a DuPont model 910 thermal analyzer.

Reactions were carried out from 960 to 1100 bar at 380 to 450°C in a 0.478 cm
ID Inconel 625 reactor. A complete description of this reactor and experimental
procedures has been pruvided elsewhere (9, 10). The average residence time of reaction
was approximately 1 min. Nitric acid and hydrogen peroxide were used as oxidizers for
the base hydrolysis effluent. Nitric acid was added to hydrolysate originally treated with
IM NaOH in a molar ratio of 1 mole nitric acid per mole of organic carbon residing in
the sample. Hydrogen peroxide was added to hydrolysate originally treated with 1,5M
NaOH in a molar ratio of 1 mole hydrogen peroxide per mole of organic carbon,

Ct-
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Products from the hydrothel ma] reactions were analyzed by ion ch.rcmatography,
gas chromatography, and total organic carbon. Quantitative analyses for inorganic and
organic anions, and ammonium were perfoimed with a Dionex ion chromatography using
a gradient eluent, an AS9 column, and a conductivity detector. Gas products were
measured using a HP 5890 series II gas chromatography, using a CarbPLOT column,
helium carrier gas, and a thermal co~ductivity detector. To[al organic and inorganic
carbon were measured using a Rosemount-Dohrrnann DC-190 TOC analyzer.

RESULTS Ai4D DISCUSSION

_ve A~vsIs of Gaseous PBX-9404 Hv~sis products by mI~

Fourier trartsfonn infrared (FTIR) spectroscopy was used to identify the gaseous
products from the hydrolysis of PBX-9404. Prior to and during the hydrolysis reaction,
the mixture was purged with argon to replace air in the vessel. When gas evolution was
visible from the mixture, a sample was tz!;:n using a gas tight syringe. The gas was
injected into an evacuated infrared gas cell fur analysis. The infrared spectrum, Figure i,
below, shows ~itrous oxide and ammonia as the major infrared-detectable products.
Nitrogen is also imown to be a product and was analyzed by mass spectrometry (see
discussion below).

1oo-

Mi3

H20

% a+ b
u?o

T 1
r
a Nm
n
s
m Y

/-

I
*

i

H20 T
I

M-n Nm

n
c
●

2u-

,Ilml ,-,

0 I I
41m mm lsat lm

wv~

Figure 1. FTIR Spectrum of Gaseous PBX-9404 Hydrolysis Products.

Biotreatment in addition to hydrothermal processing has been proposed as a
second~ method for treatment of base hydrolysis effluent. Because the biotreatment of
hydrolysate requires neutralization, the g&es e~olved upon addition of acid to PBX-9404
hydrolysate were also arwlyzed. Sulfuric acid was added
Inixture was put in an ultrasonic bath to drive off the gases

to the hydrolysate and the
produced. The gases were
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sampled as described above and founci to contain the following: carbon dioxide. formic
acid, nitric oxide, and hydrogen cyanide. Although this gas mixture is highly toxic, the
neutralization conditions used were a wors~ case. Concentrated acid was added quickly
allowing the mixture to become warm and ‘icidic in pH. Solutions of ni[rite, a major
hydrolysis product, are expected to produce nitric oxide under these conditions. When
neutralization is done by slow addition of dilute acid, very little gas is produced.

Gases produced from pyrolysis of dried PBX-9404 hydroiysate (described below)
were also analyzed. The pyrolysis was found to produc~ nitrous oxide, carbon dioxide,
ammonia and carbon monoxide as shown in Fig. 2.

Uiul 3s&l Milnt 2sim am Is&l him

mv~

Figure 2. lTIR Spect:um of Gases Produced from Pyrolysis of PBX-9404 Hydrolysate.

