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SECTION I

INTRODUCTION

A. OBJECTIVE

The objective of this project was to determine the suitability of oxidation in supcrcritical

fluids (SCO), particularly water (SCWO), for disposal of propellants, explosives, and

pyrotdnics (PEPS).

The SCO studies of PEPs addressed the following issues

The cfliciency of deamtion of the substrate.
● The producu of destructioncontained in the dfluerm
b Whetkr tlwproceMcan be conductedsafely on a large scale.
● WIMtheratergy recoverykm the_ is economicallyprwticable.

The information essential for procewIdevelopment and equipment design was also investigated,

including issues such as practical throughput of explosives through a SCWO reactor, reactor

materials and corrosion, and models for process design and op&nization.

B. BACKGROUND

1. Need for AlternativeDisposal Methods

Traditional methods for dkpokng of PEPs have been open burning or open detonation

(OB/Oil); ho~ver, regukxy agencies are likely to prohibit OB/OD kause of the uncontrolled

air emissions and soil contaminatio~ Likewise, controlled incineration carries a liability for air
pollution ~ause large quantities of NOXareproduced in the conventional combustion chemistry

of PEPs and because the course of combustion of PEPs is generally erratic and characterized by

recurrent process upsets. Soil and ground water have already been contaminated with PEPs

through normal op’miens at manufacturing plants and military basea. Incineration can be used

for decontamination of these soils, with the associated liability for air pollution, but few

satisfactory and economic methods exist for ground water decontamination. A clear need exists

for improved disposal and destmction metiods.

1



2. SupmriticalWatcr CMlation (SCWO)

LnSCWO, b waste is generally mixed with an oxidant (oxygen, air, or hydrogen

proxkk) in w ti pressures and temperatures above the critical point (374 ‘C and 22.13 MPa).
Under tkse conditions, water is a fluid whose densities are high enough that reasonable prwess
throughputcan lMachieved but whose transport popertics are like those of a gas, allowing rapid,
hornogencoua chemical reaction. Supercritical water is a unique solvent medium in which
oxidation can take pke at lower tempemmres than incineratiu tlm limiting the production of
N& md char. The ~on h entirely enclosed in a prewurc vessel at concentrations low enough
that tk kat of reaction is absorkd by the solvent As a resuk tk temperamrecan be maintained
at any desired 1cv81(typically in k range 4X)-650 ‘C). Oxidation occurs rapidly, on rhe time
w.le of seconds to mrnua and prodn simple products(ideally C&, H20, and N2).

In principk, any organic compound - thatk anycompound composed of carbon and

other elements such as hydrogen, nitrogeni phosphorus, sulfur, and the halogens -- can lx

completely oxidized to relatively innocuous products. Because water is the rcsXion medium, the

procaa can be A for a variety of organic wutea containing water, or for water contaminated

with organic corn- T& optimum concLwratkrIof organica in water wiIl vary with the heat

of oxidation of tlM particular organic compcunda present and the engineering design of the

apparatus An engkering consideration in the design of a plant is the range of organic

cormmrations that generate~enough heat to maintain h reaction, but not more heat rhan can

m.adilyh removed from tk pmcwing WL Pure or highly ccmcentratedmgarticwastes can be

diluted with water, wkrcas til or other organic waste-scan be added to dilute q,mm.s wastes.

Other factors hat infltmce the engineering design include tk residence time in the reactor

(ckr’mi.d by tk C~ k&tka of OXi&ttOtl of tk WM@,tk physical 8tW of the WW@ and

its ox.ida.lionproduc~ awl tk quantity of waste to be pmccad.

A SCk!lldC for tk SCWO p~ is ShOWll in ~@fo 1. ~ WMtO, OXidML and fud

(if nti) we comprwaed, prckated, mixed, and injeckd into the reactor where the waste is

(ideally) con- into H20, C02, N2, salm and insoluble solids. Reactor pressurM typically

range from 2S to 35 MPa(37(XIto51(XIpsia), Solid, liquid and gamous offlwnts are separated,

ckprcamrizmL and (if needed) Postprocessed. All effluents cm be contained and colhxted for

testing befo~ relc.aaato theenvironment Un.rewtcdoxygen can be =gragated and recycled, and

c-Cm be ~OVCti and d to htat incoming waste.

2
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Figure1. Scwo Prc?ewlschematic.

A gxeattangoof scale appcara to& possible for supemritical water oxidation plains.

Standard pressure-vessel technology can be used to provide small mobile units or permanent

medium-sized wrke installations for procewdngof laboratoryor manufacturing wastes. Plants

with very large capacitb have abo been pro- in whichs cybf.rkal bat exchanger and

rwwtionvcad are pimd”in ti groundby w of oil-fkld drilling and well+xmpbion technology.

Operation of an SCWO unit f~ the treatment of explosive wastes would need IObe

controlled remotely. The details for ftdl+zale opttion (site preparation, facility needs, utilities)

will ckpend on the waste being tmied and the particular deuignof theruwtcu(i.e., tub, vessel, in-

groun~ etc.). A morecomplete description of the operation of full-scale SCWO units, including

materials throughpu~ mass balancea, and equipment design, can be found in several reports

(Referuncea7, 8).

An SCWO reactor that could be used for demonstration puqmsca is schematically

outlined in Figure 2. Flow capacity of thh unit would be 20 galkmdhour and h would process

water containing up to 20 percent organic content by weigh~ For comparison, the capacity of a

3



medium-sizd fUU-SCakmit is envisioi’id to k 10 to 1(M)times larger, depcndiq on the specific
wsstes~ N &rnonstrarion unit would be used to evaluate design concepts for a full-scale

uni~p -andpst- procwing technologies for each different waste type, and prmess controls. It

would provide information colwtling the effecti~s of the treatment process (e.g., destruction

ef’fickncie$ products of SCW09 etc.). wear and uwful lifetime of equipment components, health

and safety Consikmiolw and Operatkmand maintmancc quimncnu

@—Q———

<!3!2Ll’-
a Um+s&c

2s0-3s0m.

L&

-i
Figure2. SimplWd Scknutk of DemonmationSCWOTrcaunent unit

3. Rca’uhsof PastScwO studiex DemCmtratd Pw’hmme

The principle of SCWO has been successfully demonstrated. Suprcritical water

oxidation has exhibitedhigh tktnxtion andremovalefikiencies (DRW) for a broadrangeof

common solid and liquid wastes, including such difficult examples as chlorinated aromatic

scdvcnb (Relbemes 1-6). Tkse same studies have indkatd that the major rwwtionproducts arc

water, carbon &ox&k and inorgank Sdb. T-of carbonmonoxicband nitrousoxide were also

ob~ Nimousoxhiu cm be efficiently converted into nitrogen and oxygen by venting through

an inexpensive, commercially available catalyst Ma detailed but promising mmdrs were also

repxted for 2,4-dinitrotolwM, which is structurally related to several of the substrates in this

study.



A wide ~ of compounds have been succ4hlIY oxid&d. TIMSEinclude simple

hydrocarbon and oxygenates, chlofiated organics and amnatics, nitro-organic compounds,

pharnweuticals and biophann-uticals, dioxin-con=mated soil. fermentation wastes, and

municipal and industrial sludges (References 3-7). TaLle 1 MS a numlxr of compounds for

which destruction efficiencies have been measured. The SCWO process has been operated

~yhti~ofmy tio%tiwm~& C~k2)tib&timp~

a numb of compkx wastes (Table 3). In additiomsuch inorgank compounds as perchlorate and

ti-Mahn&~ti @tinMti _- W.9~tetiq.

Mhough the principk of SCWOhasbeen succeddl y demorwated on many classes

of ~ it has not been (before this work) applied to crmgetic mmeriah ISSH that remain

unresolved include rhc safety of the IWCM=SSOUtics of docom@tion. -on @ucts (the

nitrogen chemistxy in particular is not known), effects of high saIt concentrations such as

aluminum and chloride salts expected to be produced with most propellant formulations,

introductionof energetic materials into a SCWO rwtor at PrwXkalconcentrations and the effects

of Corrosial on IeXtOrInatdak

4. Redimss forknonwration

Industrial, governmental, and university participants at a workshop sponsored by the

U.S. Air Force En@neeringand Semite Center, held at Los Alamos in August of 1989,decided

that no fumkmental iqdiments exist to b applicationof supercriticaIw- oxidation processes

to ultrakardous materials under appropriately controlledconditions. There was. however.

general agreement that several practical difficulties will require additional research and

development ‘f&se areas include the handling of solick materiak probkms relating to comsive

was- the handling of high-risk wastes (e.g., highly radioactive mixed wastes), and the handling

of energetic materials. Since then, progress has been made on problems associated with the

handling of solids and explosives. Although work has been do~ on the corrosion problem, no

succcdul solution has yet been filly demonstrated. Corrosion problems may need to be resolved

for specific waste streams beforea full-scale plant is implemented, although they are not severe

enough to delay &monshatiOnof b tecbmology.



TABLE 1. C=MICA.LS TREATED BY SUPERCR.ITICALWATER OXIDATION
AND TYPICAL DESTRUCTION EFPICIENCIESa

Ctwikai Nau

Ammo*
Ammonium Pw’cti
Arochlms (PcBS)
Bipknyl
Cartm TemcMori&
CMainstcd DikuqMiioxina
Chloroform
2aoropbam1

C&cmc

Ikxtrose
4,4’-Dichlombi@c@
12. “DwMmcthykne
2#-Dil’litrotoltKae
Ethykae Glycol

~~~
Hcz#omqyc@cmdknc

McchylEthy] Ketme
Nltmbnzme
Nkyprudid
Nmomcthan#
Pm
Rnxb
TemMomcthyb

Trkhlo~
1,1,1-Trichl~
l,lZ-Trichlorcw&me
o-xyh

IMnEtioil EOkimcy,%

>99.71
>99.9
>99.995

99.97
>%.53
>99.9999
>98.83
>99.997
>99.998

E&
99.6
99.993
99.99
99.9998

>99.9998
>99.9992
>99.9993

99.99
>99.9

99.993
>99.998
>99.9
>99.9
>99.9
>99.9

99.99
>99.9

99.99
>99.99997
>99.981

99.93

qmf~ 1-6).
hhls study.



TABLE2. INORGANIC COMPOUNDS PR(XESSED THROUGHSUPERCRITICAL
WATER OXIDATION REACTOW

Mlmin8
Ammonium ChMck
Ammonium sulfate

B(xk Acid
Bnxnkh
cakiunl~
Cakitnnchkxide
calcium Oxi&
Calcinmmoqhae
CakiaInSulf&e
FhMMi&8
Mvy MMIOx.hM
Hydrodo& Acid

IronOxide
Lithium*
-m oxi&

Magnesium Phosphate
Wp-um Sul.fafc
Mucurkchllxi&
Potwium Bkarbuue
Potassiummrbnate
PotassiumChbria
P-m sulfate
sib
sodiumCarbonw
sodiumChkxia
SodiumHydroxi(k
sodium NmatB
Sodium Nfitc
sodium Stllfhte
soil
sulfur,Eklner@
rltaniumDioxik

TABLE3. COMPLEX WASTES TREATED BY SUPERmCAL WATER
OXIDATION

Aducntmn

hcillw Stearothemwphilus
(Heat-Rmistant Spiln)
BranCatal
Carbohydrates
Caxin
cdlulosb
coal
coal Wasw
CoxnSmh
Ilksel Fw1
E Coli
Endotoxin (Pyrqen)

q-lzahrelKe8.1-6).

HumanW- (bImckandgray water)
Ion ExcharIgcRuins
(stymc-Divinyl Bcnmz!@
Makria Antigen
olive Oil

R’o@n
sewage Sldgc
soybean Plants
Sdfilobw aci&?c&u.s
sulfiw.ants
Transformer Oil
Yeaat



5. Cocnpriscmto ~ Tcdmobgy: - Wrfmnatwe

~ h a nonspecific altcmate method for &.stroying organic materials.

hwh7ati0n can be - at a relatively 10WCM but nX@emcn ts for extem.siveemission

contrck anddiffidtka ~ with controllingpnxe$$MandObhiningpermitsean negate

pxntial ~ S~ -otiation tabpke at a much 10- -peratme (about

5a) T)tharl&i=alKm “ andinacompktely amtainedsyskm Almost nooxkkofnitrogen are

expected at - low tem~ and b effknt is compk&ly contaird and controlled.

S~ti So~aha~Wm Wm~g~~mb~ticwm@.

By comparison incimmion is not as cost eflective at tksc concentraficms. Cost estimates for

&veloping tec~lox. mh m -~ at ~ W* ~ ~ndy unmtain and should be

consickred cautimwly. The cost of SCWO of wastes has been estimated in several studies

w=== 6-8). F~tiga~of@_~ti~~~a_m&&ween

$3CM)andSdll~mn_g~ titiofti SC’WOueamlent unit (R.eferclm 8).

Other methods under development that may apply to explosive wastes include

oxidation by hydrogen peroxhk amllor o- with ultraviolet (W) radiation, electrochemical

oxidation, and oxidation or thermolysis in molten salts. In twmpluw systems such as these,

concentration grdients moss @m boundarks and mass tranafcr of oxygen limit rhe rate and

extent to whkh compounds can be completely destroyed. A supcrcritkal fluid is a single phase

Wowing complete mixing; tiu, -bon m ~ not -m ~~d- A P~~~v C~SL

comparison of these oxidation pmesses pm~d by the Emrgy and Emri.ronmentalAnalysis

Group at Los Alamos National Laboratory estimates h coma for the W processes for

contamhaIc d water at 10 to lCKItinm la per gallon of water than for SCWO. However, these

technologim are limited to IOW(<lCMXIppm) concenmtions of organks. Con=n~ti wut=

would need to be diluted. In additiom these methods usually require $pe&ialpretreatment of the

wastewater, Umeby increasingcostt



6. ~adpubbc Accqmce of ti Technology

The Envirmrncnral ~on Agawy (EPA) has informally stafed W supcrcritical

water ox.idacionis not consickred to be irwkrati on. Thus it wd! ~bably b ~rmiaed under

40 CFR 264, Part X. If supcrcritical water oxidation units become an integral part of a

ti~~g~ti~A WM**&titmh am~tfti~, fipl~gtiti

Wastcw- and air didargc prrnita me sufficient In a dcmonstmtion of SCWO technology in

New York State, MODAR Corporation obtained ● pcnnit under he New York State

Envirocmental Con.swvtim Law, tile 27, Tkle 7, Part 360, and approval from the EPA to

trempoiyc “Momnakdb@IenyLs(KB@undI=40CFR 761.60(e). l%ewase analysis plan and trial
H plan ~ &eloped to uxnply with b Wsource Ccxwrvatkm and R.ecowy Act (RCIU)

regulations cited in 40 CFR 26S.4@2(@I(2).A wxond demcnwrath n by MODAR u a chemical

plantin l%nsylvania did not require similar pemnita(bccauac KBs wem not biug treated) and

kcfflucntwa8 senttotkplmtsw8&r ~t facility.

Supxitkal waer oxidationhas m.ly rcamtly - to h publk’s amntim published

essays presenting favorable views of the technology by fbe ~ M ~ and %socia[ed

Press have recently appeared in newspapers nationwide. Negative public opinion is not

anqti

C. SCOPE

This project seeks to examh & behavior of 13 energetic 5ubstraM under conditions of

SCWO [0 PrOti(k the DREs Gf the substrates, tO determine the optimum conditions for

tnmimizing tlmDR&arxl toensurc safeoperaion TWesubstracaare

Ammonium pcrchlomle (AP)

lJ,4-Bumnetriol titrate @lTN)

C}clotrimethykne uiniuami.m WV
CyclOtctmmetiykm tetranitramim w)
Nitrocelh.dose(NC)

Nitroglywine (NG)

Nih-oguanid.k(NQ)

Nitrometkne ~
Nitrogen tetroxick (N@4)



~ ti~~ m
U6-’hinitmtokaw (’Nr)
Hydrazim (N2H4)

1,l-Dimethylhy&azk (UDMH).

Productsof destructicmam idcatifie.dand measured Ex@mcnta.1 rcsuhs am evaluated to

deWIIli.MWMEr llMrcSction prodiiarcen vimuncntally -k. Lfpossible, ti overall

kinetics of oxidation of the substrates are quantifkd. Practical issues related to prcwess

development have also k explored Corrosion studies to determine tk suitability OfVtiOU.S

reactor mmcrids arc_ Methods for achievingprwxicalthroughputof explosive-sthrough a

SCWO~ have been ex@orwLincludingintroducingexplosivesinto the reactor either in a co-

sohelltorMaw8tcfsl urryandprctrea&mm t OfeXp]OSi~ using ~ hydrolysis. Many S.SpeCtS

of the SCWO pocess have been modeled and the results are reported here, from the chemical

Me&s of h oxidation Kaaions to fluid flOW,h.t transfer and ~ plant balance. Fintiy,

safety studies havedetermind the detonationsensitivitycharacteristics of PEPs in supercritical

water systems.

D. REPORT ORGANIZATION

This find report Summaizs the progress that has been made reaching the goals of Ibis

P* It inclucks
“ Desi~ construction and operation of SCWO -tom used for explosives,

● Development of experimental procedures for determining DREs, products of

cMawctionfrom SCWO reactions,and opriad in-situ probing of SCWO reactions,

“ Discussion of DIZ& and products of reaction for AP, R.DX,HMX, No, NQ, NM,

-, TNT, N2~ and UDMH,
● Exammrion of pocus techniques for i.ntrotking high concentrations of PEPs into

S(WO reactOm

. IhvdOpmatt of kinetic models for elucidating chemical reactions in supercritical

fluid&

● klo~ent OfequationsOfS~tCthat b~ ~ba ~U~titiCd fluid pmpCIt.iCS,and

● Reactionof nitrata with organics in Supcrcritkalw-.

To keep the size of this report manageable, the results of hundreds of cxpirnents have been

analyzed and summarixl in h 52 tables presenkd in the following=tions.
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SECTION II

EXPERIMENTAL APPROACH

This wztion describes the reactors used to destroy high-energy materials through

suprcritical fluid oxidatiodreduction processes, and the analytical methods used to measure

pmdut ~ We have Construct, @$@ and 0p13111tedtWOhKMrDOWreactors, OIEof which

containaa corrosion-resistantgold lining, a flow rewtor heated in a fluidizedsand ~ and micro-

batchre-KWXSfor investigatingb tmergeticsof slurries We will presenta geawra.kd description

for each of the experimental reactors and the corresponding operational prmahms. ‘I’&specific

ex@xnental conditions under which the destruction measurements were performed will be

presented in the results and d.iscusaionsections. llle optical tcchniq~ coherent anti-Stokes

Rarnan~troacopy (CARS) and normal Ra.rnanspectroscopy, to !Mused as proks of reaction

titic$will also bcdkcussdin bscctions.

A. LINEAR REACTORS

Bench-scale linear flow rwwtorshave been developed to destroy exploaiva in supercritical

water. A sckmak of tlMlinearreactorsis shown in FIgu.re3; a photographu shown in Figure 4.

solutions of oxidizer ardor Cxpltiw arc introducd at high prcsaurc into the reactor by constant-

flow, high-performance liquid chromatography (HPLQ (LDC Atdytical, Constametric 3200)

pumps. ?lICcxploaivcsare typically J water at ha than half their sohtbility limit or decomposed

in water as tk result of prior hydrolysis rc@iona. Check valveaam placed in each line to prevent

bukmreaming in case of pump failure. FwI and oxidizer arc either premixed before being

pumped or are introduced separately. In either U, mixing is completed before reaching the

katcdsedion oftkreactm. ~m~cmofti-W tiWmamn~Udkm~mWby

six k-stem in parallel consisMg of hollow brasa tutm wrapped with Mg@insulated Nichrome@

wire. The temperature is rnai.ntainedby regulating the currant through the heating wire with

Omega CN9CKM)AM rnicroprocewr temperature com.rollem.The temperature of each of these

heaters can be varied independently; however, for all expcrimenta described in this repcm the

temperature of each Iwatcdsection was kept tha same. The tempatura ia monitored wilh six K-

typc (chromel-rdckcl), sheathed thermocouples in close proximity to the reactor core, A water-

cooled heat exchanger at the exit cools the rcwtcd mixture to room tcmperaturu. The cooled

effluent is pasd through a 7-pJn filter for removal of any pmiculatc matter before reducing the

prc.ssuteto ambient with a let-down valve.

11
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Gas and liquid effluents at ambient temperature and pressure then enter a gas-liquid

~r U%PS 5*0 ~ ~q~d efflu~t u ~mo~ fmm IJ= bo~m for ex-siru quantwative
analysis as &mi.bed in Section 11.H.2,whik the gas-pb productsare expanded into a rnultipass

White cell and analyzed wit-h a Pcrkin-Ehner 1760-X Fourier-transform infrared (FT’IR)

s~trometcr. A small portion of the gas also passes through a leak valve into a LJTIquadrupok

mass spcclrornetczfor mcasauwncut of b ~ N2,02, and H2.

The h.igh-tcmpcraturcportion of cm of our linear rcmors is conmuctcd out of C-276, a

nickel alloy. TIMC-276 alloy waa chosen ~ of its known strength and resistance to

corrosion at high tcmpcraturw. Even so, under some reamion cwditiona wc have seen

Conshkmbk corrodm To 0~ tbpmbkmam condrcactorwa scowuctd containing a

316stainksa stds&a&h with agoldlhwr (Figure 7). A@wurna.cb with thcgoldli.ncrby

flaring cm end of b gold tube and compressing it between *red high-pre-smutfittings. The

li.ncris dpcntitbcxit oftk~, creating astatksupcmritical rcgionlmwecn thel.i.ncrand

Winksacora lM#dliner_ allhi@-__* ti-dtbmwtcm A1l’’t.aprscal”

b.igh-pmssurafittingm and most otk compomnts obtakd from High Fmssure Equipment Co.,

arcmanKtkmmdfrom316minkss srdaBdmBd toamMmumd4(X)atnL Tabk4cornpm

tkcQmpodtkn of316sminks stcd+C-276,anIdl.ocoad625dlqm

TABLE 4. COMPOWTION OF R.tXXOR MATERIALS

NI% CI% Mo% Fe% W% Co% Mn% C% Si% Chhefi

C-276 59.5- 14.S- 15.0= 4.0- 3.0 2.s 1.0 0,01 0.08 .048

51.(J 16.5 17.0 7.0 4.5

Staillb 10.0- 16.0= ML 61.8- – — 2.0 0.08 1.0 .075

Sta1316 14.0 18.0 3.0 68.8

IrKoncl625 62 21.s 9.0 5.0 --- – — 0.1 0.s 1.9

Th6C-27f5=-C~ h64 to. hog by 0.083 in. kid dhmM(id) (1.6 mtcm X0.33

Ind.limwr), and b gold-lined stdnkss w -m u 55 in. x 0.103 h (1.4 liners x 0.04

milli.matur). w d.bdons pwvi& ● ~ voltum of S.7 mL and 7.4 m~ ruspcctivcly

utigM-dq*ofswti-Mw~9)*w~ ● residence

timeOf$lWsOnd8,~On fbW rate (-Y 1-8grmddnuw) andmmpmturc(w

6oow)atapfwluu of340mn. Attdgbcrmn~

decreasing residence timca. Figure8 shows the results

tk Cknsityof - dropsSignificantly,

of an cxpiment to characunu

14
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tk flow fhrough b linear ~rs. A fud volume (2(M)rnL) of NaCl solution (25CK)ppm) was

pumped through the muxor at a rate of 4 mUminute at rcmrntempmture and at 6(XI‘C. Samples

were collected ewy 10 minutes. The sodium ion concentration was measured by atomic

absorption s~troscopy. The room-temperaturetrxe in Figure8 appearsbroader,which is

typicalof Iaminarflow withsubstantialaxialdiffusion. Thenarrower6(KI‘C traceindicatesthat

the flow is becoming more plug-like. Most of the broadening in the high-temperature run is

probably occurring in the cool regions of M reactor. However, since this mwtor is not used for

kimtics ~ compktely developedplug flow is not did.

Typicalexperknta beginbyflowing&ionizedwaterthroughthe rwwtmas it is brought up

to temprattwe (~ - ~ ‘C). ~ deionid waler ia exchangedfor solutions of explosive and/or
oxitit ~~ ~w of liquid efflwi~ including the fla arc colkted continuously until

t& expinwat is comp~. Tlie ~ is tin rinsed with ckionid waer and h rinse effluent

is alaocollected for adyai& Liquid~tmt is and- fm my tidwd qti- kmtic nd

orgm.k consti-t& and COrrOSiOOprofkb. ~ - studies suggest that for experiments with

constimenta that remain solubk, b volume of efflunt analyzzd will be only slightly greater than

the volume injected into the reactm due to a slight dilution. However. if reaction products

prccipitamout of the SCW ~, tlwymay appearin b effluent during the cooldown or flushing

phase (= below). The gas effluent is allowed to =cumulate in the gadliquid separator until

~ h- l@~ -*W tk water vapor pmssaueare rcaclmi This volumeof gas is
expanded into the White cell of k ITIll and pressurized to 6CMtom with He for reasons

discusd in Section ILH.1.&

B. FLUIIXZEQ SAND BATH REACTOR

For exprimenfa measuring b kinetics of ~tio~ a coile~ tubularreactorin a flu.idi=d

sand bath waa uad Figure 9 shows a schematic and Figure 10 shows a photograph of the

fltddid aandbath~used toe* h kuAcs of -ti~ in supercriticalwater. Thus far

the re=tor has been used prharily for tlw study of nitrate reactions. % -tor consists of two

p~- Mb -h hming a volumeof 7 ~ whichcomb~ at =tion cm- in a ~n6

tee. Tlte ~tor tube (a C-276 alloy, 6.35 millimefcrsoutside diameter (od) x 2.12-millimetersid,

volume of 13.1 mL) leads from the mixing tee to a chilled water heat exchanger. Seven

tkrmocoupks are used to monitor surface tempraturcs on the peheat?rs and the reactor.

Thermocouples arc in contact with the fluid at the mixing tee and after the chilled water heat

exchanger. Temperature profti indicated the reactor tubing is isotkmal to within 1 ‘C at

reaction tetnperatufw (4S0‘C to 52S‘C).
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TM remkm quh. is IY.@Lcwtrring within 0.25 I& of tubing. ~ rciwtoris Ox in

ranges where Reynolds &mbcIY (> 21(M))indicak that flow should lx turbulent. Two HPLC

pumps provide flow rates up to 10 mIJminute for the oxidant and organic feed solutions.

Experimcnu are started by circuhm“ g deioti water through the apparatus at the desired