,.~ve An~vs]s of ~ FRX-94C)4l-lvdrol~

The gaseous hydrolysis products were ako analyzed for ammonia content. A
dilute hydrocMoric acid trap was used to convert the ammonia to ammonium chloride. A
one gram sample of PBX-9404 was hydrolyzed and the gases were swept into the trap
with argon. Ammonia analysis of the trap solution was then performed with a gas-
sensing electrode. It was found that nine millimoles of ammonia were produced from
one gram of HE. This represents 35 percent of the nitrogen contained in the PBX-9404.

of Gaseous PBX-9404 l&&g@Is Prodwts. b!’ ‘. ~

Gases were analyzed on-line during a reaction by sweeping them with helium into
the instrument inlet as they were produced. Mass/intensity/time/temperature data were
collected for mlasses up to 100 amu over a period of approximately one hour The
reaction was theu stopped by coolirlg in ice and the unreacted material (HMX) was

4
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filtered and weighed. A three-dimensional plot of the data is shown in Figure 3, below.
Because no inu~es above 50 amu were detected, the mass range plotted is ~0-50 amu.
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Figure 3. Three-dimensional Plot of Mass-Time-Mass Intensity Data of Gaseous PBX-
9404 Hydrolysis Products.

Over the course of the reactim, the only significant masses detected were 44, 30,
28, and 18 through 14. The gases identified fro[n these data are nimms oxide, nitro,qen,
and water vapor. Although mass 44 matches carbon dioxide as well as nitrous oxide, the
absence of a pe: k at 12 arnu indicates C02 is not present. The mass intensity data at 44
and 28 amu were converted to amounts of nitrous oxide and nitrogen. Calibration data
were acquired by injecting known amounts of pure N20 and N2 into the instrument. The
mass spectrum of N20 includes frag.mems at 30 and 28 an-m, aid thl: intensity due to
ni[rogeii at 28 was corrected for this. Figure 4 is a plot of the rates of N20 and N2
evolution versus time of reirtion. Also plotted is the temperature profile for the reaction.

Because of the time delay of the gases reaching the detector, !he mass spectral
data !.ags the temperature data by 2-3 minutes. As the final tempcra~ilre of 85-C is
reached, the rate of N2C and Nz evolution peaks and then gradually declines. When the
reaction is quenched in ice, gas rvolution ceases abruptly. Integration of the gas
evolution curves gives the total amounts of N20 and N2 produced. This was found to be
1300 pmoles and 290 pmoles, respectively, Based on tt,e weight of material that reacted,
the total nitrogen (N not N2) consumed in the reaction was 20,9 rnillimoles. The above
amounts of N20 ~d NT2 represent 12 and 3 percent of the reacted nitrogen, respectively.

5
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Figure 4. Rates of Nitrous Oxide aad Nitrogen Evo!ution versus Reaction Time

~J3x.94(34 HY& olvsis Non-&eous Product

Because no significant amount of carbon has been detected in the gaseous
products, it can be assu:ned that nearly all of the carbon remains in solution as water-
soluble products. The 13C nmr spectrum of PBX-9404 hydrolysate shows the formate
ion as the major carbon-containing product. One explanation for the production of
formate is the reaction of formaldehyde, the initial product of HMX hydrolysis, with
sodium hydroxide. This is Known as the Cannizzaro reaction and methanol should be
prcducsd in equimolar amount to the formate {11).

2 H2C0 + NaOH --- NaOOCH + CH3C)H

An ex~rirneut was performed to trap and analyze methanol in the gaseous
products. A purge of argon was used to sweep the gaseous hydrolysis ~(oducts through
water that was cooled in ice. The water trap solution was then analyzed by gas
chromatography for methfinol content. The amount of methanol found represe:~ted only
one percent of the carbon from the PBX-9404. This means that either the formate is
produced by some other mechanism, or the methanol is consumed in a subsequent
reac!ion.

Ion chromatography and 13C nrnr spectmmetry have shown that approximately
one-third of the carbon is converted [’osodium fo.rmate. The 13C nrnr also shows at least
fifteen peaks in addition to the formate peak, most of them relatively small, as shown in
Figure 5. Many of the peaks are grouped between 50 and 80 pprn chemical shift, some
are near 180 ppm, and a couple are near 20 ppm. A nmr experim~nt called DEPT
(Distortionless Enhancement by Polarization Transfer) was performed to determine the

6
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carbon types, i.e., nlethyl, methylenc, methine, or quatemary. The unknown peaks near
20 ppm were found to ‘be methyl carbons, those between 50 and 80 ppm were
Inethyienes, and those near 180 ppm were quatemary carbons. One of the quacemary and
one of the methyl carbons may be due to the acetate ion. A peak matching the retention
time of acetate w= found in the ion ctmrnatogr?phic analysis. Quantitative analysis
showed it to represent 13?0of the total carbon from the PIIX-9404.

Cluaterneqj
Carbons

-1

Forrnate

CH2 Carbons

CH3 Carbons
CH2 Cerbon

r & ,W ,W ,& ,M ,~ I I I I 1 1
wm402uo

Figure 5. Carbon NMR Specrrum of FBX-9404 Hydrolysate.

In addition to the Cannizzaro reaction described above, formaldehyde may
undergo condensation reactions in base solution (11). Condensation reactions of
formaldehyde can form hydroxy aldehydes, hydroxy ketones, and sugars. The
unidentified 1% nmr peaks of the PBX-9404 hydrolysate have chemical shifts in the
region expected for these types of compounds. Some of these materials were obttilied or
synthesized, and s’~a.lustedby nmr as possible products. The following c ]mpounds were
checked: dihyiroxyacetone, 1,4-dioxane, formaldoxime trimer, formal in, formamide,
glycolaldehyde, giyceraldehyde, glyoxal, methylene bis-formamide, and
paraforma.ldehyde. Of all the materials checked, dihydroxyacetone came closest in nrnr
chemical shift to the hydrolysis product unknowns, 64.6 ppm. It has not yet been verified
that dihydroxyacctone is, in fact, amonf the hydrolysis products.

PB?i-9404 Material=

Table 1 shows all of the products that have been identified for PBX-9404
hydrolysis. To date, 47 percent of the carbon, 70 percent of the nitrogen, and 62 percent
of the chlorine have been accounted for. Further work is required to achieve a better
mam balance.
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Table 1. Products from the Hydrcdysis of PBX-94@
(Shown as percentage of starting C or N from explosive)

Methanol I 1% 3fc
Total Carbon 47 %

Ammonia ! 35%of Nm

I Nitrite I l?%of N
I Nitra[e I 0.4 % of N

F%E?%T2%ofcl
I Nltmus C)xjde 12%of N

‘itrmen 39’oof N
n

llk of PBX-9404 Hv& 1=

Nitric acid oxhtion
Nitric acid was initiallv used as an oxidant for two reasons.

11/9/94

The nitrate ion is an
effective oxidant for organic”matter in hydrothermal systems (12), and the acid itself
helps to neutralize the basic hydrolysis solution. In addition, nitrate has been
demonstrated to be a considertibly more effective oxidant for ammonia than molecular
oxygen in suprcritical water (13); arrunoma remcval from the hydrothermal reactor
effluent may be necessary for the final disposal.

Reaction conditions for these experiments are shown in Table 3. Oxidation
kinetics were studied in three experiments at temperatures from 405°C to 453”C. Tctal
organic and inorganic carbon (TOC and TIC) were ‘measured for the feed solution and
effluent samples to determine a material balance on the effluent and to determine org~i~c

carbon destruction efficiencies. Gas chromatography (GC) was used to identi~ gaseous
nitrogen and carbon products. The basic ~H of the effluent (pH between 9 and 10),
compared with the feed Soli:tion (12.9) indicated hydroxide was consumed in proton
transfer reactions with COZ produced from carbon oxidation. No plugging was observed
at reactor operating p~esswes near 1000 bar. Plugging typically occurs at lower pressures
and higher temperatures, which favors sodium carbonate precipitation from solution (14).

Table 3. Reaction Conditions for Hydrothermal Processing of lM Hydrolysate
using Nitric Acid as Oxidizer

Reaetion Temp (“C) tiSSUt_t2 (bar) Residence Time (s) Efflunnt pH
405 1111 64 10.0

i

429 1109 9.8
453 ~ 1113 57

Ion chromatography (IC) and TOC~IC results for these experiments are
presented in Table 4. Data in Table 4 indicate that increases in reaction temperature
resulted in increased TOC destruction. This fact is also illustrated by acetate and formate
concentrations, which monotonically decrease with increases in temperature. Acetate and
formate also appear as the majority of the organic carbon remaining after oxidation,
representing 93.6~0 to 114,0% of the measured effluertt T’.)C values. Because TOC
values result from a subtraction of TIC from TC values, ICWTOC concentrations in the

8
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presence of a high T!C background are difficult to accurately quantify. This analytical
difficulty, combined with the fact that acetate and formate have long been recognized as
refractory carbon reaction intermediates in hydrothermal systems ( 15), suggests [ha!
effluent TN values might better be derived from acetate and formate concentrations.