~~~~~ wamxcircuhzs, tifluiclizd sand bath is broughtto

tempature using its internal ad atuilky kters. The intend kalers are controllml with a

ftik conuolkr. while auxihry katers arc controlled withs variabk dormer. When b

cksircdex@mmtd tem-isrcdwit hcwuerfeed strcuns arechanged tooxkiantand

fuel feed soluticw A stopwatch marb this time. A&r 2@30 mi.nu~ effl~t sampling is

initi.atd Wbn sampling k completed af one residence time, ~p flow rates are adjusted to

provitkamwmshknce ti. ~ti-mi~ti ti~cmtititi mqtibmwfor

20-3C)min~ amls.ampl.ing stthcncw rcskhwcti rneis initiated. Ateachtempcraturc and

midcncc time fdalandtotal bual’c~ Wlxntiexpuhmts are comple@ the

titothfltrkbd sadbatha rcturnedoff, andacontintumly recyckdvutexbofthe

apparatus is started This water rinse serves to collect water-solubk s@cs thaf adhered to

~- Watatiare condumd for 12-16ham

For all tempcrmrcs and midcnoc timc&three sets of four I.@tidsampkmare col.kcted for

analyses. One S8mpb is used for pr-1measllmmcnL Whik b others arc analyzd for aqueous

n.hgen and carbon ~ and mrroskm pnld~ - SIEIpk ~ COi.ktd for MM$%isby

gas chromatography (GC) and Fourier transform infrared (FI’IR) spectroscopy. Ion

chromatographyis d to lwasule nitriteandnilra.teconcmtntiorm An i-e electrode is

used to determine ammonia co=ntrations. Metal concentrations (Cr, N~ Mo, Fe, Ni) are

measuredby atomic absmption (AA) SpOCtIOphOtOMCtI’y,Wbik gas chromatography

~ mcthlKdcmxntmia16

C. BATCH REACK)R

is u~d to

Two “mxrohtch m&Xorsare used for invcsti~on Ofh dissolution of solid cXp10SiVe9and

pmpdhlllt.s in w8tcr tig h tmnsition thl13U@lthe critical point @ifJ1l.fU11, 12). A.hhough

numerous designs were consickred and testetL the two dcaigns that proved most useful were a

constant-volumerewxlwand an optically accessible~tor. Tbe -tcws permit the introduction

of a slurry of explosives that can be heated to 600 “C and p~ to 1O,O(K)psi (680 at.m)in a

controlled manner. TIICresctors are rnadcof 316 stainkxs steel and have a total volumeof 200 pL

each. ‘* estunated (and observed) pressure rise was far below the maximum rating. For safety

purposes, the computer, video moniior, and all experimental personnel can be located remotely
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behind a protective barrier. Kevlar@ shielding was also used to cover the reactor area during

expetiment8.

The optka.lIywx-essiblcreactor allows visual inspectionof tk slurry as the reactor is slowly

brought up to tcmperatu.rcand pressure and also provides the potential for the spectroscopic

monitoring of SCW reactions and the dissolution of explosives. This design features two

opposing diamond windows IJIMpermit backlighting of the sample and obsemtion thrnugh the

opposite window. The cell is pressurized with a pressure intensificf using water as he pressure-

coupliq fluid A high-realution CCD camera is used to visuallymonitm the reactor interior.

Both cells are k-akd using nickcl~h.romiurn wire and a Variac@connected to line currexm

‘IIMtcmpcrarure is measured with a K-type thermocoupk placed directly in the re-wtionvolume

and p~ is monitored wirb a Hcise pressure gauge. The pressure and temperature data are

mcordcd on a Macintosh@computer. Gas products are expanded into a stainkss cylinder and

examined by FI”lRspctmscopy using procedures described in Section ILH.1.&

D. TRANSPORTABLE WASTE DESTRUCTION LJNIT

The largcstaptity SCWOreactor we have used for studying tk &auction of explosives

i.sa tw-gal.lon-per-hour transportable waste dcstrwtion unk A schematic of the unit is shown in

Figure 13 and a photo is shown in Figure 14. The purpose of this unit is to evaluate process and

design issues W to developan exa base on opmbi.lity. Althoughnot specificallydesigned

for kinetics _ it also hss that capability. Tbe unit can w oxygen, air, or hydrogen proxide

as the oxidML It is desigmd to provide a basic system into which vtious m=tor cotilgu.rations

can be inserted. ?lM basic system uses a supply-md-mi.xingsubsystem to provide a mixed feed

for the reactor and ● cool-down and pressure let-down subsystem for posqwowuing the reactor

effluent. Currently, the cool-downlkt-down subsystems do not include solids-handling

compmmn~ ‘IIMunit is designed to meet or exceed ASA4Emechanical standards and allows all

critical opem.ths to be carried out remotely. The system fib on a framework that is roughly 5 ft.

x 12 ft. x 4 R-high (1.6 meters x 3.7 meters x 1.3 meters), and it can be picked up as a unit and

transpoti on a truck or trai.kr. For initial testing with high concentration of explosives, this

feature will allow the unitto be located at an explosives firing site. The total height of the unit

varka with the twxtor, which is mounted on the top of the 4-foot high framework The external

supplies required are 120 volts AC md 220 volts AC three-phase electrical pwer, 160-psi

compressedair, and roughly om gallon per minute of cooling water.
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lk supply and mixing subsystems include fluid supply rcsmoirs, pumps to bring the

fluids to o-g ~ at h desired flow m.te,and ckvices for mixing fluids before theyenter

the reiwtor. A 5@llon supply tank can lx used for water or aqueous-wmte feed to the system.

The feed is pumped to h -r operating pressure of about 44XKIpsi by a Milton Roy duplex

mctetig pump. The maximum capacity of this pump is 2.2 gallondbour, but the notninal

Opmting flow is 1.1@o@hour. Tbc dupkx pump contains two @sums,operating 180° out of

phase to Awe Pulsations. Tkrc is * however, a consitik amount of surge in b ouLpuL

~qb~byX~-mk-kmtippmd@Mmh

kt-ckwn valve.

Aconccntnte dqan.icstrea mofastmm ofdilute cxplcmivcscan bcintroduccdinto the

pmswrhd water line by ● separate metering pump. Currently, a Milton Roy FIPLCmetering

pump with ●maximum output of 10 mIJminutc is A Tbc waste is injected into the water and

passed thrcmg.h● fdtcr to pomotc mixing. ~ wastdwater stream is b heated before being

cunbimdwihdm~.

tiygcn is supplied from UdArd XKK)-psibottk laxtd cm die rig. The oxygen is

regulated to lW~~tifd h~a-tibktig Wes~~ti&, ti which it is

compassed todm_gpmssuru ofabout4SfMlpsi. Oxygcafrom tibooster iscollected ina

2-liter ~ir. A higlt-prwsure regulator controls h oxygen prasurc at 43fKlpsi, with a

variation of20t050p& ALinckmass flownwreriauscdto mcuurc & oxygen flow rate. lle

output fixxnthk meter k - by the dala acquisition system to control M oxygen flow via a

pneunhcally ~td control valve. Afkr going through ● CM val~ tbe oxygen is injected

into a w- smram and ia p8ucd thmugb ● ti.ltcrfor fu.rtkr mixing. The oxygcdwatcr stream is

tbenbcatedbforcitismixedw ithtbwmsm.

The - ~ is made from welded I.nconel625 tubing, 0.188 in. (O.13 millimeter) id

by 0.308 im (1.03 millimeter) od. The desired opcmting tempcrahue of b mixed fluids is

achkvcd bydktebUical re&t8mX bring of hvo scpamtu 12-fi (4-rnamr)pmluxcrm For each

prehe@cr,the bc81ingisdom intwoprallcl ekctricalcircuia. ElectrHpcmcr is~&dtoeach

preheater by separate Hewktt Packard 6469-C DC power supplka rated at maximum current of

3CUIamps at a maximum voltage of 36 volts. TIw flows fmrn the wastdwmer and oxygedwater

@e.a&rs are combined. Oxidation occurs in a 6-ft. (2-rneur) insulated tube (1.nconel625,0.188

in. id by 0.308 in. od) following the mixing region. Thirty-five thcrmocoupk arc atuwhed to t-he

outside of t.lwprchcatcrsand reactor to measuresurface temperatures.
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After leaving b reactor,the process stream is cooled using a single-pass, COunterflow,

coaxial-tub lwat exchanger. “fk cookd efknt passes through a single letdown valve, where its

preasum is recked to atmospbrk. TIMkt-down valve controls tk -r operating preaaure.

~~~kt~~~ti~=m==m-ytiaphgk- T& CntiflOWCMbC

diveredtoagivcmbott kforaperiodtitime “f’ksampli ngvalveaafecontrol bdrcmotely.Wkn

tkdfleiano tbingeitpa s=aintoaprod~tank

Data acquiaih contmlt andmcmbring are=OU@kkd with a *Wbtt hkard 3852A

dataacqriaitiona ndcxmtfolmitanda~ IMcdcsktopcomputer. Adigitalvoltmctcr, thrac

~L a 4-chatd digital--acmlog con- (DAC),and a l&clayWchand muhipbxm (

actuabx are d fm data -on and control ‘IIwDAC chanda povi& continuous control

of M m control Valm (oxygen flow and pIcaaufektdown) ad b two DC powC.fsupplies.

‘Ilmscannem amused tosampbtbc voltages from tbepeaaum~ tbefmocouples,

oxygen flow meter. ~ supplba and two power s~ly Curratt-shunt Volta- During a test
alldataammcadod anddiapla~ Ifnecd@thedamffwn atutcanbcrcpla@ ata U-.

A more compk~ dwcription of ● similar vcraim of this rmctor can & found in Los

AIamoa~ numk LA-1221tkMS.

E. ONE-GALLON PER HOUR REA~R SYSTEM

‘l’heoiE-gallomF hour (1 @) -tor systemis ●continuous-flowsystem with a tubular

reactor. ‘Tbcsyatemconaiatsof awastdwtafccd@ ~~ s~-* ~ oxY&n f=d
and pwrkath subayazs pckatdreactor subayatctm● cooling subsys~m, and a pressure

letdowttand sampIing aubaya&m For monitoring and cmmol of ttmayatcmtke is a remote data

=quiaition and control (DA&C) system. A photograph of tbe entire aystsm ia shown in Flgurc

15.

The wastdwater f~ and pressurization subayatemconsists of a pair of&gallon plastic

feed tankswith ● rcm4Mely-actuaMswitchingvalw betweentkm, a feed pump, and ● pulsation
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dampener. A photograph of this subsystem is shown in Figure 16. In operation one feed tank

contains pure deionized water and the other contains a slurry of explosive (or explosive shndant)

in water. A drcmlating pump is provided for the slurry tank to keep solids from settling out on

the tank bottom. The switching valve is used to select feed from one or the other feed tank as

desired. This valve is an electric-motor-driventhree-wayParker ball valve. The prwurkin g feed
pump is an American kwa diaphragm pump capable of delivering up to 2 gallons per hour of

liquid at pressures to 55(M)p- The pump is driven by a 220 Vat, three-phase electric motor,

which is mrnotely actuated using a 110Vac day. Pump capacity control is accornpW with a

manual stroke adjustrnen~ although a mnotely<ontrolled stroke iwtuatoris available. The surge

suppreaser ia a cylindrical accumulator with a floating pistom One end of the accumulator is

-bed to the pnxeas fluid downstreamof the main f~ pump, and ttMotkr end is charged with

a trapped volume of ni(rogen. The gas end is charged to about one-half of anticipated system

o~rating pressure when there is no system pressm and is then valved off so that the piston is

roughly in the mid position during operation. The systwn is essentially undamped until the system

pressure mttcbs the nitrogen charging pressure. All fittings and lines between the pump and the

preheater am high-pressure rated 316 stainless steel components. The lines are 0.2S0 in. od by

0.083 im id and ~ kept as short and straight as possible to prevent appreciable accumulation of

solids.

The OX)f@l Wl@Y and pmsmimion system consists of a bank of conventional 2200 psi

oxygen bttks, with regulator, a remotely-actuated oxygen supply shutoff valve, an oxygen

compressor, an oxygen accumulator, an oxygen feed shutoff valve, an oxygen feed pressure

regulator,an oxygen flow meter,an oxygenflow control valve and a ckk valve. A photograph

of this subsystem ia shown in F@’e 17. Oxygen feed p~ure is supplied by a double-acting,

two stage, intercooled Haskel Gas Booster, which can boost the oxygen from bottle pressures as

low as 2(MIpsi up to 45(X)@at flow taw of 20 shn (standard Iiterapr minute) or more. Typical

oxygen flow rates in operation arc 5-10 slm. The gas boosw is driven by compressed nitrogen

gas from a standard SO,(XNscf tmiler, but any clean compmssed air or nitrogen of about 100psig

or higher can be used In operation, the oxygen supply pressure is not allowed to drop below

about 11(X)psia to prevent excessive use of drive gas. The booster is equip~ with a pilot valve

which tutna the booster on when the outletpressute drops below 43S0 p’;iaand turns it off when

the outlet pressure gow above 4S00 psia These limits are adjustable, but it is difficult to reduce

the “deadband”IMlowthis 1S0psi level. Since it is not feasible to obtain a steady flow from the

bOOsWr,a 2-hter oxygen accumulator is provided at the booster exiL This capacity resuhs in

boosteroperation aboutevery 3-5 minutes for nominal oxygen flow rates.
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Figure 16: Plm~@graphof waste-waterfeed and ~ subsystem
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Figurc 17: Photographof oxygen supply imdpressurizahn subsystem



Booster operati~ results in a rapid inmease in axumulator pressure from 4350 psia to
45(XI@a followed by a slow decay in prusure back to 43S0 psia. Since this rapid increase in

oxygen pressure would make oxygen flow control difficul~ a TescDrn pressure regulator is

provided dowllsmam of& accumulator to even out b oxygen pressure. Ideally, the regulator

could keep the pmsure at a stedy 43S0 psia- Ex@ence has shown that we must keep the

rcguIatoroutbt peswtteatortdowabout41CM3pi toavoid excessive gmmrc pulses attlw flow

eontrolvalvc whentibooster~ Atthissetting thcpmssure puksarc40psi orless. -l-be

regulamf isprovidcd witianalltomatb Conmllbrthat mthecwtpltfrom Spre.ssurc transducer

justdowmmem oftircgtdalor. ThiSsigllal iscuupaItd toancmltbt presswewXpointsignalsmt

by h DA&C system. Following the regulator arc a Limb mass flow meter and a Research

control pumatid y-utuatd flow control valve with a Moore Rothwts I/P transducer. Oxygen

flow control ia xcompliskd by 84-20 mA signal sent from the DA&C system, which is

a~ma~%15@~ti@mtivdm~tiW~. The signal

titi D~~mutih=m-@y= titimti@m(~tiy)m&
mammmdly” using tbediff~bwm tlwflowratemeamral by tlMmass flow

-arbd8x@ntvalu =tcmticoutrdpuA IMwutmmcilhe conIro4vdve tkoxygenis

fedthmghac kkvalvcintodm~ stream. oxygen flow cuntrol is tbrefom affected

bytksystezn pmstneaawcll astboxyptfd~ Forddareum itisdesirable tokeep

a rca.sonabbpremtre drop ~ h oxygen flow control valve - about 4(M3psi in this case. All

lhsandfiuings iDdbeGxygenfecdsubsystmnarchigh~ ra.kd316stainks std.

Maximum 3y8= OpCratingpfCSSUfCis generally limited by the maximum allowabfe

OXy&!i ~ which iS- ~ % (f~ OIE) mocnmmla against tb W of pure oxygen

atpresaumabove ~paievmwith an-oxygen cWsyatunsuchastMs~ l%ismeansthat

the maximum oprudng peasure ahdd be no higkr than 45(XJ@ The required pressure drops

through the presswc regulator and tb flow control valve dictate a maximum system pressure of

about 3700 *

‘fbe phtuyfeameof tkpheater~ subsystem isastraight Inc.om1625tube, 19ft

long by b.308kod by0,188in. icL TMstube serves aabothtipr&atex and~tor sectionsof

&subsystem. hti_ti(ti f~8fiofti mb)W~ti~-~@witi9

Wadow Ctile heater$ each 95 k 10~ by 0, 12Sin. d and each capabk of producing 10CN)~ of

heating at 220 V. This is mually a tighter wrapping (0.308 in. id) than is recommended for these

heaters, but tbi.shas so far caused no problems. The heater power is controlled by a 220 Vat,

thm-pha.sc SCR power controller wired in a delta configuration with 3 heaters, wired in parallel

with each other, on each of the three legs. Proportional power control is provided by a O-10V
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signal from & DA&C system. This slgna.1can tMset eitkr manually at the DA&C system

control parEI, or automatically using * diffcrcme between a measured maximum pdle.atcr

@npmmreand a-mpuatnre suonticonu’ol panel. -rbepurpose oftiwprcheaterlsto
btig tb UliXtufcOf~, WMICand OXy@llto O-g tCIO~ ~ maximum operating

tem~ratnrc for this system is 650 ‘C (12~ ‘F). 0.” course, since all of b reactants arc

pmm.ke&m, i.fnotmosL oftimution wdlmcurintk pfektcr. The-rmwtor” wction(tk

last 11 f? of tube) is wmpped with 10w-powCrS@) heaters to Oftbet hcaCkss through the

imlatim lltisisan atmpttokcql tlwreactOr sccticmasmarto “mhermal aspoembk andto

obtain ● reai- time at ternpcratum. - ~ arc controlled by anotkr SCR power

controller in a mansm similar to tbc preheater, but usc mud b power. Roughly 30

thmocxmpks afca.ttddto thcoutaickof thcpl’ebmfmcmr tube with ghs W. These

kmwmpla are used for power control and for display. A real-time plot of temprafurc vs.

distance along tk pehcadrcxtm is displayed on * control pamL lk Prdratdmactor tube

andheatusale pwinsideacoucntrk 10 h od by 0.250 im wall aluminum tulx and Saffil@

alUm.ina-fib indwion is lightly ~ into * hrvenin gp TIEdtmliml ntubehasbeul
Sptitlon@dnally fcxkldlalm. Ofhtitidindaka ?dialwldtogetk rwithst.cel

Cooldown of * process fluid is xzosnplisld by putting ● concentric 316stainks steel

cooling jacket around a Mt. extensicm of & Inconel 625 pdeatedrcactor tuk The total

prckmdmctockooh kngth ia 25 il. all enclosed in the 10 k aluminum tulx. Water, witi

ethykw gIycol* as a mst inhibitor, is circdatd through tk cooling jwh annulus counter-

Currult tolbepx=ss flow. ’rl=vmteri stkncircmkd thfou~ an iOdtu@d W=-@air forced-

convecticmbeat exchanger (MXTMUyan air beater) and back to the cooling jac~ using a low-

~58’FC=mi@W-pp.

After going through ticooktkproceas fluid pwathrough aRaearch Contmlvalveto

drop and control the system presswe A photograph of this subsystem is shown in Figure 18.

This valve is similar to the oxygen flow control valve, and has an atuchcd I/P tmnsducer to

transform tk electronic control signal into a propordonal pneumatic signal for valve actuation.

‘The420mAsigna16vm the DA&Csystemtothc UPtmnhcer may eitk be set on the DA&C

system control panel manually, or it may be set automatically by b control program using the

di.fferencQbetween the system pressure, measured by a transdueI just upstream of the control

VdVC,and I SCt@N p~ set on t.lMcontrol pamL In tlw low-prwsurc, low-temperature line

downstream of the control valve arc several remotely-actuated thrcu-way ball valves used for

35



Fqq.u-e18: Pbo@aph of pressure control subsystem



sampling. Tkse valw are plumbed in series so tha&in normal opcmtiom alI of the process

effhmt passca through allof tk val= before going into the cakh tank When a sampk of the

effiuttiscbirdc moftiwb allvatvu isawitcbedand theentifeeffl~nt flowisdivertedtoan

aaackd sampb beak for a period of time. ‘llte effluent contains dissolved gas due to excess

oxygen in M fed and gas prdtwtion during pmessing, so the @ml of sampling must be

limited %ti~~=~pkmn- da flow* ofl*ti~pbgpriti

should bclimitcd toabout 2minutcs toprcvent signi.flcantbuildup ofprwu.m in b sampling

system.

‘I’lwkartof tbe DA&Csystcmisa Mac II fxcom@ermnn.ingaL abVIEW@-based

DA&C ~ written ~y fcwthis apphcatiom A @Wqrap4 of tk DA&C subsystem

isshownin Figure 19. ~-~ti-~a -b-~~-3M~D- Utittiaa

GPIB in.mfaa bus. The HP-3852A has a volhncter bard; b Zkchan@ analog-to-digital

multiplexer (“~) boarcb foc monitoring of tcmpe~ ~ flow lam voltages,

etc.; two fm~ di@ahiMndOg (DAC) bOWd9f~ -g COnUOid- to tbe vaIiOUS

controltkvkea(VP~ ~ ~~ =.). ~ DACChItdS may be COflflgU.d to

send eitlwr 4-20 mA or 010 Vdc. An eight-than.ml relay actuator bard is also available for

com~+xntrolkd cdoff~altbough itisnotudatx

TkDA&Cprogram isrunon a5-seandcyck. Ineachcycle rawvohagedataisreadm

from tM ~“ :Savefmd to “engineeIi.ng”units using pmk?mmbd calibration factors (he

scanner bomds am capabk of antomakally converting tkaumcoupk mV valua to temperature

val@; andlogged inarandom~datafde. tispecifkd datachands tbemeasumd valueis

ckckcdagainus pifkdhigilandlow Iim.imami iftlmchand isotttoflimits tkrcactor is shut

down. Computmxmtrolkxl shutdown consists of zeroing * _ power, fully opening dw

pressure letdown control valve and fully closing the oxygen flow control valve. Control DAC
vaks arc~ fm tlm ~ powexcontrob h pressure ktdown and oxygen flow comrol

valves and tb oxy~ pressure regulator. In case fk pump strck adjustment drive is installed,

MwWalSO-S~ACCO~lS@MI- WtiuoftiDACti@mh~ntcmb~ton
tbe control program front panel or can be ckten.ni.nedin a control subprogram by comparing the

va.k of a control cllatuMlmeasurement with a setpoint val~ S@.iied on Ik control program

front pa@. The latter method is refereedto as “automatic”contro~ and is optionally avadable for

operation of tk two pwer controlled and rhe two control valves. For tbe power controllers and

tlw pressure letdowncontrol valve a proportionakkrivative control scbemc is used at presen~and

for the oxygen flow control valve proportional-only control is wd. These control subprograms
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were “home-built” and PID control subprograms are now available from National Instruments

(makers of LabVl13N).

Besidca the control wmingsand switc~ measuredand converted data am also displayed
for on-lti monitoring. These displays include an X-Y plot of reactor tube wall teITIperwure

versus distance along the prckaterheactor and strip charts of value-versus time for vtious data

ChMJld$ d U@kd each scanning cycle (Le., every 5 .sec). The channels displayed on the strip

charts are vuied, but typically include W system pressuru, oxygen flow rate, some measure of

preheaterpower, spedlc (or maximum) reactor temperatum, andm some DACsignal value-s.

F. BASE HYDROLYSIS

All chemicals used were of reagent grade. Base solutions were prepared with deionized

water. TIMvolume and concentration of base solution were dependent on & material being

hydrolyzed. In general, m excess of base was used over that required to match the molar

equivalents of nitru groups in the material. Reactions of sodium hydroxide with energetic

malmials were normally @3rrned in an open bcakcf or in n flask fitted withs condenser. When

open be- were u9cL evapated water was replxed as ude.d When analysis of the gaseous

hydrolysis products was desired, the rwtion was performed in a stakkss steel prewure vessel

rated to 1(KM3psi. Hydrolysis reactions with arpous ammonia were also performed in a sealed

pressure vessel. In all cases, an appropriate blast shield was employed during tk hydrolysis.

Reactions were usually done at tk boiling point of the solutiom approximately 93°C at Los

Alamos elevation. In some cases, a tem~raturc controller was used to obtain a constant

temperature below or ahvc (pressure ve.sael)the solution Ixiling @.nL Hydvlysis reactions

were considered complete when solid material and gas evolution were no longer tiible in the

mixture. Runs in the sealed pnxsure vessel were terminated when the gas pressure leveled off.

For some rchons foaming was found to be a problem and was coumeramd with an antifoam

agenLHercu,b Defoamr #4

Cl. OPTICALEXPERIh41ZNTS

1. Raman Spcctrowopy

While end product analyses of effluents from our flow reactors allow more

comprehensive analysis of products and precise assessment of process efficiency, the use of

opticalspectroscopicmethodsallowsone to probereactionsh situ, and can ykld additional insight
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into Clmnical intcractbns We report hem the use of in situ Rarnan spectroscopy to monitor

reacmt& potkts and m-actionrates of energetic materials at supercritical and near-critical

conditions. Raman spectroscopy is a versatile diagnostic tool that measures the vibrational

spectrum of a molecn@ and has been applied widely in gw liquid and solid media Compared to

other optical techniques, Raman spectroscopy is well suited to supercritical fluids because it is

imm~ to qunching at high pressure (or densities) and because it allows easy access to broad

specual ran- SolVatcclmokcuhat can usually be idemifii by their distinctRman shifts.

A number of experimental setups were usecLall similar to tbe one shown in Figure 20.

Raman measurement were made with an argon-ion laser source, tuned to 488 nm. The

polari.don of & - outputis controlledby a doubk-rhomb,half-wmmretarder,then focused

with a 20 cm focal kngth lens, exciting the sample with about 2 W of cw power. Raman

scattering is collected at W“ with a collection kns and -t to a thee-stage monochromator (Spex

Tripkmate), where tlw light is dispersed by a grating with 600 Iinedmm and detected with a

cooled chargeaupkd device (CCD) camem ~ CCD is a 516 X S16 pixel array; vertical

columns are summed electronically to generate a orw-dimensional amity for Rarnan spectra.

Signalsam dkted typicallyfor@ soti

~ sampb is PaS#d thrOU@anO@d cd that Canwithstand high p~SSUiXW(%00

am’ and high tempraauta (600 ‘C). One of the optical cell designs used is shown in Figure 2I

md a photograph in Figure 22. This cell is constrwtcd from a 316 stainkas std high-pressure

“cross”fitting, machined to accept three diamond windows Dimond (Type II) was chosen as a

window material because of its ability to withstand high pressures and its broad spectral

tmndssion, from b uhra-viokt to the infrard We have also built optical cells using sapphire

window& The diamonds shown in the figure arc ‘anvil-type” windows with flat optical faces

providing an apemuu of 0.6 mm on tb inside and 3 mm on the outsida The high pressure *al is

aided by an inert gold gasket betwm tlw diamond and tlm cell walL Two windows are used to

pass b laser hrn through the cell, with entrance and exit f- 1.6 mm apart A third window,

oriented at 9(P with respect to the laser axis, is used to colkct Ramanscatterea light. By

positioning the collection window very close to the laser axis, a collection aperture of f/2 is

achieved. Another cell was used which included two inlet ports allowing separatefeed and

oxidizer Stmama.

The reaction mixture is introduced into thu optical cell with a standard HPLC solvent

pump, which is rated to a pressuru of MKMlpsi (400 atrn) and regulated solvent flow rates of 0-10

mf.hh High pmaure fittings rated to 6CKKK)psi at room temperatureare used at all of the heated
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Figure 21: OpticaJcell with blowupof windowregion-



Figure22: Photographof tbeOpticalCeU
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plumbing ports- Heat is.supplkd to tlw cell by four 1S0W cartridge heaters imbcdded in a brass

shell surrounding tk stainless steel cell. The fluid temperature is measured with a K-type

thcrmocoupk that has an IncoA skath. Tbc thermocouple is in direct contwt with the fluid at a

point cloac to the optically viewed region. Rssurc is measured after the optical cell with a

standard mnsducer. Tlx reaction mixture flows through a cylindrical volume in t-k cell with
.

chrmwmsof 1.S7mm idand51 mm k~yiclding avolumof O.10mL Thcoptical window

isloclmd att’bmidpoint ofthishmedkn.ga andtlwcealtralpcxtion( aboutolmhird)oftlw flow

is ima@ Ofltidy. fipcrimenta were pafofmcd with fluid flOW ratca in the range 0.05- 3

ghti.m ykkhng C-*U feskkmx times of 0.S -30 wcoctda A second rcxtor, shown in
Figu.m23, is much like the linear ~tors described previously. It measures 10 inches (25

centimaers) by 0.Ch525tih (1.56 millimeters) id, providing a volume of 0.50 rnL. This reactor

waa used both as a flow reactor with I-IIIC pumps and as a batch reactor with a pressure

intcnsi.k

2. c*t Anti-s*Raman s ~ (c-)

Coherentanti-Stokes-Ram.anspecmscopy (CARS) i3 a techniquethat is also well

suited to noninvasive, in situ optical diagnostics. in CARS two tunabb lasers operatingat

frqwxks ml andq arc W to omits ● Ram.an-activovibrationalmock of a molecule at the

frequency 01-c02. A cokrent output h with laser-like charactcristka ia produced at the

froqu~ 2@I~. By swmpi.ngw and moniming the signal intity, tJMshape of the CARS

spccuumismapfmdti btitim~ti CNti@~~tim* tition(ti

“rCSOM.nt=@d), thCm b a - $@td gcnC!’’atUdby h ~pk at cvv @M of ~, k

“ncmrewmnt“aigrd Bccauaof tMncmlbarnaturooftM CARSprocess, thercscmantand

nomcscmantsignals cornbk in a complex way to produca ● spctrurn having a shape different

frolnthatof anordiMry RmlWct$pectmm.

In w exparimcnw picosecond Iasars (pulsca of -20 pscc duradon) arc used LO

genemtuthe CARSapc&um Aschmadcof& CARS@upiss howninFlguru24. ANd:YAG

Iaaoris umdtopumptwo dyehaeraatkl =S77nmandk2- KNrm’Ilwae arodircctcd todw

IUgeropdcalcellckribedp t’eviott,ly. IllsMdofswccping rhefmqwllc yofoneofth elascrs,wc

O~W k &rat 609 tun in a broad-bandmock, so that thu resultingCARS beam is broad-band

The team is sent to a rnormchromator,which dispama tJMCARS beam and smis it to a CCD

camera that is operated as ● linuar array detector, rcgistcMg a broad ponion of the spectrum on

each laser s.lm l’lw lasers are fired at a rc~tion rate of S00 pukdwcondi and the CARS signal

is averaged(typically for a few minutes) until satisfactorysignal-~nok ratios am obtained.
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3. Transbn t-g Spemwopy

Tk transient grating tihniqw is a non-invasive optical method that can lx used to

measure thermal diffusion constants and the speed of sound of a fluid. BdI thermal diffusion

coastants and speed of sound measurements can be used as sensitive tests for potential equations

Of SMte of hydrotkm.1 SOhltiOtU. Figure 25 shows a schematic of the transient grating

experixnam In this cxpcrimen~ two laser puks of the same wavelength Al are crossed at an

angle e in he hyddmmnal solutim thereby creating a sinusoidal interfercmx pattern of fringe

spacing A = ~li[2 sin(W2)]in the overlap region. When the sample abarbs M pump lighL the

excited molecules quickly relax and deposit their crrrgy to tk M mob which produces a

spatiA modtion in the tem~ of ti sampb. This tempcmture modulation remdts in a