As TOC values decrease with increasing reaction temperature, inorgmic carbon
concentrations increase. The pH of the effluent samples (Table 3) indicate that TIC is
present predominately as HC03-, with a significant amount CO-,=. As discussed
previously. these species are formed in rapid proton transfer reactions with C02 prochlced
from organic carbon combustion. A.nmonium values first increase from the feed
solution, and then drop slightly The initial increase is likely produced from nitrate/nitrite
reduction with rhe organic matlcr. YTtisbehavior has been obser “ed in nitrate/methanol
and nitrate.hcetate hydrothermal systems ( 16,17). The subseque~t decrease, albeit small,
may result from subsequent ammonia reactions with nitrate to form Nz and NZO. These
reactions have been observed at similar temperature regimes in basic NaNO1/NH,
solutions (13).

Table 4. Total Organic Carbn and Ion Chromatography Results from Nitric Acid
Oxidkcl Hydrothermal Processing of Base Hydrolysak (All results ~resented in
mg/L)

** - Below detection limits

Gas products from the hydrothermal processing are reported in Table 5. No
oxygen v~as detected in the gaseous effluent. Significant amounts of hydrogen were
evolved at 405°C, but at higher temperatures, less hydrogen and more molecular nitrogen
were observed. Hydrogen appears to be produced in early stages of carbon
hydrolysis/oxidation, only to be oxidized to water with nitrate/nitrite at higher
temperatures. This hydrogen production behavior has also been observed in the
hydrothermal treatment of EDTA using nitrate/nitrite oxidizers (9). Nitrous oxide
production ‘emamed near 10% of the total gas production for all three temperatures; its
conversion a~~peared to reach a maximum at 429”C. Small amounts of hydrocarbon
rna[erials, notably methane and ethylene, were atso produced, with higher conversions
evident at lower tempatures, At 453”C, the only reduced gaseous product present was a
trace amount of methane.

9
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Table 5. Gas Products from Nitric Acid Oxidized Hydrothermal Proctiing of Base
Hydrolysate. (All results presented are percentage of [otal volume of gas produced ~r
liter of solution)

Good m~s balances were obtained from the nitric acid oxidation experiments, as
shown in Table 6. Also shown in Table 6 are the observed TOC destruction efficiencies.
The carbon mass balance is based on the ratio of the known carbon constituents in [he
effluent to the organic carbon in the feed solution. These carbon constituents include he
difference in inorganic carbon between the feed and the effluent. The total destruction
efficiency is based on the total organic carbon in the feed compared to the total organic
carbon in the effluent and carbon containing gases evolved. As shown in Table 6, the
carbon mass balances range from 94 to 114%. Some of these results are larger than
100% because of probable errors in inorganic carbon measurements. As previously
discussed, at high inorganic carbon loadings the determination of small levels of TOC is
analytically difficult. As a result of this potential error, for the reaction conditions at
429°C and 453*C, DRE’s (Destruction Removal Efficiencies) were calculated using
acetate/formate concentrations rather than TOC measuremerlts. This prevented the
calculation of an artificially high DRE.

Table 6. Carbon Mass Balance and Destmction Efllciency

Reacuon

IIc

arbon Mass Total Organic Carbon
Temp (“C) Balance * Destruction Efficiency ●

78.0%
429 103% 95.3%
453 114% 98.3 %

* - See text for explanation of measurements

Destruction efficiencies increased with increasing temperature. Nearly all of the
organic cadxm was converted to benign products above a reaetion temperature of 429°C
at 1 minute residence time. Higher destruction efficiencies could be achieved by longer
residence times or higher operating temperatures.