spatial modulation of the index of rcfrhon and is a volume diffraction grating. This type of

@giscalleda_@g- W_kpmMby BraggdiEndonofa thi.rdlawrpulse
at AZwhich produces a colwrent signal beam also with wavelengthA2. Tkrmal diffusion cau.ws

~km~mg~s=mt dti~ti~k-~ =ationoftipmp
probe delay time is described by tk equation S(t) = C ex~-8x2 Dt t 1A21,where S(t) is the time

dependent diffracted signal and Dt is the thermal diffusion constmm In addition, if the pump

pukes are short enough, they can produce countcmropagating WOustk waves which appear as

large undulations in the transient grating decay spectrum. T& speed of sound in the sample is

simply tk fringe sping divi~ by the undulationperiod.

The sample cell used in the transient grating experiments has two di.arnondwindows

for optkal access and is very similar to tlMcell used for the p- behavior (see Section JII.C)and

Raman optical studies of hydrothermal solutions. Tlm pump light (532 nm, 10 ns pulse width,

-2(M)@/puk, 10 Hz) is procked from t.k second harmonic of a Nd:YAG laser. A beamsplirter

splits t.k light into two beams of equal energy, which are focused and overl.ap~d in the sample

with a small crossing angls(< 3?. The prolx beam (585 nm, 10 ns pulse width, -10 @/pulse, 10

Hz) is prodti by a Nd:YACipunpd dye laser and is focused into the interaction volume of the

sample at tlMBmgg angle. The time delay between tbc pump and prok pukes is controlled by a

digital delay g~rator. The diffracted signal beam is spatially and spectrally fdtercd to reduce

scattered pump aDJ probe beam ligh~ The signal is detected with a photormdtiplier tube,

amplifle~ integrated with a gated integrator, and sent to a computer where data averaging and

acquisition* place.
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H. ANALYT’fCfi -HNIQUES

1. GM-Phase Adysi.s

a Foti-Transform hfrared $ectroscopy (1~)

A procedure was dcwloped to quantify tbc concentration (and thus numkr of

moles) of C@ and N20 (tbc primary gas-phase products) prockuccdusing FT’IR Calibration

curves for Co and N@ were obtaind by mcastig the fraction of infrared light absorbed by a

serks of known CO_f18tiOilS cf C@ or N@ in tbc ran~ eX~tCd to be @uccd in SCWO

mctiolls m unknown cormntration is then determined by measwing b fwtion of infrared

light absorbd h; ●* unknownsample (i.e., h vo!atik cmmpowmtsof tk reactor effluent). The

dependence on concentration of tk integrated absorba.uc of -h of the two major C@ [R

absorpaons (asymmcti OCO stretch, 23S0 cm-l, and OCO bcndi 630 cm-l) was nonlinear,

exhibiting distiodvc saturation behavior over the range of pressures (Conculharions) from 0.1 [0

10 torr. Anotkr observation waa tha~ for a given prwwrc of C02, the obsctved absorption
~tiw .

mcread with increasing total prew.re. Pressure broadaiog of absorption lines is a

well-undcratood pknomcnom ~ total pmsurc is incmsed, some mokcuks ti!l absorb light

fiuther from b center of wh rotatiorial line, causing a &crease in the center intensity and a

concomitant broadening of the peak me integrated abrbance should remain conw.nt. The

reason for the apparently anomalous behavior of our initial results is that tk rotational linewidt.hs

of most small molecules (inch,ding Co) am much narrower than the resolution limit of FITR

(maximum resolution = 0.5 cm-l). The obscrmd lines are a convolution of the instrument

resolution function and the wtual line shape and thus appear to be optically thick to he ITIR,

meaning that c.ascnti.allyall the radiation at center hquency appears to be absorkd, resulting in a

‘smmed” absorbance. N M prc.we is increased, mom light is absoti away fmm ~ cen~r

frequencywhile the catcf ccmtin- to absorbessentially d.1b i.rwidentradiation Since tlw lines

are not fully resolvedby k spectmnctcr, absorptionof additional light in b wings of the namw

line, but still within the instrument molutiom rewlts in a higher appm t a’bsorbanw. This effert

can k eliminated by decreasing the concentration of the absorbing species or W pathlength unUI

the line centers arc no longer saturated or by increasing the total pressure until the Iinewidlhs are
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Conlparam to tk btrument tcsolution. The White cell we used did not have the capability to

operate at ~ higkr than atmospheric, so the nonheahy of our calibration curves was not

completely comcted for. Tbe calibrations and unknown pressure determinations were made at a

total pressure of lXKltom,using N2 or He as a buffti gas. The m.suitingcalibratkn dam were fit to

a saturation functiom y==(l-e-bq+cp where P is the partial pressure of the absorbing gas. A

typical calibrationcurve is shown in Figure 26. This techniqu enabled us to measure the gas

prewm with a relativestandard deviationof 3 percem

b. Gc-Mass spectroscopy

‘IlteGC technique is complementaryto FI’lR since it is capable of detecting Hz,

~, and N2, in addition to all other gases. l’hree gas chromatography (GC) have been set Up for

analysis of thegaseouseffluentfromthereactcmanHP 5890A Series IIwith capillaryinjection

ports operated with HP ChemStation software control from a 386-based IBM-compatible

computer, and two Perkin-Elmer Model 8410 units. A lo-port giuisampling valve is used to

inject gas samples of-0.1 mL into the capillary columm l’be carrier gas is He except for one of

the g~ chromatograplMzin which Ar is used for tie de~tion of H2. ~e~~ conductiviw

detectors are installed for quantitative demction of the eluting gases. The column (30 meters x

0.53 millimeter id) used for separating OZ.N2, Hz, CO, C@, Cm and CH30H is a Chrompack

CarboPLOT with carbon molecular sieve adsorbem A molecular sieve 5A column run in the

isothermal mode at 4(I “C is used for Hz and an Alltech CTR-l column with a temperature ramp

program from -10 ‘C to 180 ‘C is used for tk other gases. A mass spectrometer (HP 5S71

MSD) is also available for detectionof gases and liquids that elute from M column. In addition. a

GC-ITIR interface is installed to a Mattson 500 series FI’IR spectrometer, which can be used for

characterizingthe separatedcompounds.

c. Quadruple Mass Spectromcrq (QMS)

A UTI quadruple mass spectrometer is also used to detect Hz, Nz, and 02.

Gaseous products am sampled onlim through a leak valve. To obtain a steady leak rate, a constant

backing pmure of sample plus He buffer gas (600 torr total) was maintained The pressure in

the quadruple nsgionwas typically in the l&5 tomrange. Calibration of this technique has so far

~K)Wd~ctdt dw to COIIShlltiy changing backgrounds.
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Typical FT’IRcalibration cu.wefor N20, quantity measured in
the integrated absorbance for the symmetric N-O stretch versus
P~ of N20.
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a Metals

lhe metals analyzed for include sodium, chromium, nickel, iron, molybdenum

and gold. In most cases these are done on a Perkin Elmer inductively coupled plasma

-ph~m- W3 *g ~dium ~ ~ in- ~H for all the metals except sodium, for
whicha lanthanum intend standard is used. If very low detection limits am required, the samples

amanai~using agraphitefumaa5 or flame atomicabsorption

b. Total Organic Carbon~artd Total Inorganicti~C)

Total orgauiccarbon (XX) and total inorganiccarbon (TIC) are analyzed using a

Ro~mount Dohnnann Model DC-19(ICarbon haly~. Calibrations are dom with each set of

Mlllpks us@ diff&mt co-tins of startdardizd potaaaiumtid phthalatesdutiona

c. htorganic Anions

Inorganic aniotu @ctdarly nitra@ nitrite and chloria are analyzed with a

Dionex 4SOOiSeries ion chromatographyusing a Dionex IonPac AS4A column with an eluent

consisting of 1.5 mM NaHC03 and 2.2 mM Na2C~. In most cases conductivity detection is

~ but a LJ’Vtibk detector set at 21S nm is used for low levelsof nitrate and nitrite.

d. Ammonium Ion

Ammonium ion concentnttion is determined by an Orion Model 9S-12 ammonia

electrode using an ionic strength adjuster (ISA) containing S M NaOH, 0.05 M

ethylenediamkmetraacetic acid (EDTA), and 10 ~rcent methanol. The ISA converts the

ammoniumi= into dissolved ammonia ~ which is detected by the ebctrock.

em TIW, PHI% HMX, NQ, RDX, Hydraaine, and UDMH.

Trace amounta of these explosives are analyzed by reverse-phase liquid

chromatography on the Dionex 4500L The liquid chromntograph uses a Waters 490E

Programmable Multiwavelength Detector that allows for simultaneous detection at several

wavelengths. Thls feature is particularly useful if interferences arc prmen~ 8ince interferences
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usuaUygive differentsi-gualsat different wavelengths. All the compounds are analyzed using a

150millimeter x2.1 millimeter id C8 murow-bore column that is slightly heated for temperature

stability. Trinitrotolue= is measured at wavelengths of 240 and 260 nm using an eluent of 3S

percentmethanol (MeOH) and 4.5 pement tetrahydrofuran (THF) in water at 0.3 mfhinute in a

6.7-@ sampling loop; PETN is measured using 48 p’cent MeOH at 0.3 mLhninute in a 27-W

loop at 21S and 230 nm; RDX and HMX arc both measured using 32 percent MeOH and 4.8

pement THF at 0.3 mIhinute in a 15-IALloop at 235 and 245 nm; and NQ is analy~d using 4

pement MeOH at 0.3 timinute in a 9.5-IL loop at 263 and 275 nm. UDMH ia measured at a

wavelengthof 294 nm using 65 percent MeOH and sodium phosphate monobasic (NaH2P04) as

a buffer at a pH of 2.5. Before analysis, nitrosalicylaldehyde is added to the sample to

concentrations of 50 ppm and tk sample is heated in a water bath for 5 tninuta to form a color

complex Hy& is measured at 458 nm using 90 percent MeOH and 10 percent NsH@4.

One mL of dimethylaminobenuklahyde (DAMB) reagent is added to 5 mL of sample to form a

color compkx. Both UDMH and hydrazine use a 15pL sampling loop.

f. MedlanoA

Methanol is analyzed using an SRI Model 8610 gas chromatographyby direct

injection on a 3(hneter x 0.53-miUimcterJ&W Scientific DB-Waxcolumn at 60 ‘C.

3. Base Hydrolysis prod- AMlyti

Products from the hydrolysis reactions were analyzed by a number of different

methods. Nuclear magnetic resonance (NMR) spearometry was used to identify the major

hydrolysis producw A JEOL (3SX-270 multi-nuclear spectrometer waa used to obtain proton,

carbon, nitrogen, and phoaphorua NMR spectra Attalysea were performed on the hydrolysis

solution with n small amount of deuteratad water added to provide a lock signal. Mass

spectromefry wu used to analyze gaseouahydrolysis products (DuPont model 104)and, in some

c-, for solid reaid= analysia (Finrdgan-Mat model 82W), Quantitative analysis for inorganic

and organic anions was performed with a Dionex model 2(lWi ion chromatographyusing a

conductivity detector. Solid t’uiduea from dried hydrolyda solutions were tested for energetic

matoriai by observhtg their burning ckracteriatica in a flame and by differential thermal analysis

(DTA)using a DuPontmodal 910 thetmal analyzer.
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-. SECTION III

REACTIONS OF ENERGETIC MATERIALS BELOW WATER SOLUBI.LITYLIMITS

A. INTRODUCI’ION

Mwh of ourefforthasfocusedon rcachonsof solutionshavingconcentrationsless thanhalf

of theirsolubilitiea at room ternperahue. We have obtained destruction efficiencies and product

analyses for the SCWO of AP, NM, PETN, HMX, RDX, TNT, NO, N2~ UDMH and NQ. In

some cases, Cl N, and C mass balances have been obtairmL In addition, for the AP and NM

reactionswe have obtainedkimtic data fm limitedran~ of temperamreand concemmion.

B. DESTRUCTION EFFICIENCIES AND REACTION PRODU~S UNDER HIGHLY

OXIDIZIIW CONDITIONS

lle destmction efficiencies for the SCWO of five explosive compounds, PETN, HMX,

RDx ~, and NQ are given in Tabk 5. Ike -tions were run at high temperatures (near

6(M)‘C) and with a large excess of ox.idanL Numerous reactions have been run at lower

temperatures and with varying amounts of oxidan~ and are discussed in subsequent sections. In

addition, N2H4, UDMH, AP and NM, which are unique in their high solubil.ities and their

Chemimy,will be discllswd in Separafese40n&

TABLE S. DESTRUCTION EFFICIENCIES FOR ENERC3EI’ICMATERIALS
BELOW WATER SOLUBIU’I’YLIMITS*

Subsuate Pm HMX RDX NQ

InitialCone. ~~ 2.6 35.2 65.S 17(K).
(pp) “

‘1’lwinitial concentrationsof the explosives were kept Mless than half their room temperature

solubilitieato pnwent precipitationand accumulationof explosive material in the feed lines leading
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to the reactor. Hydrogen peroxide was used as the oxidi=r and was mixed with the feedstock

confining expkisives before rhe fluids were heated. In all cases the oxidizer was in thirtyfold

excas of the stoichiometry required to convert the explosive into C02, H20, and N2. The

expirnental conditions for each of these explosives were nearly identical: pressure, 340 atrn;

reactor temperature, 600 W; and residence time, 11 seconds. The rem.ions were run primarily in

the gold-lined reactor to minimize M heterogeneous chemistry that might occur at the reactor

walls. m only compound for which any mactor-depenckntchemistry has been observed is AP.

No significant difference in DREs or products chemisuy was obsmed for reactions of TNT,

- ~d ~X in ti C-276 and & gold-lined reactors. We conclude from these obsewations
that reactiom with the C-276 and316 stainless walls must not be si~lcant for these energetic

mataiak

For tkse “extreme” conditio~ the aqueous effluent contained no detectable amounts of

explosiv~ The detection limit of the HFLC/UV-vis analysis ranges from 20 to 50 parts per

billion (ppb) de~ding on the compound. Conseqmtly, tk measured destrwtion efficiencies

rept lower limits&= by b low startingcom.entrations“ti the ckm’ion limim

Gaseous and liquid effknts from these reactionshave been analyzed to determinethe

productsof reacticmTypicalFT’IRspectraof the gtwous e~wtt from the reactionsof NQ,TNT,

and RDX with excess oxidant are shown in Figure 27. These spectra show IR absorbance

corresponding to C@, N20, and H20. Qualitative FI”IR analyses of gas phase products of

SCWO of energetic materkla with and without oxidant are summarkd in Table 6. h is clear

from these adyses that the extreme conditions of high kqeratm and excess oxidant produce

only C@ and N20 in the gasaous effluenk Otherixwible productsmch as CO,C~, NO, and

N@ am notdetectedandam,tkefore, below parts~ million(ppm) levels (generally below 0,1

percent of the starting C and N). Additional products that are likely to be produced in these

reactions, but which cannotbaquantifiedby F’I’lR,includeN2,02 (no infmred-active vibrations),

and H20 (swamped by large water background absorption). In addition, quantitative

measurenmta of tlw CQ and N20 produced are summarized in Tables 7 and 8.
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TABLE 6. FTIR ANALYSIS OF GAS-PHASE PRODUCTS OF SCWO OF
~RGETIC MATERIALSa

PETN C02, co C02

HMX C02, N20 COZ,NzO

RDx C02, CO, N20 C02,N20

C@, CO, C~ NO C02, N20

NO C@. N~O CW. N~O

mnttitiom 600 t 55KIpsi; 11-sresidence*; gold-llllcd~.

The reactor effluents have been analynd for carbon content and the results are summarized

in Table 7. The final two columns list the percentage of the starting C that is obsmed in the

aqueous effluent (as organic and inorganic C) and as C02 in the gaseous effluen~ For PETN and

HMX, both the TIC and TOC quantities arc below detection limits (O.1 ppm). Detectable

quantities of organic carbon were found for RDX, TNT, and NQ. Since in all of these cases the

substrate is destroyed to levels well below the detection limits of the HPLC analysis (10 ppb) and

since no volatile organics were observed in the FT’XRanalyses, the obsemd organics must be

nonvolatile reaction products such as formate or acetate. For the TNT reactions, greater than 94

percent of the C was detected as C@, with the remainder detected as nonvolatile organics in

solution. The only substrm to give signitlcant TIC (carbonateor bicarbonate)quantities is NQ. In

this case, 83 percent of the C is detected as CO#- or HC@- while 21 percent is detected as

gaseous C@, accounting for most of the C.
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TABLE 7. ANALYSIS OF CARBON PRODUC’IXIN EFFLUENT STREAMS FOR SCWO
OF ENERGETIC MATEW~

su-

PETN

HMX

RDx

[C]I~ppm) TIC (ppm)c TOC (ppm~ % C~ % Q~*

2 d d d 81

2 d d d 87

24 0.2 1.7 8 98

5.7 d. 1 4.1 <4 98

of PEINmd HMXIIm-2-3MmhMuatYsca fcu~and iicmhdow tk$fmbkhits.

Reactor effluents have also been analyxcd for nitrogen content and the results are

sumnuarid in Tabk 8. For PETN, HMX, and RDX, some N20 waa obsmwl in the FT’IR

specm butquantitatimanalysisshowedM amountsto be kss than0.5 percentof the initialN.
With excess oxidmL signilkant amounts of nitrite and nitrate wcxe observed for tdl substrates

except NQ. Most of the detected N fi’omNQ was determhed to be NzO. Trinitrotoluene (TNT)

procked the greatest fraction (65 fmxnt) of N~-. Sinca NW ia m undesirable producLsome

effofi has been made to detenninc conditions for which its production can be minimized in the

case of TNT. Tke results am summarized in Section IILD. In all cases examined so far, a large

ktion of tlw initial nitrogenmmainaunk=ted by our analyiica.1tdmiqw. We have interfaced

amass s~trcnne(er to the gidquid separatoron thegold-lid re.waorwhichenabks us to obtain

on-liu analyses of k effl~t gasea We have observed fommtion of N2in b SCWOoxidation

of TNT. In addition, we have a gas chromatographyinterfaced to the gas-liquid separator of the

sand bath reactor, with the appropriate column and detector for sepamtion and detection of N2.

Preliin.inaryexperiments on SCWO of nitrometham with this setup indicate the formation of N2;

however, w have not obtained quantitative analysis for N2for any of thevery low concentration

ex@men@
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TABLE 8. ANALYSIS OF NITRCKiENPRODUCTS IN EFFLUENT STREAMS FOR
SCWO OF ENERGEI’IC Materials

SUbmate PETN HMX RDx NQ

% N@- 18.7 12.4 10.1 36.6 0.03

% NW 6.0 5.3 14.1 28.5 0.04

C. REACTIONS OF AMMONIUM PERCHLORATE (AP)

This secti~ summ- the data for ti SCWO reactions of AP. Because of comosion

problem most of these mtions wereperformedin he gold-limxirewtor. Some resultsin tie

C-276 reactorare incluti for comparison. Sodium hydroxide was always added to the A.P

solutions in a 1:1 stoichiometry to ensure a - pH balance. This is parbdarly important for the

gold-lined -tof, whC~ tk p~ of a high (Y ion ccmentration togetkr with a low pH and

highly oxidizing conditions may result in h oxidation of the gold h to A- (see Section

VII.B.1).

Data for W ckpen~ of ckstwtion effickncka and reactionproducts on temperatureand

concemation ace 1in Tables 9 and 10, respectively. Tk products containing Cl and N

are giwn as a percenta~ of b initial Cl and N comemration ~tively. At temperatureslower

than 400 ‘C, no decomposition of the ammonium perchlorate is obsemed Most of the ammonia

and all of the pemhlora~ arc recovered. ‘Ibe small ammonia Iosa is likely due to the evolution of

ammonia gas from the feed solution and cffbk The AP begins to react at 450 ‘C and is nearly

completely ~troyed (99.6 pcent) after 11 seconds at 600 ‘C. The effect of concentration on

destruction efficiency appears to be less straightfonvard, since results at the intermediate

concentration (0.01 M) indicate a lower destruction efficiency of 87.S pemenL These resuhs

appear to be inconsistentwith the reads at higher and lower concentrations and we suspect there

was a problem with rheanalyses of h dam

Almost all the chlorine from the perchlorate appears in the effluent as

(NaCl). Although salt volubility decreases in supercritical water, the sodium

sodium chloride

chloride product

remains in solution at low concentrations or temperattues. However, when the concentration

red/or temperatureare rai,se~ the Cl mass balanceis degraded probablyd= to precipitationof Cl-
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TIE liquid effluentalso containsa smallamount(< 2 percent)of nitrogenas nitrite(N02-)

andnitrate(N@-). ‘l%emassspectraindicatedthatbothnitrousoxide (NzO)andoxygen (Q) are

~ l’b amOUDtOfN@ _ WMquantifii using b ITIRNhitc cell and apprs to

~ with inmasing fcmperamre and AP concentratim Most of tbe N was not detected (for

thebcstc~,llll~, ody M~nthkti)md tily~~N2. ~~mdmu-

spcmm&k analy- of the gaseouseillunt did not detect tiMprcsaxe of cblorim (C12),nitrosyl

Ctdorick(Nm), or niuopl dioxi& (NQ).

TABLE 9. A.PSCWO PRODUCR3AS A FUNCTIONOF TEMPEWTUREa

T (T) I %C104- %@ %N~ %N@- % N20 %NH4+

la) 0.0 0.3 0.0 0.0 95.0

450 95.5 6.9 0.8 0.3 1.3 85

m 46.0 16.0 0.0 2.0 13.6 40.0

550 3.5 17.0 0.0 2.0 23.1 0.0

6(M) 0.4 5.0 0.2 0.2 23.3 0.0
Wondidau 0.1 M AR equtmdwN@H ES*- dIM x fmm 11-52 a (@)- 400 “C); flub

Mwem Iun9m Snslx gold-lined~.

TABLE 10. AP SCWO PRODU~S AS A FUNCI’ION OF Concentration

[AP] (M’) %clo4- % cl- % NW % N&= % NPO

O.a)l 0.3 108.1 7.1 1.9 0.0

0.01 12.s 95.0 1.1 1.0 13.7

0.1 0.4 69.1 0,0 3.8 23.0 *
%Otitt~: &Xl‘C;cquimolarNaOH:11-srcsI&n@tiuw;fluab~ runs&lu&d In tiy~; #old-

Unat~.

Previous studies of the thermal decomposition of solid ammonium perchlorate show that a

variety of products is possibk (Reference 10). Below300 ‘C, the quation
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. ..-

4NH4C104+ 2CI2+3O2+8H2O+2N2O

represents the majority of the products. At higher temperatures more nitric oxide (NO) is

produced. Between 350 “C and 450 “C gas analysis of the products of thermal decomposition

giva

10NH&104+23C12+6.37502 + 18.75H@ +2N@ + 2.5NCXH+ HCI04+ 1.5HCI+ 1.75N2.

Thus the decomposition of AP in supercritical water avoids the formation of the hazardous

products (C12,NoCl) formed in thermal decomposition

Above 450 “C, ammonium perchlorate detonates. The pos ibility of explosive energy

release was investigated Concentrated solutions of ammonium perchlomte (1.0 M, 117.5 #L)
wererapidly heated to temperaturesover 6(K)T at pccssuxcsnear 340 am in a small batch reactor.

Neither pressure nor temperature transients indicative of mpid energy release were obsemed.

These results indicate SCWO is, therefore, more controlled (i.e., safer) than thermal

decomposition.

One in@restingconsequenceof the gold-linedreactor is a lower destmctionefficiency for AP

compared to AMfound for the C-276 reactor. Comparisons of the destruction efficiencies in the

two reactors at various temperatures are summarized in Table 11. The conditions for these

reactions are roughly equivalent except that the residence time in the C-276 is approximately

80 percentthatin thegold-linedreactor.Despite the longerresidemx times in the latter reactor, the

destruction efficiencies are always poorer at a given temperature. The AP is 99.95 percent

destroyedat500 Y in dwC-276 reactor while the best destructionefficiencyachievedin thegold-

Iined reactor is 99.6 percent ata higher temperature, 600 ‘C. We attribute this difference to the

absence of ~tions with the reactor walls in the case of the gold-lined reactor. The extensive

corrosionof tbuC-276 reactor by AP reactionssupports this conclusion(~ Section VII.B.1).
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TABLE 11. COh@ARISON OF AP SCWO REACTIONS IN C-276 AND GOLD-
LINED REACTORSa

I lksruction mckncy(%) I400 “c 450 “c 475°C Slow 550°c 600”C I
C-276 Reactm o 4) 86 99.95 - -

GWLi.rd Rewtor o 4.5 - 54.0 %.5 99.6
~ O.l MARquimotar NaOHresidencefimevar&dMunll-52s (~-4M”C); flusb

twwcearumwtmlal~

A series of experiments was run on mixtures of AP and RDX in an attempt to model the

complex rnkurea actually found in a rocket motor. Ammonium perchlomte, NaOH and R.DX

were mixed in a 1:1:2molar ratio. ‘Thisratio yields a slight oxygen deftiency if& reaction goes

to Comphxiomaccordingto

NH4CI04 + 3.5 H&+ N@H + 2 c3H6N606 + NaCl + 6 C@ + 12H20 + 6.5 N2.

Experiments were performed witi and without additional oxidant (H202) and at temperatures

ranging llom500t06(M) ”C~abk 12). Nofititw -tia2:l mohtiotiti~X, m

yield an oxygen balance as defined by the equation above. The best possible comparison to tie
chemistry of pure RDX is with SCWO reactions at the same concentration, at &Xl“C and with a

large CXm+Sof oxidant CI’abltw5,7,8. pages 54.58. md 59). ~ ~on efflckncy of ~x

is he same in both cases (99.92 percent). Only one-third of the C is ~overed as C@ for the

mix, compared to nearly 100 percent for the pure RDX under these conditions. The nitrogen

chemistry is also si@Icantly difWen~ While the percent N convd into nitrite is similar for

both the pure and mix case&no formation of nitrate is obsmed in the case of the mix whereas 10

percent of he N in pure RDX was converted to nitrate. Another puzzling observation is that t-he

percent N converted to nitrite drop a factorof two to time withtheadditionof ox.idanLIt is likely

thatthediEL hbtiti Cmd Nche_md~m ti~m=titioWWn balancein

* reacdoam IIM lar~ exce9a(30 equivakm) of oxidantused in the maction9of the pure RDX

solutions prchbly twdts in better conversion of all the C to Cm with the negative side effect of

causing the fO-OIt Ofti~k.

The best possible comparison with the chemistry of pure AP is to reactions run at slightly

higher concentration (1.00 x 103 M or 118 ppm) and at 600 “C (Table 10, page 60). The

chemistry yields a slightly smaller destruction efficiency of the C104-. The addition of oxidant

(H@2) causes the destruction efficiency of C104-to decrease from greater than 97 jxxcent to less

62



than91percenL ~@servationsu ggeststh atbetterde structionof ClOd-maybe achievedby

adding more reducing agents (fuels). This is consistent witi the higher desmction efficiencies

observedin tlmC-276 reactor,where the reactor itself was acting as a source of reductam

TABLE 12. SCWO OF AP AND RDX MIXTURESa

T (“C)

5(M

m)

550

550

m

[H2021

-

0

11

0

11

0

11

%Cr % clo4- % NW % N03- % NzO %c@

lm.o 5.0 44.0 1.0 0.3 23

89.0 20.0 15.0 1.0 0.4 27

%.0 3.0 45.0 1.0 0.4 28

86.0 10.0 18.0 0.0 10.1 28

98.0 3.0 30.0 0.0 10.5 34

86.0 9.0 18.0 0.0 15.2 33

“c); fllubt=mmnruiihlchdolim analysix gold-ti ~.

D. REACTIONS OF TRINIIR~OLUENE (TNT’)

This section discusses the SCWO reactions of TNT in greater detail, particularly the effec~

of temperature and oxidant concentration on observed destruction efficiencies and reacuon

products. Data for C@ production from fhe SCWOof TNT in the linear reactor at 600 ‘C, 54MI

psi, 4 gramdm.inute flow rate and a large excess (-thirtyfold) of H202 are summarized in Table

13. Expected pressures of C@ arecalculatedfim initialconcentrationsof TNT andthe volume

of effluent collected, using the ideal gas law and assuming complete conversion of the TNT (o

C@ accordingto tbe followingequation:

CTHSN@6+ 10.5 H@2 + 7 C@ + 13H20 + 1.5 N2

The average pcent C detectedas C@ in theseexperimentsis 98 pC!-KX?IILThe residual C could lx

tied up in the nonvolatile product obsemd in the HPLCanalysiashown in Figure 28 (identity and

concentrationunknown). It is possibile that this product is a small nonvolatile organic acid such as

formicacid Nhogen bahmcesfor these rtmctionswe not complete. Ikttxted products, including
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HPLC illldyti of i3qUCOUSTNT SOhltiOl19:(A) ~ standard, 32.4 ppm; (B)
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excesi Ha@. The amws indicate where the TNT wak should occur.
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N@, ~ and N~accounted for about 69 pa-t of b s-g N, (T’able8. page 59). l’k

remaining Nmtntoccur as N~orammonia.

TABLE 13. C@ PRODUCTIONIN THE SCWOOF TNT

bcllladhcmuttbckkalgaialawamumhg—mf=fnh—=

A large number of experimentshave been conducted on TNT to determine the KWO

chemistry as a hnction of reaction temperatureand oxidant coiintration. All of these

expuimcnta wete @ormed usingTNT solutionswar odd.f the volubilitylimit in water(65

ppm). In all casu, the TNT was destroyedto below detectdk limits of -10 ppb. yielding a

destruction efilckncy of greaterthan99.98 pmen~ The productanalyses arc summarized!n

Tabks14and15. ~ti~Mktitik ~=tan~of*tilOw=h TIM

NW ad NQ- vahwaarclistedas a percentageof U startingnitrogenconccntratiomSimilarly,

titim~n~o~d mtim~tim~ti- m=-a~menu~of

the startingcarbonconcentration.The ratioof H202 to TNT representsa stoichiometricratio

basedon complc@=tion of TNTwithH& to formC@, H@, andN2.
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TABLE 14. TNT !WWO PRODUCI’SAS A F’UNCITONOF H* CONCE~TION

Exp.

1

2

3

4

5

Tunp Hfi:TNP %N~ %N03- Total %TIC %TOC %Totid

txnl 0:1 18 0 18 12 3446

600 1:1 11 6 17 1s o 15

6fM 2:1 6 6 12 14 0 14

m 5:1 33 38 71 9 0 9

600 2&1 25 49 74 4 0 4

WddlhMCr&iOtmaedooeqlnti mO@paga49.

TABLE 15. TNT SCWO PRODUCTS AS A FUNCTION OF TEMPEIMTURE

I Exp.

1

2

3

4

5

Temp H@#IIVl= %N~ %N~ Total %~c %TW %Totai
o %N~ c

5(K) ml 18 0 18 14 28 42

ax) 01 18 0 18 12 34 46

400 2&1 11 3@ 41 4 18 22

500 2&l 26 51 77 4 11 15

6(N) 2(k 1 25 49 74 4 0 4

as~ fallobaaedoocqllatkalonpaga(is.

The most cffkicnt conversion of TNT to C@, as determined by FT’lRanalysis of the gas

production and by the TIC and T~ analyses of the queous effluents, occurs at the highest

temperature (i$fll ‘C) and the highest H2@ concentration. These conditions also yielded the

highcat concentrations of N@ and N@-. In general, at lower temperature and lower ratios of

H@#PT, less NW and N* are observed. While thaw conditions do not compromise the

destruction efficiency of TNT, they tend to leave more carbon in the aqueous effluent. Much of

this carbon appears as ctionate, however, which can be removed by lowering the pH. The best

conditions for the destmction of TNT and My organic byproducts with minimum NOZ and N@-

formatimt appear to be 600 ‘C :-rid a 1:1 stoichiomefric (as defined on page 65) ratio of

H2@TNT.
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E. REACIIONS OF NITROMEITMNE (m)

This wxtion summarks experiments on the SCWO of nitromethane. ‘Ike experiments

were conducted primarily in either the C-276 linear flow reactor or in the sho~r optical cell

con@ured as a linear flow mtmor. The destrwtion of nitromedmne was monitored using the

FITWWhite cell, by the intensity of the N- stretching band at 1590 cm-l. The integrated

intensity of this band indicates that M nhomethane is greater than 98 penxnt destroyed at 550 ‘C

and in tb slmt resickmcetime (< 1 second)of the opticallyaccesible reactor (F@e 23, page 45).

k_~wofti5W °Cwticom~m @s~-ti~oCk Fl~29. Itis

chbmti* tititiofti ~b-titi ~W, butm@kk~yedat5W°C.

All the paks in b 550 ‘C spctrum have been assigned to vibrations of the residual CH3N02

and volatile rewmonproduc~ inclwlingC02, CO, ~ N20. NO, and IKN. Tlwse are indicated

in Figure 29. Expected reaction products that were not detected include N2 and 02 (no infrared

absmptions), N@- and N@- (not volatile species) and H20 (obscured by large HzO

bwkground). Othr psaible products that are Mectable under these conditions at levels above 1

ppm but were not obsmed i.dude NH3 and N%.

Quantitatiw analyscaof & -tion prodwts wemobtained from the _ Tbe infrared

assignmentsand number densities (molecuh per ctng in the White cell) calculated from litmture

vaks of tlw absorptioncrosssectionsare summarized in Table 16. The s-g number mmsity

of the CH3N02 wm measured to be S.7 x 1016molededcmg. The number density for HCN

could not be calculated because the absorption cross section is not avai.labk but a reasonable

eximtw yields a numberdensityof less than2.0x 1014mobculedcms. Themassbalancefor the

reactionwas calculatedfrom these measured number densities and iss unmwized in Table 17,

The carbon is completely accountd for. It is almost evenly distributed between CO and CI-L4,

with a small amountoccwing as C@. Only41 percent of the nitrogen was detected, mostly as

N20. Nitro~ dioxide (N@) and NH3 were not detected and if prcdent are below our 1 ppm

detection limit Based on previous experiments, we expect a small amount (-4 percent) of the

nitrogen to occur as N@ and NW. The remaining 55 percent likely occurs as N2, which is not

detectable by ~ analysis. The undetected hydrogen (36 percent) most likely occurs as H20.

Given this reasonable assumptionand the -4 percent of the oxygen that occurs as N@- and N@-,

27 prccnt of tbe oxy~enremains unwcou~ted for. It is possible that h decomposition produces

@ which would not be detected in the F17Ranalysis.
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Figure 29. FTIR product analysis of SCWOof nitromethane. (A) CHgN~
in H~O,3(KI‘C, 5Wl psi; (B) CH3N02 in H20, 55(I‘C, XXKlpi



TABLE 16. FT’IRANALYSIS OF NITROMETHANE DECOMPOWI’IONPRODUCTSa

Pm’duct
u x 1019 N X 1&15

v (cm-l) Absorbance
(m2/mO~&)b (rnolecules/crn3~

cH3N@ I 1590 0.022 2.82 0.8
c% 2360 0.03!? 1.05 3.7
co 2120 0.025 - 0.08 27.0
cm 3020 0.126 0.46 27.0
Nfl 2235 0.052 0.48 11.0

NO 1875 0.028 3.16 0.9
HCN 3312 0.(K)9 7 7

!lkwtimamditiax 550’C,4800pai2-sreskhmtimc.
b~mqu-ks~c mmucial Spctra of Cha ad Vaptxaj1972.
Wakuhml nmimr deuslty,N - (MJl).

TABLE 17. MASS BALANCE FOR NITROMETIMNE DECOMPOSITION
IN SCWAT550”C

PRODUCP

cH3N@

C*

co

cI-Lf

N20

NO

H@

%C (*l%) %N (*1%) %0 (*l%) %H (*1%)

1 1 1 1

6 . 6

47 . 24

47 . 63

38 10 .

. 2 1

. . 27 36

‘Baaedcmnun- cluAsi~ of pochxta &ectd by FT’IRiNum.bu&MItyof CH3N02befm rcactlon,
NOm5,7 x N.)ldmokuhd~. Roducts notdetectedincludeN@- andN@-, N2 andOZm detectable.

Mcasurcmcntacan be made as a function of rcaidcnce time and temperature,yielding kinetic

information for reactant destruction and product formation. Additional analysis using the OC-

rnasaspectrometer would enable M dctcunination of N2 and @ as well M the validation of other

volatiles detected by the FI’IR. While this would allow more complete mass balances, the
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impossibility of titecth~ the smaliquantities of HzO pnxhwed in these MtiOllS remains as an

intrinsic ~ to a compke mass balance.

The addition of H@2 as an oxidant in the SCWO of nifromethane radically changed the

productcompition and tbe dcstrwtion efficiency. TIMmwion of NM with a thirtyfoldexcess of

oxidant under similar conditions (6(M)‘C, S4Xl psi) fcsuhed in >99.9 percent datruction of the

NM ad @h OldyC@ and smd ~OUltS OfN20. These rcsuits arc dWMltiCtiYii.iustrare.d

in the FTIR spctrum shown in F@urc30. Quantitative data for C@ procktion are summarized

in Tabie 18. Thu measured and expected C@ values were detenn.ined as described for TNT,

assuming cunpkte ccmversionof the NM to C@ =ording to tk followingequation:

0.75 02+ CH3N02 + C02 + 1.SH@ + 0.5 N2

The first two exprimenta wereperfommd with a 3-day old solution of NM in water whereas

a freshly prepared solution was used for the latter two. Evaporation is the likely cause for the

difference in b two sets of experiments. No other volatile products (i.e., Cw or CO) were

detcctd If such components are prwent they comprise less than 0.1 percent of the total carbon.

The percentage of the nitrogen ~ as N@ is 4.S percen~ The remaining N Likelyoccurs as

N2.

TABLE 18. Cm PRODUCTIONIN THE SCWOOF IWI’ROMETHANE

Exp. P~qtolr) &P b(ton) %c &kcMl .

1 0.69 1.09 63

2 0.70 1.08 65

3 0.82 1.06 77

4 0.80 1.06 75 .
~tilntagratad mwlnlaasitiwaud ~caubrathmcums.

~awatbaiduat gaatawassumingcompMaoxl@ioa.

‘Ilto carbon remaining in the aqueous effluent was analyzad and thm results are
summarized in Table 19. Under these conditions, VCIYlittle of the inidd carbon remains in the
aqueouseffluent For NM ~dons with oxidan~ greater than 80 p’cent of tbuC was detected as
COA while only one percentwas detectedin solution Without oxidang 64 percent of the C was

detected in thn gas phaM as C@, CO, and Cm and four pcant of theC wasdetectedin solution.
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We cannot wcount for b “missing”C at prcsenti but we suspct volatilization of the NM from

the stock SoluricmCallsing Ius than antkipated StaIthg Conccnlrabns.

TABLE 19. ANALYSIS OF RESIDUAL CARBON IN AQUEOUS EFFLUENT

FOR SCWO OF NM AT 600 ‘C

solution I No. of Runs [C]I (ppm) T’fC(ppm)$ TW (ppm)t %C I
NM+ H20z 4 85 0.2 0.8 1.2
NM+ H20z 10 75 a 1 0.5 0.8

4 79 02 29 4

F. RMCI’IONS OF NITRATE

Nitrates am formed when cxplosivea are oxidized in supcmxiticalwater. ASdiscussed in

previous sectiom b amount of nitrogen convetted to nitrate and nitrite depends upon the

substrate and b rewdon conditiorm The chemistry of nitrogen appars to be more complicated

than that of csrbon in supercridcalwater. To producean effluaitwhich is free of N~-, the

nitrogen chumishy mucis to be understood To gain a baler unckrstandin~ wc are studying the

K-WiOl19 OfUi- WithSiMpkOr@IliMin ~U~tid ~. This WOtkis pdy sponsored by

the Department of Energy’s Ofllce of Technology Development and has applications for the

treatment of ni~ontaining radioactive wastes stored in umkground tanks at the Hanford

Raonwtion in WashingtorL In this section we dkusa b reutions of nitrate with methanol in

Suporcritw x.

Experiments were conducted in which nitrate was reacted with methanol. A 1:1

stokhiometry was asmuned for the reaction. Experiments have twen conducted at 2S degree

intends km 4S0 W t~ S2S%, and at 30.9 MPa (45W psi). Residetwetimes have ranged from

5 to 18 sum- Figures 31 and 32 display nitrate and methanol composition aa a function of

temperuure md reskbnca time. Reaction conditions multed in observed methanol destruction

efficiencies ranging horn 31% at 4S0 ‘C to 85% at 525 T. Corresponding nitrate removals

ranged from 1S% to >99%. At 500 ‘C and above, ammonia appared to be rho predominate

nitrogen spciea Below S(K)Y, nitrb waa the predominantnitrogen speciw ~as phase analysis

(by OC) indkated the production of N2, N20, uid OZ. (3u phm analysis by FTIR showed that

sonMsamples conra.inedtrace amounts of NO. Carbon was recovered u an inorganic species, as

determined by TIC analysis. This species was either carbonate or bicarbonate, &~nding on the

pH of the effluent stream. Effluent pH values wcru neutral to bask (7 - 10). No carbon products
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of incomp~ combustion (CO,CH4) wem detected ti & gas phase. T- amounts of C@ were

detectd by = in several gas SMIpk3.

A nitrate pyrolysis run was also conducted At 525 OCand a 12.6wzond residence time, a

maximum nitrate conversion (to Ntrite) of 36% was obsewd. No arnmonimwas detected in

n.im pyrolysis at 52S ‘C. For all experiment mass recovefi for nitrogen and carbon have

IwUl100%t 10%

h addition to carbon and nitrogen speci=, aquems effluent and mact.ofrinse samples wert

also analyzd fm sodium (present in the sodium nitrate feed) and corrosion prodms (1%,Cr, Mo,

and IW). Trwe amounta of ccmoskm @uctswercrecovenxi inallex@ncn W. While iron and

nickel bavc appeared only at sbppm levels in all experiment chromium and molybdenum have

bun present in both effknt and rinse water samples. At tcmpmtures above 500 ‘C, these

~ k~ e ~- -y ill -tOf h - upkd. W samp~ which were
yellow tinted, arc believed to contain the bexavalent forms of chromium (Cr04”) and

molybdenum (M604=). These species likely dqmsited on the reactor walls as sodium

prccipi- SOdim also prwipiti su-tidy with carbonate specks. Tkse precipitation
reactions arc supported by ion balmces performed on reactor rinse sampk Such balance-shave

ken successful in predicting mewred pH vahm to wirM.none pH un.k Efflwnt concentrations

of sodium, bicarbonate, chromium, and molybdenum decre.ascdwith increasing temperatums,

which indicati decreasing solubilitics with increasing temperatures. The absence of iron and

nickel indicated that ~ metals formed a passivatiq oxide fi!m on the mwxor surface, which

W= insolubk in water rinses.

Future studies funded by the DOE will investigate the kinetks of he MeOHI N@- reaction

in more detail. These will include additional experiments at different residence times and

temperatures. Different stoichiornetrics will be investigate Also, fudwr studi= of nitrate and

methanol pyrolysis will be condwted Otherexperiments, such as reactions of sodium nitrite wilh

methanol, and reactions of nitrate with a different organic compound are being considered for the

Unckrstandingof kinetic mechanisms.
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Cl. REACTIONS OF HYDRAZINE

1. Inmdnaion

This section summ~ the experiments on the supercritical water reactions of

hydmi.rw and unsyzrunarkal d.imethylhydmzi.ne(UDMH). Hyti and UDMH ae imptant

rocket propellants, M Stmmlres of which ~ g.iVellbC1OW.h par?jcuhr tt@yiind use as fh@t

control thmsters which are actuated for short periods of time. With special catalysts they can

decoinpc in rnilkconds providing very precise attitude control Both these propellants present

spccialhazards inhandling anddisposd Nkatsolutkmsmayspontanemslyig nitei. nairandboth

arc suspect carcinogeru TIE break down prochxts of UDMH using conventional destruction

tochniqw are undesirable (Reference 11). In particular, dimcthyl nitrosoamine which is a

carcino~ is pKKhKd by kwkmtion of ~MH.

H

/

CH3 H

\ \ /
N* N—N

/ \ / \
H H CH3 H

Hy- Unsymmakal dimethyl.hydrazine

Hydraz& and UDMH are both clear liquids and compktely miscible in water at all

tempera.tums. In water, h auto-ignition problem is ab~tcd and M resultant mixture is vety

suitable for destruction using the hydrothemnal procaain g techniq~ described in this report

Because of the solubi.lity charactcrisac$ througl .mt problems associated with solid explosives

such as HMX R.DXand TNT are not an is.suc. ‘Ihw even with our tmch-scak reactors we have

demonstrate large Proce@ng capability= using up to one weightpwcent solutiow

We have studied the pyrolysi’Jand oxidation reactions of hydrazine and UDMH in

supercritical water using both hydrogen pm.ide and nitrate from nitric acid or sodium nitrate as

oxidants. Tabk 20 summarizes the pnxlwx formation for* reactions.
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TABLE 20. SLJIW4ARY OF HYDRAZINE AND UDMH SCWO REA~ONS

Maior Products Minor Pruducts

N2, Hz, NH3, ~+

N2 N20, NF14+,N@, N02-
N2, NzO ~+, N@-, N@
N2, N20, NaOH ~+, N@-, N@

C02, N2 N20, CO, ~ ~+,

am.ines
C* , N2 N20, N@-, N~ -, c@2-

Under oxidizing conditkma the primafy products am relatively innocuowhconsisting of various

amounts of nitrogen, nitrous oxide and also C~. in the case of UDMH (see iollowing

dismsaiona). Unckr W rich conditiou incompkte combustionproducts ruulti

~ destnwtion of b parent compoundwas essentiallycompkte. In every experiment

tk&&rwtbn e* waa better IMII99.999%, with or without oxidizer. Table21 shows the

measured des&wtion efficiency fm hydrazineand UDMH. These numbers am for the destruction

of a 0.5 wt% solution, anti mpmsent lower limits h to our limits of detection (0.01 ppm).

T~lJ ~ 21. D~TRU~ON ~~c~ FOR THE SCWO OF ~~

AND UDMH

I species Desuwtion (%) I
N2H4 S.9998

(CH3)2N2H7 >99.9998

2. ~~

All the results reported in th.iasection were from experiments conducted in the gold-

Iined reactor described in Section 11.A Some expirnents were conducrcd in a similar reactor

constructed of C-276, but severe comosion was ob=rved when HNQ or NaN03 was used as the

oxidizer. (See section VII.B.4.) For our putpo~ tk gold liner mhhizes ckmistry due to wal!

reactions. For these experiments h reactor was kept at a constant temperatureof 60(Y’C,340 atm,
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and● total flow rafeof 4 rnlhnin. This proviti a -on residence- of approximately11

secomk Tlmfid andoxidizerwem mixedcold tig two HPK pum~ mn.ningat 2 mUmin.

Formassbalame dcuMona and to ensure hid ti~oxidinn ratios the weight loss of the fuel