Hydrogen peroxide oxidation
Hydrogen peroxide was also used as an oxidant in the hydrothermal processing of

base hydrolysate. A more concentrated sample of base hydrolysate (1.5 M NaOH) was

used in this experiment, and has been described previously in the experimental methods
section. Reactions were carried out at one temperature because of experimental problems
with H~02. Hydrogen peroxide reacts with the base hydrolysate at room temperature to
form small gaseous bubbles. These bubbles make it difficult to pump the solution at high
pressure. One run at 419°C was made before the pump was unable to continue to
pressurize the reaction to 1034 bar. Since the time of the initial experiment, a revised
experimental setup has been designed to allow the co-pumping of H202 and hydrolysate
at elevate+ pressures. The pH changed during the reaction from 12.1 in the feed to 9.5 in
the effluent. The pressure of the reaction was 990 bar and the residence time was @ s.

10
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lon chromatography and total ciirbon results of feed and effluent ion
concentrations are shown in Tabie 7. Using hydrogen peroxide, nitrate and nitri[e were
completely reacted, but TOC destruction removal efficiencies were not as effective as
with nitric acid. Note that only one temperature was attempted; organic carbon
destmction would be more effective at higher temperatures and increased. residence
times.

Table 7. Total Organic Carbon and Ion Chromatography Results from Hydrogen
Peroxide Oxidized Hydrothermal Treatment of Base Hydrolysate. (AU rewlts
presented in mg/L)

TIc -NiFiiT Nmite Ammonia Fotmate Acetate
lad 13180 1490 i357 16383 699 I88* 13377

Effluent 5330 8960 0 2482 10118 4212

Gas products from the H202 oxidation experiment were measured by gas
chromatography and are presented in Table 8. In contrast to nitric acid oxidized
prcxessing, no N 20 was detected, but oxygen was detected in ths gaseous products.
Significant amounts of hydrogen are evolved at419”C. Small amounts of methane and
ethylene were also detected, as observed afso in the nitric acid oxidation experiments.

Table 8. Gas Products from Hydrogen Peroxide Oxid&d Hydrothermal Treatment
of Base Hydrolysatn (All results presented are percentage of total volume of gas
produced per liter of solution)

Reaction Total gas VO1 N2 N20
Temp (“C)

~

Destruction efficiency, or organic carbon conversion, for hydrogen peroxide was
not as good as when nitric acid was used as the oxidizer. The destruction efficiency for
the one peroxide run was 58%. Since nitrate or nitrite were not present at the end of the
reaction (oxidimm themselves), this indicates that not enough oxidizer was added to the
feed solution. It is possible that hydrogen peroxide decomposition to molecular oxygen
in the feed container resulted in these lower fhan stoichiometric values. One desirable
feature of this reaction is that the nitrogen s~cies are completely converted to gaseous
products; this might suggest that a step feed reactor is a favorable reaction scheme, with
nitrate/nitrite carbon oxidation in the f~st reactor segment and oxygen oxidation in the
second segment. In this experiment, 92% of the carbon in the feed solution was
recovered in the effluent. This mass balance was calculated in the same way as for the
nitric acid ex@nents.

CONCLUSIONS

We have shown base hydrolysis to be a viable alternative to open burning/open
detonation disposaf of energetic materials. This low temperature chemical treatment
method results in nonenergetlc and water-soluble products. The gases produced from
hydrolysis of PBX-9404 are amrnoni~ nitrous oxide, and nitrogen. A mass balance of 70
percent has been determined for nitrogen products, and 47 percent for carbon products.
More work is needed to identify additionat products. If a secondmy treatment step is
required for the hydrolysis product stream, this can be achieved by hydrothermal
processing, biotreatrnent, or possibly low temperature pyrolysis.

11
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We have also demonstrated that we can process the aqueous effluent of base
hydrolysis in a hydrothermal reactor. Destruction efficiencies up to 98% were achieved
using nitric wid as m oxidizer. Major gas products dttected were N2 and N20 at these
temperatures, and H 2 at !ower reaction temperatures. Nitrate, nitrite, and ammonia were
detected in W effluent, and nitrate and nitrite products can be minimized by using less
oxidizer. Some acetate was detected in the effluent stream, and forrnate was detected at
lower operating temperatures. For hydrothermal processing using hydrogen peroxide as
an oxidizer, lower destruction efficiencies were obsewed than with nitric acid, but we
believe that these destruction efficienc~s can be increased with larger amounts of
oxidizer and operation at higher teqeratures.
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