and oxidkr mixtutca was mcmitorcdcontinuouslyusing Pack WMD to@oading bahmces.

Both hydrazine and ~~ SOhltiOIUW= p~ti at CODCCntiOOSof 1 wci@t-

~rcent (wt%) for W runs except tk i80tOpiCcomparkous with H14N@ and H15N@, which

*re prqared at 0.2S WC%.When mixed with b Oxiti stream in * rwwtor, t.b eff-ve

concentration w halved This relatively high loading caused high rata of gas production ,

-.tatiog the mbriga of the @liquid sepamtor to ~-k- Vok

‘Ilte gas phase eflltwmtwas analyxxl using t& =mbinatkm of gas chromatographyset

up to quantify N2, N@, 02, C@, CO, Hz, and CH4, FI’IR spectroscopy with 0.5 cm-l

molutim and maa9~. m liquidam Wa8routinely analyzed for nitrates, Llitria

ammonium, and TIC and ~ in b case of ~MH. Mets.b tiyti W8S pCtiO~~ but very

few Comosion-~

Several exprimenta investigating tk ckruction of hydrazine wem conducted These

experiments inclu&d hy~ pyrolysis (no oxidizer), and reactionwith an oxidizer, either

hydrogen peroxide or nitric iuid Based on our previous resuha with explosi~ a large excess of

oxidbr leada to a high concentration of nitrate and nitrite in solutiom ‘Iberefore, the oxidizer %

these experiments did not exceed twice stoichiometric as Mined by the rawtion equations to

follow. Tables 22 and 23 show tk prorhwtanalysis of tbe expiments. Tk quivalence ratio

(0) is given by W ratio of b stoichiometric oxidizer concentratia to ti - concentration as

defmd by tk equationcmeqmnding m the Spdkd reaction
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TABLE Z HYDM,ZUVE NITROGEN MASS-BALANCE (AS A % OF THE STARTING

NITRoGEN CONCENTW4TION)

spaka

N2

N2G

-:H3

w+
N@

No2-

Total

pyrolysis H* 0=1 H7@ 0=0,5 HN03 0=1

60 98 94 78

0 0.1 0 21

mt quantified o 0 0

29 1.0 0 0.2

0 0.1 0.1 0.0

0 0.1 0 0.2

89 99.3 94.1 99.4

TABLE 23. HYDRAZINE HYDROGEN MASS-BAIANC~ PYROLYSIS (AS A %

OF THE STARTING HYDROGEN CON~ TION)

specks Pm Iysis Pm lysis

Hz 19 19

NH3 not quantified 16(estimated)

m+ 44 44

a Hydrazinepyrolysis

I-iyti is effectively destroyed (Tabk 21, page 77) in ho~ high p~ure water

in less than 11 seconds. However, without oxidizer presen~ large amounts of NH~+ and HQ

are obsemed, Ammonia is probably the major product of the pyrolysis of hydrazine and is in

equilibrium witli m+ through tbe reaction H20 + NH3-. NH4++ OH-. Nimogenand ~+

are detected in =lY equal molar ratios. Ammonia is obsemed ia the FT’lRspawn shown in

Figure 33. A smallbackgroundof Cm which is due to reduction of char left over from previous

experiments, has been subtrtued from this spectrum. Because NH3appears to be sticking to the

wet walls of our manifold we are unable to quantify this_ thus unable to achieve a nitrogen

or hydrogen masa balance. If we assume that all undetected nitrogen is NH3, then the hydrogen

mass balance becomes 79%.
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-.

Typical global models for hydrazincpyrolysisare rqmsented by re-action1and 2

(Ref~ 13-19).

3N2~+4NH3+N2 (1)

2N2H4+2NH3+Nz+Hz (2)

Six-e we have not obtained a mass balance for the hydrazine pyrolysis a global reaction

stoichiOrMry cannot be&mini.@ but probably is a combinationof reactions 1and 2 The N-N

bond of hydrazine is weaker than the N-H bond (70.8 KcaVmok and >100 Kcal./mole,

respectively) (Rcf~ 12 ), dms tk first CkfnefttaryS@ in tbe pyK@iS of hycki.ne is most

Iikclytobe (ll.efcxences13-19)

N2H4+ ●NH2 + ●NH2 (3)

followed by ekrneawy StCpSsuch as:

●NHz + NzH4 + NH3 + ●NzH3 (4)

•NHz+0NHz~NH3+NH (5)
‘NH2 + NH ~ NZHZ+ H“ (6)

W and related radical re-iwaonsare likely to dominate W chernisuy under the

low density conditions employed At 600”Cand 340 atm the water density is approximately0.15

g/cc. Higher densities may support ionic chemishy kadi.ng to different products. The nitrogen

chemistry is quite compkz Mmy of tk ~stulated intcrmediatea have riot been observed nor

have tne reaction rates b measured in previous gas phaw studies (Rcfucnces 13-20). Based on

current uncktub “ g of gaa pk reaction mechanisms(Reference20), we postdate a simp~led

rnechankm a8shown in Figure 34.
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F@rc 34. Propod hy- &composition mcdanism in supcmitkal wakr.

Exh step is a hydrogen abstin ~plkhcd by -tiona swh aa 7 and 8 leading to obwved

fti prtxtucts NH3,Hz and N2.

●NH2+RH~NH3+R m

H“+RH+H2+R” (8)

We obauvcd vimally no oxygcaaEd productsof nitrogenkding ua to bclkvc that wam plays

little rob in the cbcunpositkm of hydmzim under~ COditiCM2&

b. HydrazhMReactionwith HydrogenI%roxidc

With the addition of an oxidizer in tlMform of hydrogen peroxide no incomplete

combustion products are obsemd. The only major prochxt is nitrogen (’Ihble22, page 79). The

amount of nitrate and nitrite in b liquid effluent and of N@ in the gca produced were rnorc than

two orders of magnitude smaller than the amount of N2 produced Two ratioa of fuel-to-oxidizer

were run bad cma stokhicmmtriccw given in don equation 9.
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N2~+2H202+N2+4H@ (9)

N2&+4H2~+N2+4H@+@ (10)

By normalizing the moles of product obtained to tbe number of moles of hydrazine reactant we

C811dim hat tke @obal maims (9 and 10)refkt reality (see Talks 24 and 25).

TABLE 24. HYDRAZINE + Hfi PRODUCT RATIOS, 0 = 1

I N7H4 N2

I expted 1 1 0

1 0.98 0.03

TABLE 25 HYDMZINE + H202 PRODUCT RATIOS, @= 0.5

N7& N2

-1 1 1

1 0,94 1.05

Otk than releasingexcess oxygcm the addition of excess oxidim to hydmzim has essentially no

effect or benefit The FT’lRspectrum had only trace a.mou.msof N@ in tbe @=l case and no

infrared active products in ti 0=0.S case. In both cases tin nitrogen mass balance obtained

(’hbk 2 Pav 79) WM@k rcuOMbk.

Miller, in his paper on the oxidationof ammonia & flsmes (Reference20), shows

NO as an imfmntantintermediate (and product) leading to the formation of N2. For example,

MdiOtM suh aa

●NH2 + NO+ NM-i+ ●OH

●NH2 + NO + N?+ H20

“NNH+NO+N2+HN0

“N+ NO+ N2+Q .

(11)

(12)

(13)

(14)
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all play ● major rok in lb formation of tk nitrogen final producL In our study we have never

observed NO as an cd prcduct in the oxidation of Nz~ The lower terrpratures in the SCWO

mx.orvx tMofaflamc domxpmrncwt kformaticmofNO. Wet&mfore pstulatethat N2~

oxidizes primarily by OH radical abstraction of hydrogen atoms. The oxidizer, hydrogen

pcroxik, supplks @ to ti reaction by quickly -g in warm water by reaction 15

2H202+02+2H20. (15)

- initiation step is Pddiy -tion 2, the Ck.W~ of tk weak N-N trend of by-. The

following~ ~ steps arc rqwnsibk for the formationof a large hydrox-ylmlica.1pool:

●NH2 +02~ ●H02 +NH (16)

●H02 + H@ H Hz%+ =OH (17)

H202-GH +-OH (18)

These hyd.roxyl radicals proceed to abstract hydrogen atoms from nitrogen containing

in~ eventually formingnitrogec The ~cm tim i8:

where R is N2H3, N2H2, N2H etc. as seen in Figure 34, page 82. Since neither Hz nor

NH#N’I-14+were observed in this rcaxiom k OH radical tition of hydrogen atoms from all

radicals is probably tie dominate pathway. The formation of Hz and NH3 is suppressed by

rewtion of “NHzand 10 with OH. Hydroxyl radical abreaction of hydrogen atoms may also be

faster than H2N-NH2 bmtd cleavage, suppressing NH2 radical formation. The oxidation af

hydrazinc with hydrogen peroxide in SCW rewtors appears to be an excellent method for its

&ti’UCti04 PfOducing O~y tk beni#t @u@ N2 ad H@.

c. H- _ns with NirricAcid

Nitrogen tetroxick (N204) is an oxidizer typically used with hydrazinc and

dirnethyl.hydra.zk in liquid fueled rukcts. It would be convenknt to w N204 as tk oxidkr in

the SCWO process since it is stored close proximity to the fuel. Nitrogen tetroxide

dispportiona.tca into nitric and nitrous acid (HNQ and I-lN@) wkn pke.d in water, Therefore,

h use of nitric and nitrous acid as oxidizemin rehons with hydrazbe u essentiallyequivalent to
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tk u3COfN204 M tkaxidi~ in wqwus SOhltiO1l.This StiOCl wiu &cribe OIU~uks using

nitrk d ~) and btofidy hkkd tittiC Ad (H15N03)to OXidiUhydmzim in SCW.

Tabk ~, @& 79) ShOWS the mass hahnce rcsuhs WkII using nocm~ HN03 as

the oxidizerfor the cktmctioa of hydrazinc in SCW. AUthe conditions were identical with the

previous ex@tnents discusd (m, wm*llmti*&) exqttihticw
we only useds 0.25 wt% hy- feed solution- A major difference in the FIN@ combustion

chemistry was in mediately noticed. Nitrous oxide gas was produced in large quantities

(approximately 20% of tbc gas pk effluent) in stark contrast to oxidation with hydrogen

pet’OxidI&Wh4!! tk OldY Pmdmt WM IIitrO&n. ThC UitrO&II mass ba!.mceobtakd WU good

(Table ~ ~ 79) and hyti was ckstroyed with >99.9992%cfikkncy. Vimmlly no N03-

rcmained in :he liquid efflxnt and only 0.2% of the starting nitrogen ended up as N@-.

Equitnolar mixtu.maofNzH4and HN@wemused i.nrhisexpaimcn t The remdts show that this

casa is slightly fuel lean. We might expect m~h Mgkr liquid effluent concentrations for

fuel:oxidkx ratioe kss than - However, since hya was destroyed to relatively benign

p- excess Oxib is lmm~.

A gmbal reaction eqwuion that comes close to predicting b pmluct distribution

is gkn k equation 20. Tabk 26 shows the wtual productdistributions normalized to the stmi.ng

hydmzineCOIXUlti

N2H4+ FIN@ + 1.2 Nz + 0.3 N20 + 2.5 HzO + 0.102 (20)

TABLE 26. HYDRAZINi + HN03 PRODUCT RATIOS

N#14 Nz NzO *

-1 1.2 0.3 .1

1 1.17 0.31 0.03r

To invcstigti fi.trtk this new ckmistry with the N@- oxidizer, an identical

expi.ment was run using the 15Nisotonically substituted I-IN@. This compound was obtained

from Aldrich at a ccmccntraticmof 40 w-t%in water ami98% isotopicprity. Since k objectiveof

this experiment wu to follow the nitrogen, we did not attempt to measure mass balance. Mass

spectrcsopy and FIIR spectroscopy provided he dcfmitivc diagnostics for comparison between

the Ht4N@ and H15N03experiments.
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Figur8 3S isk mass spccuum keen O 2nd 50 am of the ~qMeffknt from the
H14N@ ~ This sptnun m Cikly be simul.ak-dusing bow cracking patterns for

N2 and N@ (which are imtrument dependent) and the measured Nz:N20 gas ratio. T~blc 27

_aqMwti@Ofti~~~

TABLE 27. MASS SPECI’RUM ASSIGNMENTS OF FIGURES 35 PWD 36

Assignment comments

Number ~ = 14N

14 N Cracbg from N2 and N@

15 15pJ hOtOpiCN cracking from Nz and N@

16 0 Crachg from 02

17 OH cmCking from w-

18 H2Q Rmidualreaimx-

28 A\r~ N2parult@andcrdillg from N20

29 NISN Isotopic N2 and cracking from N#3

30 NO, ‘5N2 Cmking from N@ or isotopk N2

31 lSNO Isotopic NO crding from N20

32 02 Excess oxygen fi’omremmf

44 NzO N20peucntpcak

45 pJ15No / Isotopic N@
15NN0

4’6 15Nfl Isotopic N@

F:gure 36 u the mass spctrwn for the H~SN03 experimen~ Table 27 also assigns

b pcah First now tlut the 14N:~5Nratio in this expriment is 2:1, given tk equirnolarstarting

ratio of hydrazine and isotopic nitric acid. As expcc@ this 2:1 ratio is presmmd in ‘Aemass

spectrum of tlMproducts as seen from the ratios of mass numbers 14 and 15 (14N:1SNlor the

mass ❑umbers 28 and 29 {14N14N:~4N15N).Second, almost all of W Ntrous oxide formed was

labeled with om ISN (masa numlm 45), i.e. m of the nittogens came from nitric acid. Third,

mass peaks 28 and 29 are nearly the same inkgratcd area when the small contribution from
14N15N0 ~~g ~ su~~~ ~~ iMp~u lwo mxtibn ptiways of comparable magnitude

leadingto the fomlatim of nitrogen
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Figure 35. Mass spectrumof the gas effluent resulting from the SCWOof hydrazinewith H]4N~.
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we C8n ~ explicitly that wc have 14NlSNl@ ad w lSNlqNl@ from the

FTtRspctrw F@tMes37mn138. Figurc37covem thccmi.rekfm@spmurncftk gaseffknt

and COmpafUh SCWO of hydmzinc with H14N@ (a) and HISN~ (b). The ody idrarcd

hvcga8was N@a.ftersubmlkm ofmqhti ofc@*mtim-ofctifm

pcvioua expezimmtw -h vibrational mode in FIgurc 37 b exhibits an @topic shift consistent

with ● 14Nl~Nl%3 molecule &fcrcncc 21). Figure 38 a is ti spctrum expanded around the

OlkMX@ Qlxamh rcgkm of NzO. Lfany lSN14Nl@ existed it wwdd appear H the mow

drawn intibomnnm ~bpktiti N@hdbtiti tidmysmtigti

fmnallcm“ of nitrous oxi~. Tkrc arc small amounts of 14N14Nl@ and 13NlSNl@ in the mass

aml FTIRspcctm indk.a@gdut otkrmhlormactiocl clmnnek&exisL

TIMoxidatiou of hydra.zhwwith nitric tid seems to be very compkx. One possibk

explanationfm ti okrved ~-myka~ SC- Sd as:

WtiCICthe ~ would Startwith HN@ producing hydroxyl mdkals and N@. ~ hydrOXyl

radicals would feed into the NzH4Oxithth mechanism as discusd previously, again inhibiting

tlMH2N-NH2bond ckavage favoring hydrogen abstraction leading to the formation of Nz, or in

this case lqNl~. Tk N@ could either -as in rehon 23, or go into a different reaction loop

which also acts to abslmt the hydrogm

N02+H*~NO+QH (23)

atoms from hydrazinc (mwtion 2S). Summing reactions 21 and 22 gives the general rewion 24.

Tbe chankal cycle rqmxamd by maim 24 and 25 muld ultimately

FIN& + NzHn+ NzH..1 + NQ.I + H@ (24)

N2Hn + N~ -D HIQ + N2Hn.] (25)

produce 15N0 and again 1AN14N. The labeled NO would form the 14N15Nand 14N1SN0

prOdUCtSOti in Ik mass SpOC_ by =tiOllS swh as:

N- H+NO+N20+H* (26)

●NHZ+ NO+ N2 + HzO. (27)
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Nhrcmsoxib may aliimact by numerous pathways to form the 14N1SN. If this reaction had

bam - @ fa Ion- -it is possible that all die N@ would have been converted to Nz.

~ OXifik (d tkCfCXC ~fi) UUy & k an CXCek31t ChOiCCfor h CUWUSiOn Ofhydmzim

to benign _ Experiments rc~ting hydrazinc with nitrous mid (HN@) have yet to be

expkxcd.

4. u mymdrid Dimethyihydnzi.m RemicKu

Ckuwiaicf Unsymmw dimcthylhydnzk in Scw was investigated. Thew

qUMnatS ifdwkd ~kfH dckd to hydrogen PCf’OXitkat ChffCrakt5toiChiOLWtfiCR3tiOS. one

pyroly$iacqmimmt (no oxidiz@ was done, but unidcn~ and * undesirable products

runltd so tkc exprximmta were disc-ontinwd. As with hydrazim, tksc experiments did not

exceed twicesmith.iomak as defbd by the followingmaxim equations

(CHS~N2H2+ 8H202+l COZ+N2+12H20, fi?= 1 (28)

Tabks28and 29summrhE thcpmdtbct anaiysaoftksc eqmimentz

TABLE 28. UNSYMMETRICAL D~RAZINE NTTROOENMASS

BALANCE (AS A % OF STARTING NITROGEN CONCENTRATION)

$x HZ02, 0=1 H@A 0=0.5

N2 60.8 la).3

N@ 0.3 1.1

NH3 not quantiOcd o

NO &tccted (l=rIR) o
NW+ 0.8 0

N@- 0.7 1.8

N02” 0.2 0.5

Total 62.8 103.7

92



TABLE 29. UNSYMMETRICAL DMHHMXYD MZINE CARBON MASS-
BALANCE (AS A % OF STARTINGCARBON CONCENTRATION)

Sptxks

C02

co

CH4

TIc

TOC

Total

H?02, 0=1 H?@, 0=0.5

%.1 91.7

0.2 a

0.5 a

1.7 1.2

4.03 4.03

983 92-9

I@urc 39 compares the ITIR spcc?raof tkM two experiments Apparently the

reactionas writtenin equation28 is not sufficient to .ause complete combustion Although the

carbon was oxidized to C@ with good efficiaxy (Table 29), tlw nitrogen balance was very low.

Wes- based on the cation ~ analysis, I&f there may also k mono or dimethyl arnincs

remainhg in the liquid efUnenLin addition to urquantificd ammonia gu With the addition of

excess oxidizer ti remxionis driven to completi~ the major products king N2 and C@. Tables

34)and31show tkcxactpdtiratios.

TABLE 30. PRODUCI’RATIO NORMMUED TO THE STAR~G (CH3~NZHZ

CONCENTMTION, 0=1

TABLE 31.

(CH3~ZH2 C@ N2

-1 2 1

1 1.92 0.61

PRODU~ RA’TIONORMALIZED TO THE STARTING (CH3)2N2H2

CONCENTRATION, 0-0.5

(CH3kN2H2 Cm N2 02
expected 1 2 1 4

aclllal 1 1.83 1.01 4.06

An inqmtant point is that di.llldhylnitroaoamine((CH~~N@) vmanot obaened in 811yoxidation

runs of UDMH. Destmction efficiencies were 99.9998% or better (Table 21, page 77).
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5. Codusion

Supercritkal water oxidation techniqus am ideaUysuited for destroyinghydmzineand
UDMHhaardcms wastes. EMzuctionefficiencies lmter than 99.999% were routinely ob~rved,

and with tk addition of suirabk oxidizers the major prokts were environmentally benign, (N2,

C02 and water). No hazardous or carcinogenic products were produced. Because of their

tibility with water in all propottiomLlarge throughputmay easily M obtained, making scaleup

easier. Pluggingand corrosion were not a probkm in the gold lined reacta.

H. REACTIONS OF lWITl~LYCERIN (NG)

1. Inlmdwtion

Safety regulations at LANL forbid the handling of neat nitroglycerine (NG).

Conseqtwntly, we have studied the reactimts of N(3 in supercrit.ical water by means of an

extraction process that did not require the direct handling of pure NO. Our apprcwh was to u=

supercritical C@ (sCC@) as an irErt solvent to extract NCi from a triple base propellant,

M31A1E1. ‘T’hiapro@.lant is 18% (by weight) NG, 22% nitrocellulose (NC) and S5%

nitroguanidbe (N@. We have shown that N(l can be preferentially extracted from M31A1El in

SCC02, leaving tlw insolubk NC and NQ behind After extraction into supercriticalC@, the NG

was dimtly injected into a SCW -r for pcessing.

2. Subcritical C@ Extrmhlhtjection Apparatus

The appmtus used for supercritical C@ extraction and subsequent injection into lhe

supercritical water reactor ia shown in Figwe 40. A cylinder of C@ quipped with a liquid

delivery tuk supplies the C@. ‘IIMhigh pressure liquid (1000 psi) is fmt cooled in a heat

excharqp to appmimatcly OW. ‘l%epressure is tkn boosted to operating kvels (40004WI psi,

well above the critical pressure of 1073 psi) in a constant flow, high performance liquid

chromatography pump (LDC Analytical, Constametric 32(X))with cooled heada. The high

prcssuruC@ Is pumped through a heat exchanger submerged in a constant tempemture bath held

above the critical temptature of C@ (31°C), typically at 44 ‘C. TIMsupercdtical C@ is passed

through a falter asacmbly containing the material to be ex-ted+ approximately 2(XImg of the

pro@ant. This solution is then injected into the SCW reactor. A check valve between the

extractor and SCW reactor prevenb backflow of water. The water and oxidizer are pumped
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sepmtely so that * relative commtrations of all componentscan be varied in&pen&ntly.

Volubilityexperiments are performed witi an apparatus having essentially the same

front er4 but with a pressure ktdown valveand a trap insteadof a SCWOreactor on b back end.
LiquidC02 is pum~ with a HPIX pump througha heat exchanger that heats it above the critical

tempcrahue. The pressure from the pump to the pressure letdown valve is held above the criticai
pressure (1073 psi). The SCC02 is pumped through the extinction cell, a metal thimble with?

micron fri~ that contains approximately 2(M)mg of the propcllan~ The pre.swueis reduced to less
than 100pai at the valm and dissolved makti precipitates in the trap. GaseousC~ flow rate is

monitomd with ●steel ball float flowmekr as it esits the system.

3. SupercridcalC(32Extm@ionof Nitroglycerine

The solubtity of nitroglycerin in supercritical C@ waa examined by extraction of

M31A1E1andsubsopnt analysisof the solubleandinsolubleCotnpo=nm A 207 mg sample
ofpropeUmflkea wa8extracted forabout6hourstith SCC~ata temprature of40°C anda

pressure of approximately 37(KIpsi The liquid Cm was pumped at a rate of 0.4S ml per minute.

-~~t-~ tk propllant msidw kft in h extraction cdl was foundto

weigh 164mg. ind- that~-cme -t by tight had- exnactd Tbeyellow liquid
extract was found to have collected mostly in tbu tubing between the pressure letdown valve and

the tmp.

‘l%uidentities of the extracted and unextracted componenfa were detemined by proton nuclear

magnetic resonance (lH NMR). Each hydrocarbon component of M3 lA1 El is clearly

identifiablein the spctrum of M31AIE1 shown in figure 41: 6(ckmic~ shift) = 7.66, NQ

(singlet); 8 = 7.0 (two triplets), EC; a = 5.77 (septet), N(3; 8 = 4.9 (quartet), NG; 5 = 4.20

(triplet), DBP: 6 = 4.0 (broad singlet), NC; 8 = 1.6, 1.35 (two multiples), DBP; 5 = 0.89

(multiple), EC,DBP. lb lH NMR spectrumof the extnwted material is shown in figure 42. It

is clear from this specm that nitroglycerineand tb hvo binder materials DBP and EC are

preferentially extracted by supercritical Cm. Tbe compormta comprise 22.S% by weight of

M31A1E1, consistent with the weight ftaction extracted. The lH NMR spectrum of the

undissolved residw is shown in Figure 43. This spectrum ucounts for all of the hydrocarbon

compcmnts which rcmaittunutrwed, includingnitrcxelluk and nitroguanklk.

‘Ti~sedata show that nitroglycerine and tha EC and DBP binders arc quantitatively

extracted in SCC@. Tha actual solubilh.iesof theextractedcomponentsin SCC@ could not be

detetmirwdfrom thedeexprk~nts becausetherateof exttdon was not measured, Experiments
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on b combined SCC~ extractioIUSCWO of nitroglycerine, however, indicate that these

compments am very solubk and are exrractcd very rapidly ‘“sss than 10 minutes under the

Condititi employed). It ia not reprising that tk major compornmtsof M31A1EI are not soluble

in SCC@. IWroguankb is highly polar z,3 not likely to be solubk in tbc relatively nonpolar

solvm SCC@. Nhccllulow ia a medium molecular weight polymer that also requires a more

@ar solvmt such as DMSO to solubilizc iL

Apotemtial safktyhazardmok rvedintb escetion_. n U. The extracted
nitroglycerin uznds to drop out of solution and accumulate in tlMtubing between the pressure

letdown valvcandthcrnp. ~titim~moftia~-mh~ukmdudm

blow W critical pre.amlm. TIE C@ expands rapidly in this region, probably resulting ‘m

substantial cooling. ~ad~~~m~tititi-=tiktiwvdw. This

tubcisatmctKd at b@helldswith three.Whigb pmssurcfitthlgl Accumtlhkmofffiindlistube

could lead to contaminah“on of the threads or sealing cone-aand possible cktonation during

asscmblyhiisawembly. Because of the unprcdictabk nature and sensitivity of NG, it was

dctermi.ddla,t this exmctor wu unsafe and no further exwtiom experiments were performed

Witbtbiaappratu

4. Scw PrOCeMlg of SCC02 Extlwted Nl(roglycerine

Nitroglycerine ex~ted from M3lAIE1 in SCC02 was precessed in SU~rCritiCd

water using the apparatus shown in Figure 40, page %. “IIMnitroglycerk was extracted as

dewxibed previously, then injectd directly into b ka.ted region of a linear flow SCW reactor.

All reactions were conducted in a gold-lined reactor to prevent interferencca from corrosion

rewticma ~ona were conducted at 5S0 ‘C, 5(XM3psi and 4m.Umin flow rate (11 s residence

time), conditicma which were bown from previous tits in our Womtcms“ to tit in complete

oxidation of all carbon -L Hydrogenperoxick waa used as tlw oxidant a dilute solution was

pumped i.ndepndently and mixed in b. cold region prior to injection into M reactor. A thirty-

fold excua d oxidant was b ~ on h followingclwmkal rehon:

c + 2H202 * C@+ 2H@

The carbonconcentrationwaacakukd fkomhe compositionof b extmted materialdetermined

from prcviouaextrwtion experiments.

Data obtained for w with wo different flow ratm of the SCC@ extract-solution are

presented in Tabb 32. The analytical reds arc presented for carlmn and nitrogen products; they
were obtakd from T(XY’I’IC,ion chromatography and FT’IRanalyseu. TIMgaseous products of
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tlw SCWre-adon wcmanalyzcdby FITIL @moftbc rnajornitrogcn products, Nz is not

okmed~it-nottutv caninfiamddv cvibratiomItwasqualimtivcly obswcdbygas

~~= ~~@C_C~~***kd~*~cx=ofC@
_hmthecxttmioastcp. Specks not&tected (bclow&kction -typkally<la)ppb)

inchuk NO, N@and CO. Anotkr~on notreflcctedin tkdatain Tablc32i~thcrauof

~oftkacehtti~effknm. -tiamly90%0f=h0fti@~~

intitupous effhmtwasobsavedin thc6rst40rnl sampktakca mbsqtmt toinitiationoft&

ex~ o~ Thiainckata thatt&cxtmcticm ocZttrswyra@ly,p irndywith.iI'l

thclirst 10minut&8(10 t030mlof C02 flowcdthrough ti~t@. Thiscorresponds toa

concentratkm of NGofupto4mghnl i0SCC02.

TABLE 32 COMBINED SCC@ EXTRA(XION/SCWO llWATMENT OF M31A1E1

3mumi.# lnll.iti

mg (%p mg (%p

T(3C 0.7 (9) 0.02 (0.2)

4.4 (59) 0.7 (9)

NOy 24.4 (36) 15.2 (21)

N02- 2.3 (4) 1.5 (3)

N20 10.6 (43) na

Ittichti b~Up~nti bTabk32titi~ titl@y@Me has

been datroycd in the SC’Yreactm. The organic carbon content of tk retmor cfflwnt is reduced

to9and0.2% ofthustarting Cconmmrati on for the two flow rates respectively. In other words,

91and99.8% afdmstardng C~tas NGisc-onvcrtcd to C@or C@, _gontheflow

rata ft h i.n~rcsting that at the titer C@ flow rate (i.e. sbcmcrbon time), the reaction does

not go to comp~ leaving about 9% of tbe organic carton irwnnpktcly oxidized. In addition,

more of b C is left in solutim aainorganiccarbon(carhnata or bicarbonate)at fasterflow rates.
Themajor nitrogen p,mdwts arc N@ and N@-.

TResemsuks arc conaisknt with previous results for the mrprcritkal water oxidationof

energetic materials suh as HMX, RDX and TNT. The NG is completely destroyed and converted
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to C@orinmgamkuarbom Thcnitrogcn isprimdy convcmedto N@ and N@. Tbc high

nitmlc~aftbc@uctsiaa~ of b suollgly oxidizing MflKcof b mactiows

givcntt@~(thirty-fold) Cxccsaofox.idall we bwdKmltith othcrclKq@c ma@ialsthat

tkrlime-anbcr cdldbytigal:l Stokhmetry ofoxidanttocarbon
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S-ON IV

INCREASING THROLmIPur OF EXPLOSIVES

l-llree apprwkshave becnexplcn’edfor immasing tJMthroughput of bulk explosives in a

scwo~. btiluckdteillmdlm “onof* explosive as a sJuny, b u of a cosolwm~

andtkpmmamemofexplosives byhydrcdysk

A. REACTIONS OF SLURRIES

OmOfthe aimpkstmeddato continucnlsly fdhighconcentrathla ofexploaivu intoa

supczmitical ~ remor is aa a slurry of small particlea (< lCK)pm) in water. This method

-~ ~~n~ @eV ~ ~a~ it ~- m~m pumping and heating of
Compmliwly large ammmmof solid explosive amai.md in w-. An expiosion could wur if

s@ckmt~colkcta ors.JtJesint&reactorfdtubc3- Inadditicm d’beopcrationofthe

scwomacteKccmld kdiffkulttocontrol iftkrateofreKzkm of tk explosive depmds strongly

on pmiclu sirE or morphology. In this section, we report on experiments and calculations

&signdtoc ~ the Hiavior of small particles in high-temperatme water and to help

evaluate tkk.anisassockd * -g ~- of =P~-

1. Small Bomb Calorimeter Ex@nmus

Initial experiments with the optically accessible reactor studied slunies of 1,3,5-

triamkw2,4,6trinitrobe.nmE (TATB),chosen for its imtrmss and high ckflagmtion temperature,

Td = 384 ‘C, which is akmvcthe critical temperamre of wala. Slurrks of TATB, 5 to 20 percent

byti@L= lti~@@b~*-~, wtihwmbtid~mabut
2(XIatmm ‘Ik ternperattm was tkn slowly ramped (-2tM OUlmur)up to a maximum of

MXl‘C. A total of five swh experiments were conducted wirhno sudden temperature or pressure

surges (our sampling rate u 10 per second) that would ckterize Mlaption. Calculations

based on the known volume of gases produced in a TATB detonation suggest that the expected

magnitudeof ti pressure rise for a ddagmticm would have been obsemable in b experiments.

In general, the images obtained during these runs were somewhat obscured by ti high light

scattering of the slurry. In all of the runs, however, tk TATB was obsewed to disappear

gradually as tie temperature approaclkd 300 ‘C, weU below the deflagration and critical

temperatures. It is possible that the TATB is dissolving at tis tempraturc. At higher

104



Qlanfhativu measurements of the temperature and pressure chang- resulting from

reuxkmsofshsriesasthcyvwmkate d=mubinth ebatchmact or(Figurc 11,pagc23).’lk

re- volume was 8djustc-d to 2(M3@ to permit the use of small quantities of material.

MiLligr8maofcx@oaivcweread&dto lCM3@of watatomakeaakryof5 to20perccnt

explosivcbylvcigim -k ba.lamXdt& ~vollllIwwasaif. mpcmm’candtcm~of

the-tmwcfe reccmkd atcmc-* intemdsonacom~a8 tirwctort cmperaturewas

L?cresdinaccmtrollc dmmp.-Ikpessurc risc*toreXtion oftkexplosiw wascktamined

~o*g8-k ~*tigm@~tiw ti-titiweqtiw. l-his

~~ giveaatnasme oflXKhtiextcm andrateofrcXtkm d tk explosive. Figure

44showsrescdta fort& behavior of TATBasitiskatexi. Itisintito -r.bwhikthe

&la@on ~t of TAIB is 384 ‘C, it begins to - at aigrrikantly lower tempcmmres

(3@330T). ‘Illucmeasmnmts 8rcinagmunat Withtkqualimk okrvationamadein h

-Y acccmbk -w. I%t quantitka of TATB lus than 10 mg (10 prccmt by weight), the

tioniagenemlly slow, mquicingmcm Ihan30~mfacha~ ~ (Cmpkw
-at). ~tib~ti 13mgdw~~lM a~~ti*h~titi

=thanourotm wmndtimresolution. @eexception wasarun with8mg of TATB thatalso

showed asuddmpmssurcrise. ~titimy~d~ti~~of-moftiwlid

in b water. llM slurry waa not stinecLand some waling or clumping of & “wet”TATB could

have occumd. T&se reds indicate that the behamyiorof slmries maybe uqmd@able and that

above certain CG~tholls tk slumy can -t VCfy~dly. Suh unmtaintks raise concerns

aboutMing slurries in Wpmikal Wak.rmm.

In conuas~ siznhr experiments pcrfonncd with a double-base pro@lant (DBP,

nitroglyxrkhhd U1-), slnwtt in Figure 45, S&owrmunpedktabk Mavior. Reactionswere

performed with slurries composed of up to 16 percent by weight of the DBP- Slow pressure

releases (~ ) wem okrved in every cW; however, ftmher studies arc required to insure

that this is generally m A ntn made wirhout the addition of water is also show to dernonsuate

the rapid reaction(deflagration)that occurs under theseconditions.

A series of experiments was also carried out on HMX slurries in a 1 ml constant

volunx reacta The cell presure wsu monitored as he tempaalurc was graduallykreawcL lle

results of these experiments w-itbW are shown in Figure 46. For a 1%HMX slurry in water,

the pressure started to increase as the temperature approached 200”C and then stabilized
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Figure 44. Pressure rises o-d due to reactions of TATB slurries in v,atcr as a
function of tcrnpcraturcand starting concentration. Background
pm-sure rises have been subtracted.
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Figure 46. HMX dccompostion pressure as a function of temperature.
(a) 1% HM.Xin warm, (b) 5% HMX (80 q) in water, and
(C)80 rng W dry,
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near 24YC. For 5% HMX in water, rhc prcssum also sharply incmascd as temperature wu

increased hove 2CH3°C,followed bj a similar plateau region. However, near *Accritical

tempem~ the presmuc exhibited a second sharp imrease, m shown in Fig. 46. For both these

rulw, the pressure contribution due to water was subtracted to reflect the effect of HMX

decomposition and subsequent kat up of product gases in the su~tica.1 water environ.rmm
For comparison the ckcompition of dry HM.Xin air in the same cell is also shown in this

figure. Near 260%2,tk HMx undergoes an Cxucmcpressure ~from2(K)to6S0psi. This

reflcc~ M spontamau8 decomposition of HMX. Ckar!y the HMX decomposition rc=tion is

mcdmtedbytkprwenceofw~ asrcfktcdint. hcmom ~~ ~ horn 200
to4CMPC.~_~titi~for tiwtiw~timk TAk33.

TABLE 33. M.ASSSPECI’ROMEllUC ANALYSIS OF HMX DECOMPOSITION

PRODUCT’GASES

Dry HMx (Wt/wt%) 5% HMX in H@ (wt/wt %)

N2 73% N2 62%

w 18% cm 27%
C@ 3.8% N20 7.6%
H2 2.8% 0’2 2.3%

co 1.4% H2 1.0%

As seen in Table 33, tk dry decomposition of HMX products pri.tmdy nitrogen and
oxyguI in the gas phaM, with a trMe of C@, H2, and CO. In con- the wccdecomposition

yields a signifkant amount C@ and N20 in place of mwh of t.b oxygcm and virtually no CO

forms.

2. S1umyFlow Expcrirmmtsin One Gallon per Hour Remor

A sedea of tests were initiated to evaluate h effcctivcEss of W OIMgallon per hour

reactor system, duscribod in Section KI.E,for pumping explosive slurries. For safety rcmons,

initial teats were dom with rnelamirMio plxc of he cxplosiva Tb melamine si.mulata many of

t.k physical pl’0WtiC9Ofti ~ti eXp]OSiVC,but WithOUt h hi@I CkllliC~ reactivity. Like

HMX, melsmim ia relatively insolubk in water and has a density of 1.6g/cm3,which is similar to

that of M, 1.8g/cm3.
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Watur slurrica containing 1 to 10 percent by wcigb~melamine have been pumpd

through this ~, both u.ncbrambient conditions and at nominal pw-eM conditions (5S00C,

37~~dmo~flow of4ti)ti=m-- fwctibtim ‘Ikmactor

tube mtnahmd k flowing throughout all b nms Howmr, using the initial pump and ~tor

inlet configuration shown in Figure 47 (a), significant plugging w obmvcd at both tk pump

in.ktand tkprcssurc btdownvalvc. ~tigof~hbb~pck~tickkvdm

(botb inlet and outkt). With the cbcck valves inopcmlivc, k sh.ug pumping rate dropped to

virtually ~. To alkvimc plugging ~ tbc pump u a second small mkdating pump was

adckdtotbc syskmasshow in F@urc47(b). ‘llw Litdc Giant pump -rmrdatdtlmfeedata

flOWmm of appro~iy 3 galhtth. EVUIwith tk =htbting pump, durrks of 1(K)Mm

mclamh still plugged tlMpump ink However,dccmsing dwpartickti to SO~alkviatcd

this -h. Decmingthc ptkkskckeaoM tMrovmllsmli.ng rate However,even with

tk&creadpartkk sizeplugging attbeprusurc btdownvalvc wassdll~ Because rk

mcllumw is farksarmXivc tbanty@cal explosivccornpound&dlcrc@ted~ rcsihcetimc

is probably latgcr ban W pt design allow . consequently,w do M blbvc thatplugging

Oftkktdown valvcwiubeapobkm wbcn HMXorotkcxpkwivc 8111rrk#arcusecLsillcctlle

ex@oaivepartkk8s&tddaub dutroydbcf a'creddngthiavalve

Tbeusaofviacosity cnhancm to dOW tk Sd@ W Ofp811kk8in ti Shli~ hm

aldo b CXplofui Sodium CarbOxylltetbylCCllUIOSC(CMC) w choaca M S Suitable viscosity

enhanca for - axpcri.mata The first qtions to be addressed involved wbctber the CMC

could be pumped through tk systmn. and whctbcr it would be datmycd by tk SCWO proms.

A 1 percent scdution of CMC WMs~ YV@ ti@ OW-r 3yStCmunder cold

condi~ hdixting that h irumad viscosity would no4limit dm ovml.1 ayatcm flow rate.

under Scwo conditiolwat qqxox.imatdy 400W, b CMC gum Wa8not Ccmlpbtclymi.nedized

astlmawltdrumh da browncolaa ndalwlodcw. Higllerm~of580 °cappeared

to cburoy ail of tbe CMC additin but ● compdcnaive prodwt analysis bu not yet been

compbti W. aswqmd to punp 10-t melandm inalpmccnt CMC/wat8rmixturc under

cold condi~ Tlta btckwn valvu clod up wry fast (within 4 mint#s). Sign.ifkant scaling

Occurrd at b illbL m effective settling me is difikult to ~y quantify. Nevcrlhekss,

based oitourobsm’atiowt beauttlhgratcfor Ioperccnt umlamim inl~t CMCgum/99

pcrcmtwatcf appcamdto bc approximatelyhalfasbad Mtim3pmmt melam& mixturcin

Wata.

Expcrimmuwerc alsocmdwedt ockulni.m ifanewdlmyco’ld dbcsafely

and effectively pumped using our present appantu A 3 pmcn’ ‘ -ight slurry of fm HMX
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Figure 47. Pumping unit and ReMtor inkL (a) original configuration, (b) with
circulating pump added.
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(98 % of W pa.rttclos arc 1=s than 44 microns) was employed in these experiments. The

apparatus was h same as used for t-k melamine eqmiments discussd above, except that the

heated nzxtcr m~ was replaced with a fdkr manifold since dw purpose of rkse experiments was

to cva.lua.te tk pumping system rather dmn to measure the dcstmction efficiency. This falter

manifol& which consisted of six falters, each 5 microns in sti, was pl.wxd di.rcctly upstream of

the letdown valve to prevent contamination of the letdown valve. The pretious studies with

tnc.hrnbe had shown W tk letdown valve would plug if any sotids were to retch this valve. Ln

addidom a system vent valve was placed upstream of Imtb the fdkr manifold and letdown valve.

This valve allowed remote venting of the system from high to ambient pressure if either the

letdown valve w the file manifold w plugged. Special fla.ngu were also &sigd and added to

allow he disconnection of t-he system in a po4cnti.ally HE cent.admld enVkonmcnL These

flangus were of conflal-typo d.cd~ except W two concentdc viton wings were uwd as the

scArlgsaRfalceinaa5adofa cofqm?galket Mdakcdfeedgo mtkflanp.

h dta actml tc-sLdciti water wad pumped for approximately 30 minutes to

esm~steadystatecouditi-~ ~Sdi@Ul#Op’UMpW19~ti to3700psi and the

flowwas ~ta.tl@lmur. ~fhmwuthcnsdk~fromdcioti w-ma two gallon

slurty~of3 purocmtHMXinckihized water. Asmall Ghntpumpmcimlahxl theslurry

aftkpump inbmswast iwith tkd.am.imslurry,topreventplug.ging mtcki.rdc~ When

flow wu switckd to tk 3 paent HMX slurry, tk prciasureremained stedy, indkating smomh

flow of tk sl~. A.ppmxkmtaly men mi.nutea* titcldng to tk HMX slun-y, however,

prcmtrn tmga.nto build up. Ile hdown valve was opmd up to compensate for the ]ncreased

~~, bUt thb pt’OWdtOb iJEffCCd~ i.nCbfiIIg tht tk fik rnafiold or the letdown VdVC
wu fully plugged. To ti dumonstrab that irtckcd either h letdown valve or the fdtcr

manifold (or both) M plug.gc4 flow was tkn switchd through W system vent. The HMX

sky flowed freely through t.k SysmlnVcr&but Wu not Un&r prcuure Since& letdown V2JVC

WM bypaxxi

In praviou ex~riments, the inclamhbu slurry, used to lt@ HMX, took

approx&a&ly 18ndnutus to plus the film manifold. Two pocsibb scenanos ems.tto explain why

HMXplugged soormrthan mehm.i.r@. Fhs& si.twuthe sunafl.ltur mard.fold wasusali.nthc HMX

ex@rnant and tk previous mehrnim cxpwim.nL some residti rnolamb my Iuvc rmm.ned.

The mend explanation is that tk particle dza of HMX wu sma.1.krthn the melamine, and a

Smti UIMMIItOf~ Ofb thll 5 miCmlUill ti may have ~ thOU@lb ~tcrs to phJg

the ]CtdOWllv~w. However, hl dh& W, th.h OX@MUllt d81110tM~tOdth M ~ S]UJTYCM

be effectively and saferj punpd using our prawnt bwa pump system.
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3. Partkk settling Cakuhiolm

For a suspension of solids of large enough size to settle under gravity in a static fluid,

horizontal transport in a pipe may involve any one of three flow regimes. ?hcsc maybe identi.lled

as: (1) saltarion flow in which t.lMsolid partichx form d- at IJMbottom of the conduit. At low

fluid vclociti only the particlcaon tk surf= may ~ swept along in a bouncing motion called

“sahation”. ~ regime can result h unsteady or periodic behavior and plugging in worst the

cases. TIE du can move along the Imlom if the fluid shear forces arc large enough; (2)

“hctcrogcneoua”flow in which settling occurs to some &grca so that particle-sarc not uniformly

distributed over the flow ticld Iltus a solid cknsity gradknt may exist fkorntop to bottom within

b pip. I& minimum flow velocity required to sustain hCtcrOgclMmUflow is cksign.atcd as Vm;

(3) “homogeneous”flow in which fluid turbulence is high enough so that solids arc uniformly

distributed I“lMmixture can then often be treated as a single phase non-Newtonian fluid. The

fluid velocity rquircd for homogcnous flow is referred to as the critical velocity, Vc. Variabl~

i.nfl~s dm hydrdynamka of tk suspemion h.wlub pariick @m, vohmMfrwtion of solids,

-k ~ and particle si.zudistribution In addib solids wctabUity,surf- charge, tie ionic

- of h flui~ and tb degree of tnrbulcnce will all play ● role. While rigorous trcaf.menlof

solid8tranqmt in the hydrothermalsysern is not fcaaiblc,cm@cd COfI’Chii311SCm be employed

to CadfnateVm.

Most empirical comeladonafor Vmhave a Imia in dhneasiond analysis and give M

FroW numb (ratio of inerdal to #’avitaIimal forcca)as a functkmof b Reynoldsnumber (ratio

of inerdd to viscous forces), ratio of particle to tube diameter, solid to fluid density ratio, and

volume -on of solkk Conclationa mayor may not include corrccdona to ~t for ptick

shqm and sizs distribution Of tlw many collations avdlsble in tlMIhature, only a few were

sc~ted for ti ~nt caktd.adorm Emphasis was phced on wickly wed cormlhons and how
whichwuu _ to data takn in relativelysmall d.imm~ pips and involvingpartick sizes in

b I’Ul~ m- fof ShJdd prO@.ImlW PCdlapab moat Wickly U!@ comelation for V* is

dueto Dumnd(Reti 22)andisoftheform

Vrn = WgD(a-l)]O.’
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whcrcgis tiwcekationd~m gravity, Disthcnominal pi~dimmmd sktheraiioofs.olid

to fluid dmsity. The parameter F is given graphically as a function of particle size and volume

tition soli~ Spells’cmclahn (Reference23) is of dw fmn

v: ()= ~ pmVI# 0.775
Xs P

(s - 1) (2)

with K = 0.02S1 and Pm = p[l+V, (S-1)]. Here p is tlw density of the carrier flui~ p the fluid

vimsity, and V~is b volume frtwtionsolids. The quantity ~s is be particle diameter such that

85% by weight of the solid is smalkr than @ S@ls found that Vcwas approximately 2.4 times

greater than Vm and botb could be dmatcd using tlw functional form of q. (2), provided the

constant K was suitably adjusted Cairns et aL (Rcfucrm 24) focud on particle diameters in k

m3m~m~ti@~ofl.9m5mdtim. ‘IMrcofrciadon isoftkform

v: (JV,DV# )0”3
—— = 9.8 —
gdW u

(s - 1?”6 (3)

Here d~ is defkd analogously to @S above. When compared to @k correhtiow Durand’s

predictions were generally consena(ivc, i.e. they cdrnatcd a high Vm. tn My all caes

e~ the data used in the regressions showed signillcant amounts of ~atmr. Thus as a

ca~ the cormfarionsshould not be regarded as highly wcursm Errcxsof plus or minus 25-30%

can routidy tmexpcctmL U= of the correlations for gas-lib carrier fluid densities may also be

suspccg as tie correlations wcxcdeveloped for liquid msponsiorm Corrclmions for pneumatic

transport of solids may be more wcurata in swh cases. Also, pip diameters for the cases

exam.bdb areattb lowaidoftkwd indmaccmulabn.

Cakuhthxu waru pcrformad using eqs. (l-3) for scvml particle Sk and loadings.

For ● Aected particle sl.m, W same value was used for d~ and d~ in be above correlations.

~ @’W SOIMhihtb OfthedfOCt#OfpMdCbb distribution.~yS.kd p~e Ofh
cadcr fluid were assumedto b those of waterat 4S0 ‘C and 37(MIpsh. Thus, b values p =

0.113 g/cm3 and u = 3 x 104 g/crn-sec were usccl Furthermore, tk solid density was assumed

to be p~= 1.8 g/cm3,which is reasonable for HM.X. For a fixed partkb size of SOpm (i.e. d~ or

@), caktitkmz we perfotmed for solids loadingaof Vt = 0.03,0.01, and 0.10. The prcdictcd

Vm valuea for these cw are shown in Figures 48 to 50 as a function of pipe diameter, Also
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Figure 48. Predicted Vmand Q for V~ =0.03 andcl=50 mm. llclabcls (l-3)
correspond to cqs. (l-3).
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Figure 49. PrcdictedVm and Qm for a solids volume fraction of 0.01 md particle
size of SOmm. The labels (l-3) correspond to q. (l-3).
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Figure 51. Pred.ictedVmsnd~for V~=0.03a.ndd= 150mm. TIMlabcls (l-3)
correspond to cqs. (1-3).
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Shomudlacmupanh “ g vohmti flow rate, &, in gabns per hour (gph). From these

flguluwc mtitircquked mi.nimum flowvclocity~ lessthan atkctoroftwoform

orckrof ma@tntk~insoiids loading. F@rcs S1 and 52dMw rmdtsok.ined M.nga

solids VOhJIIMfrwtion of ().~ and particle sims of 150 and 3(M3~. A comparison of Figures

48, 51, and 52 shmvs that phck si.zcis s more impita.nt parameter than solids loading. For a

Consts.nt MAiclsloadi.n& s f- of six ~ in particle size bcmases the required nli.nimuln

flow velocity roughly a factnr of thnx. For ti Amy pumping exprimmts “dlscusd above, dle

@ck si.m was 1(M3pm and solids loading up to 0.10 were employed For LIErextor pipe id of

o.188in(o.5an), wc~ ti~fi~tiaflowvelti~of~-~d~ wouldbe

_m-titi@kti ntiwtioutof Wflowtiti~m@m lleactual
flow velocityUnpk)yedin b cx@mcllts wasrollgMy 50-55 end= intiremm.

B. INIRODU~ON OF EXPLOSIVE-SIN A CO-NIL=

The feasibility of dissolving explosives in a cosolvent for introduction at higher

ccwezltions intotlM rcaXmmainvutigated -Ilwlinear mtor(Figurc 15, pa.gc 30) permits

injection of reactants that arc imchbk in wakr, but that can be dissolved in a cosolvent and

in@Gddi.redy intotkwpmirkA region of b rcM31x. Sqam pumps arc employed to flow

thu - (reaction medium) tkmgh & main (outer) reactcR n.dMand rlMrextants hrough k

irmerinjecaxtu.k. ~flmmd-h pupukd~m ~wti~~n~tionof

reactant in die water. The mixing rcgicm is obsembk through optical (diamond) windows. The

modilled reactor was tested in a series of experiments in which a one-percent solution of HMX in

tmhyl dhyi kt.me m was injcued im W- h V@Ug miCM UU4MsnpefairiXI conditions

NooxidantwM xkkclinke x@menu. Tcmpczanm aIdMinjcctorwcxc varktlfrornlM)°C

toawwhiktb epmsllrcwwsmahaild between 290 and 375 abn. For most experiments the

wata flow rate, 3 IILUrnintm,wu kept hut 7.5 times greater than he HMXIMEK flow rate,

0.4 mIJminuk For a few ex@ments the flow rates of the two solutions were set equal al

3.0 tn~minm Them injection rates yield veq high concentratio~ of HMX, ranging from

0.1- to 0.5 pxcaa Tk injection and subsequent mixing m observed through tbe optical

window using s TV camcm and magnifying optics, and recorckd with a VCR Under tiese

conditions wc did not olxme a solid ph.uc of I-MI( (dw to precipitadcm of insoluble material)

forming M-Mthe opening of b injector.

WM the reactor was opented under tk conditions described less than 10 percent of the

MEK was destroyed- A large number of organic prockts were obsemd in the HPLC analyses,

most likely from tbc LIMrrnaldecomposition of the MIX The identity of the-seproducts has no[
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beaktamind Tb HMX was completely destroyed for all ccmentrations employed. The

highest HMx ~tratkm employed was SOCK)ppm, yielding a detection-limited destruction

efkkmcy of 99.9996 ~ m em-t Contakd low Concultral.icmsof nitrik (0.3 to 6 pprn)

and nitrate (O.1 to 0.6 ppm). Ma than 0.5 penxmt of the nitrogen in the HMX is converted into

N~-. This result differs fmm ~nts in which HMX is tk only organic ~nt in solution.

The high concentration of MEK end low level of oxidizer prcdwes a smaller percentage of

nitrogen as N@-.

Dissolving HMX in MEK is con-t for introducbg high Conccntruions of HMx into

the ~. However, this approach produces significant qusmitics of MEK decomposition

prodlmk Mthoughtkulald ecompm “.onofthe MEKisrekivcly lowattanperatum atwhich

most of* HMX &composes, * pdwts not only interfere signifkantly with tk analysis of

b HMX -tion p-w but arc themselves hkdy to & undesirable W&3tC.It would be

possible to separa@ the remaining MEK for reuse and to destroy the MEK decomposition

fXOdEtsinasccOn’d scwosEp. Thccxr.menezg'y andoxidantrqlimd fortllesesteps areli.kely

to bcs@d&anL

C. BASE HYDROLYSIS OF EXPLOSIVES

1. I.ntm&Xicm

l'kinstability of~ticmakrials tostronglME3 is WUh.Wwn ~threeclasses

of explosive compoumk namely nitroaromatics, nifratc esters and nitramines, can all be

decomposed under a.lhlim conditions @ferctwes 25-29). Our cxprifncnts indicate that the

hydrolysis of certain explosives in basic solutions produax water soluble prokts that can be

p=d by SCWO. our eX~b~ ShOwthat NQ, RDX, ~ ~, NC, and NG Cm be

hydrolyzed af low tern~~ (< 1S0 Y) and low pmswres (< 60 psi) to produce water-soluble,

nonexplosive _ In additio~ th following formulations were sub@td to base hydrolysis:

PBX 9404, tritcw@ triple-bad gun propellant M3lAIE1, and CYH class 1.1 rocket propellant.

Cornpdions of b formulationsthat w studkd am listed in Tabk 34.
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TABLE 34. C~SITIONS OF R3RMUMTIONS USED IN BASE HYDROLYSIS

EXPERRWENTS

lmmlt / weigM F&cent 9404 Triumd M31A1E1 cm

94.0 10.8

NltrocellldE (NC) 3.0 21.5 21.6

Tris(2dkrocthyl) phosphste 3.0

80.0

Aluminum 20.0 19.8

N~mo . S4.7

NiiglplirE m) 18.0 29.6

Dibuty@hthalme(DBP) 3.0

Ethyl&atl’ah (Diethyldipkyhn’ea) 1.5

Porassiumsulfate 1.2s

Carbon bti 0.05

Ammonium pcrchlomte 10.8

- ~ (tbclin) 5.3

3-Hydroxypbol (msominol) 1.1

2-Nltrod@hy* 1,0

Although experiment have ken performed on ail of the makrbls mentioned above,

the work IMSfocused on HMX PBX 9404, and the propellant formulations. With the exception

of ~, 8Uof ti _ mterids studied &composed compledy to non-rgetic products.

PEINonly@ally&compmd cbtoitshigkr~ to k hydl’ol@sand pblerns with

its wetability in qwxms solutiom In this section we discuM hydrolysis experiments for NQ,

TNT, HMX, PBX 9404, RDX, M31A1E1, and CYH. ~ materials were hydrolyzed under

bask conditiotw Expaimena were conducted using both open and scakcl containers, and using

both smalAand large pkcas of explosivca. ‘TIIeproducts of hydrolysis were snalyzed by the

following ~ Fourier-tranafoim nuclear msgnetic maonmce spectromctry (FT’NMR);

Fourier-trmsfom infiued spectrowopy (FTIR); gas chromatography (GC); masa spctrornetry

(MS); and uhratiokt spcctmmpy (W. TIIChydrolysis of the energetic mataiab NC and N~

waanot studied directly. However, tlmresults of thuir hydrolysis can lMinferred from our study

of the tripb base propdla.n~ M31A1EI, which contains dwac compcmenw We complete this

section with ● discussion of the SCWO of tlw hydrolysis prockta.
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2 Hydrolysisof Nhroguanidinc

Hydrolysis of nitroguanidine (NQ) was studied under a variety of experimental

conditions in an open container. In seveml experiments, flaked NQ samples weighing

approximately~ mg -h wem placed in bcaken and mixed with sodium hydroxide solution at
a 1:1 molar ratio of Ba.se:NQ. Although some of dw NQ dissolved in the aqueous solution, no

reswtionwas evi(knt upon mixing at room temperature. The mixtures were heated on a steam

tabk to approximately 74 “Cover a period of 5 minuted,mainminmlat 74 “Cfor 30 minutes, and

tkn cooled. During heating, tk vigorous evolution of gaseous prokts was obsetved. At tbe

solution boiling poin~ some foaming occurrd but did not require tk addition of a &foaming

agen~ ‘T’beresulting solutions were analped for starting material and products. In this case,

g~u8 effl-tS ~ not C- of M8.@M, SIMOUgh tb odor of ammonia cotdd be cktcctcd

in several exmts. After tk reaction was compka a golden yellow homogeneoussolution

rcmaird. In orMcxpcrimen~ tk queous solution multing from tk hydrolysiswaa diluted from

2.0 ml to 1.0 liter, and the diluted solution was analyzed for unmackd NQ by ~ SpU2blMCOpy.

Astandard solution of NQinwaterwas prcparcd and found tohavean absorbmcemaximum at

263 nm, with a molar absorpdvity of 14~ cm-lM-l. Analysisof tk dilukd hydrolysis solution

from experi.mnt 1showed that 99.97 percent of the NQ U ~ T& ckatrwtion of NQ may

ke-~-~~p-ti m~~~atimti mntibkmti

UV absorbance at 263 nm and thereby cause a greater apparent NQ concentration. Similar

experiments were conducted in which distilled water alone waa used without any sodium

hydroxide. After heating for 30 minutes, it waa observed that moat of the NQ remained

urdissolve4 indkathg that tk heating in water alone is n~ suffkht for the hydrolysis to occur.

Larger scale opn+ontainer uts were also conducted. ‘1’kM large-scale hydrolysis

experiments involved SICBgrampressed chargea and were performed at a firing site. The

explosive c- a 2.5-inch by 2.S4.nchdiamckr cylinder of pressed NQ, was placed in an open

container with 4 Men of sodium hydroxide solution. Tk mixture waa heated to a final

temperature of 74 “C. TOtd kahg time averaged about 3 hours, i.nchd.ng tk time required tO

wh tlMfd temperature. The progress of the redon was monitored remotely using a video

camera and recorckr. During heating, gas evolution waa visible from the sib and top of the

cylinder. The color of the solution gradually changed from clear to dark yellow. Flak of NQ

could be obsmed peeling from tlw charge. The resulting mixture was filtered to remove

un.nxted explosive, and the atpoua phase was analyzed and processed in an SCWO rector. In

the tit large-scale experi.mengthe sodium hydroxide to NQ mole ratio used was relatively low,

i.e., NQ was in excess. When the test was terminated, a 16-gram piece of NQ remained,
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Analysis of tk hydrolysis solution by W spectroscopy showed it to be saamted with NQ..“
solution was also an~y=d for hydrolysis products by 1SC NMR and found to contain

The -

four

differmcarbcmspecics(F@re53). ~p*b~OmdWppmhH~53md~mu

NMR ref~ comfmmd. An aliquot of the solution was evaporated to dryness and the solid

residue was analymd by GC/MS. By matching the mass spectra obrained to a spectml library, the
followingproducts were identified: ammoniumcarbamafe;sodiumcarbonate; uretu and guanidine

cahonata ‘IIMprodwts were verilid by collecting additional NMR spectra of the sample spiked

with fbesuspectd mamrh&

A second large-scale NQ hydrolysis experiment was @ormcd with a higher sodium

hydroxide-to-NQmole ratio of 1.2S. Ultraviolets~ “ analysis of the hydrolysis solution

shOwed no de-k amountOfNQ. ‘f’he1% NhfRS~ Ofthescdutionin thisC= ShOWed

k carbon specia (Figure S4). Spiking the sample identified two of the products as carbonate

and u= but the 1SC chemical shift of the third product did not match that of guanidine,

carbamatc, or nirroguarddim The splitting of tk peak indicatca that tk carbon is bonded co

nimgea Splitting of 13Cpeaks by 14Nis uncommon but can occur if the molecule is highly

symmetric. Examination of 13CNMR correlation charts shows that the ckmical shift of rhe

unbIown is close to that of nitrilea and isocyanate& Furtkr evidence for tk pmwnce of a niuile

or isocyanate is shown by the infrared spectrum of the sample (F@re 55). Although the

spectxum in Figure SS is of the carbonatehrdunknown mixture, the absorbmce near 2200
wavcnumbers is consistent with a nitrile or isocyanate. Based on the starting material, NQ,

possible candidates for the unknownwere cyanamide and the cyanate anion. By comparison witi

known samplw of cyanamideand cyanare, the unknown was identified as cyanate. Additional

small scale experiments were conducted to determine if the NQ hydrolysis could be driven to

compktion (Le., all the NQ converted to carbonate). In these experimen~ the sodium hydroxide-

to-NQ mole ratio was increased to 2.6 and the mixture was IuaiMned at the fti temperature for

3 hon NMR andysia of thehydrolysis solution showed the same three products as before, with

the major probt tmingcyanata

A closed-container NQ hydrolysis was done to identify tk gaseous reaction products.

In this experhnen~ 3.0 g. of NQ was mixed with sodium hydroxide solution with a base:NQ ratio

of 1.2!i:1, sealed in a SOml presaumvessel, and heated to approximately80 “C. After the pressure

leveled off, heating was terminatedand he vesselcooled to room remperatwe. The presswe of the

cooled vessel was found to be 110 psi. tialysis by MS showed the major gueous product to be

nitrous oxide, with a small amount of ammonin NMR analysis of the liquid phase gave the same

three products as described above.
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Figure 53. l% NMRof NQ hydrolysis residu. Peakassignmentsare as follows: 167.51.
carbanae; 166.38:cartkmace;164.69, urea; anti 160.31 guanidine.
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Figure 54. 1~ NMRof NQ hydrolysisresidue with excess NaOH. Peakassignmentsare as
foUows: 168.16,carbonate; 162.65,urea; and 128.44,cyanate or cyanamide.
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The =- of NQ hydrolysis u thought to proceed by decomposition of the

material to giw cyanamide and n.itram.idc(R.cfcre= 27). According to Refermcc 27, cyanamide

furrbcr ~ to ammonia and carbon dioxide (caubnauc in buic media) and nitra.midc to

W- and rnlnm8 Ox.ick-

r ..->H,m .

HINCIWIN@ H2MW2

Howcvar, io sddition to nitrous oxide, ammor@ and sodium carbonate, wc have

detected urea a.u.unon.iu.mca.rbam~ and s.cdium cyanata as major prodwts, and this simple

uMCtidournXMXcm.nI for this pi’oduct&&hdocL wehAvealK) found tlMIwkQu.rcaand

ammcmhtmcarbama& are hydrolyzedunckr tb SKWCOrditiousM ud for NQ, the ordy prcxhct

is cwbomtc. %Mn cyanamib is subjected to base hydrolysis H and s.ocliumcarbonate arc

procbcd From his Momnadoa we ~ the following more comprclm.sive mechanism for

NQ hydrol~
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A+H20

+ H2NN02

(Nitide)

H20 + N20

“OH ‘OCN+NH3

(Cyanate + Ammonia)

1+
I

+H20 & OH-
H2 0~ w (NH4)ZC03 —c 2NH3 + HC03- + H20

(hlmonium (AIMlo&y
Carbamate)

h the above mechanism, one equivalent of base is consumed per mole of starting C to

convert that C to a mixture of cyanate and carbonate (sodium salra). It was generally observed,

however, that an excess of base (1.25:1 molar ratio) was required to complete the hydrolysis

remioa

3. Hydrolyaiaof Triniuotolume

TrinkrotolueM (TNT) experiments were performed only on a small scale in a closed

container. When * TNT was mixed with sodium hydroxide solution at a Basc:TNT molar ratio

of 1.25:1,tha solution tuned a clear, pale red The rnixtme was heated to 1S0“Cand the pressure

leveled off at 64 @ after 109minutes of hearing. A control was run thatdidnotcontainTNTand

was found to develop a pressureof 61 psi, indicating that minimal gaseous productswere

producud by tlmTNT hydrolyaia. The gases were analyzed by MS and the major gaseous product

was C@. The liquid phase waa dark black with a suspension of tar-like material. Attempted

analyaisof the productsWMunsuccmafd due to clogging of dkers and insolubilityof the material.

Bccauae the pH of the aqueous solution was no longer basic after the hydrolysis, it was evident

that lUO~ base should be crqdoyed.
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In ● su~t cxpcrimcn~ the sodium hydroxkk-to-TIW mok rado was six. The

mixtum w ~ in a lCKhl vesd and heated to 1S0“C,unckr which conditions the pressure

leveled OHat S4 psi after 73 minutes. Upon cooling, the residual pressure was too low to

measum The liquid p- ape dark bl=k and homogeneous, consistent with the earlier

literamrc (Rcfbrcncc2S). Analysis by 13CNMR gave a singk carbon spcie.s having a chemical

Mti~&matiyl ~,dnolK ~mtibghEof~. Itappears

that TNI’ is completely hydrolyzd to a nonexplosive%water-soluble product that we have not

i&ndfkL

4. Hydrolysis of HMX and PBX 9404

Becm HMX is a major component in troth DOE and DoD foimulatkms, wc have

pxfomned a large number of hydrolysis experiments cmi~ We have also done many experiments

with PBX 9404, which is 94.0 weight percent in HMX. ‘& experiments on PBX 9404 were

co~inmjuncdon tithour DoEprogmm buttbrc’adu wiubeilwludcdkre bccauseof

dwobvkmarekvamx to this project ‘b compk@ compaidon of PBX 9404 is shown in Tabk

34, ~ 120. Bam hydrolyaia has & &muon the PBX in h form of molding powder, 1 inch

byl~~~(Mg),5~ntih~~ (1.1 kg), and 1 and 518inch

by 1 inch pkca (63 g) encased in 1/8 inch s-L Tbe ~OUt of sodium hydroxide used in the

remiona was 6 rooks per mole of HMX contaird in the PBX- Four rooks am required for

completere.actimwith HMXanda two mole excess was adckdfor reactionwith the binderand

pbtkiZEK Up mixing PBX 9404 ad sodium hydrotick solution at ambient temperature, them
was no visibk reactioa V/Ma the mixture was kated to temperatures above 60 ‘C, tie NC

bimkr &ummpd quickly, leaving behind HMX powder. In b 70 to 80° range, vigorous gas

evolution was obmrvable and the mixture began to foam Wkn tk solution lmiling point was

macti 93 “C, the foaming was severe enough that a defoaming agent had to be added. Dtig

M macticnbti odor of ammcmia was cktected Upon compledon of b -U t~ ~~~ng

homogeneous solution was clear brown ad had a pH of approximately 15. Titmtion of the

solution to ~ tJMamount of hydroxide consumed showed that 4.4 rooks was used pr

mob of HMX in b PBX 9404.

We have okrved that M dme required for compktu destruction of the HMX depends

on temp’ature, stirring efficiency, particle size of the material, and volume of the hydrolysis

solution. R-dons in which the solution volume was 4 milliliters per gram of PBX did not react

completely after many hours of heating. When the volume was increased (keeping tie total

amountof N-AOHre~tant the same) to 15 ml/g PBX 9404, reaction was complete after several
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hours of boiling. Subuquent exprinmms were -d out with volunM of 7 and 10 mllg of

PBX In mosts a solution volume of 10 rnllg was ud to effect complete decompositionof

PBX 9404 in ● reawnabl.c amount of time Typically, the mtion is fti after 2 hours of

hoi.@ with Co!tatantsti~ The rate of ~ hydrolysis appe-a.rsto k~c p~~vdy

slower as the reaction proceeds This may be due to “salting-out” of the HMX from the

hydrol@ng solution as the conccntrarionof tk p’oductsalts incmasu lk solubi.1.ityof HMX in

water is ~ low, 5 ppm ●t 20 “C, and is likely to & lower in concmrwd salt solution. To

cocnp~ for this prob~ cxpuimcnts were performed with di.n.wthylmdfoxide(DMSO), a

good solvatt fcw~ added to tk hydrolysis SOhti- Tk b required for hydrolysis of

HMX in 1(XI% qmus solution wu compared to that in 10% by volunMDMSO solution. The

mctiomtirne was found tockaembyafmof - Resumabiy, tlMram enhamxment is d~

mawa~*btti *ti&of D-tib=myti~

Tk mte-hm.itingstep of tk dkalim hydrolysis of HMX is postulated (Reference 12)

to bcabimokcular dminmon‘ aonpmilwi ngnitrousacid.mintmdiarc produced in the

slowstqofdw~ uwunstabktokd-yh~mti@m*om.

+ H20 + N02-

G120+HCUO+N20+NH3+ N2

Of tlMgascouaprokti shown above, wc haVCfound that nitrous oxide is produced in

much larger quantity than is ammonia or nitrogem A trsco of hydrogen was also detected.

AlthoughformahMtyd6is shown as cm of k products,we have not cktecMl it under k reaction

conditions we have used. Formaldehyde itself is unstilc in strong base.&producing the fomate

ion by tlMCmnizmro remion (Rcfermce 30).

Quantitative analysia waa performed on the product solution from the hydrolysis of

5.05 grams of PBX 9404 in 50 ml of 2 molar sodium hydroxide. The hydrolysis solution was
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anal- by l% NMR (Figure 56). None of & p.aks comespondsto PBX 94CMc wnponents,

d b mjcxpakat 171.01 ppm hasackmiul shift typiul of acarbonyl group. sLhseqwnt

NMR _ ickadfkd the mapr product as the fomte ankm. However, the carbon NMR

spectmm show8st kastfiftecatimb spccksin addition totbef~ The hydrolysis

solution was also analyzed by ion chrcmmtographyfor forrnatc. rntria nitnk, and chlorick. TIIC

rcstdts of tfMmlysis arc hstcd in Tabk 35. The weight percentqes of carbon, nitrogen, and

ctdmiriein~x~are 16%. 36%, and 1.1 %,~ti~y. Asshown in Tabk35,35%of

titomlcarbcm wasconvemdtofo-. %balmlce of barbonl’emlinsin Solutions
.

~x-dubbpmdtma Nii~Oftk_tih’o~b&C~~

tonihitc, and 0.4%ends upas D.itrate.Mostofdw rcmining nitrogen is in b form of Ntrous

ofi@20)~~butWe-_a has-yctbede~ l’tiechlorim fromlbc PBx

9404 p18sti&r. tris(2ddmEthyu phosphm (cm) is allma completely converted to chloride

ion;80%is ~tcd for. Phos@om NMRanalysisof tk hydrolysis poducts indicates that

the CEFpho@orus isn~con_tohofgti phosph~butmma.ins m organic spcics,

possibly ahydrcm@@~ *_tiTtib35mtimok-ofti@~~m

lhstardng mokof HMxorm.

TABLE 35. ANIONIC PRODUCT’SFROM ‘THEHYDROLYSIS OF PBX 94(M

9

PQicm Colx. (gmu) Total Moks Wt % of Total Mok MO

Fcmmm 0.024 35%ofc 1.5/HMx

Ni~ 223 0.024 19%rJf N l.si HMx

Nlhm 0.633 0.52 e-3 0.4 % of N 0.032 / HMx

Chknick & 0.891 1.3e-3 80%0fa 2.4 J CEF

= ~~ ‘= an-d Wtichexamim b w of lllllmOlliUmhydroxide

in pb of .wdhm hydrcmik ~ = ~G ~um hydrofi~ ~d ~ - tied in a

moleratioof~tolandddh- lCKhnlpressureti After lmtingfor 59rninu~satl@

“C, the p~ kvckxl off at 87 psi. A control was nm without HMX and the maximum

prwure was 76 psi. What the v-1 was cooledt I& residual premm was 12 psi- The major

g~ product waa nitrous oxick. TIMNMR analysis of the clear, yellow liquid phase gave a

s~ almost identical to thatof h PBX 9404 hydrolysis products diswssed akwc. The

major nonvolatile prodwt W8Sfound m bCform~~. For corD@o~ a sim~~ ~ hY~lYsis

was done using ammonium hydroxide instead of sodium hydroxide. The 5-to-1
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Figure 56. 1~ NMRspemum of HMX hydrolysisresidue.



ammonium h?droxiddHMXtit was heated to 150 “c, reaching a final pressure of 104 psi

after 60 ~ (compared to (he control, which gave a fti premure of only 56 psi). Wlwn UM

w~cookdtorotxn tcm~t&miduaI ~umwas34@ kia.Iysisofthe~us

prrxlmxs again gave nitrous oxide as tk major product and si~~antly more nitrogen than

prodwcd in the sodium hydroxide experiment. The nitrogen formation may be due to

decomposition of ammonium niuite. TIMNMR and MS Uldy- of the liquid phase showed the

e~tok~ye-, “ insmdoffomllale

wbEltlbC ~h@’1’O@iStiCH.liS* outwith aqwxmsammon.ia ~thcbiw,

mtwhkss fonnakion ispodtwed adasignifkant amotmtof kxamthykEfctramine is fonxled
In&re8tingly, hcxunethylmeturamk ca.nbcusd asastarting makrial for HMXand RDX

synthmiet Its prodmtion can be explained by tk reaction of ammonia and formaldehyde as
follows:

N

6CH20+4N@ ~ t~>

LkJN + ‘H’”

5. Hydrolysis of R.DX

RIM was hydrolyzed using ammonium hydrox.kk as the base in a l-liter pnxure

vessci. Tbeprcssum vcsselwaukarcdto lSO”C. Aftcf49minuta thepreu3urc of the System

had kvckd off at 70 psi. Uponcooling, the residual prcsurc was found to be 15psi however, dw

gaseous products were not analyzd. ~ liquid phU W8Sanalyzed by 1% NMR, which showed

two carbon specb. TIMmajor prochxt is ibtifiud as hcxamcthyk~tetramirw and the other

product is probably form-
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From Rcfdonces 2S and 26, the MCChan.ismof base hydrolysis of RDX is the

following

qNAN/N@ ‘*N\Nn N

u +loH-
- u + H20 + N02-

N

I
N

NO*

/

I
+nOH .W

~20+X~+N20+NH3+ N2

Hydrolysis of the product formed by the first step premeds very rapidly, making isolation of the

fmt product difikml~ Tlw ~tim of this process have been previously investigated (Referenctx

31-33). W&n ammonium hydroxick is used for the base hydrolysa the major product is

hexamethyknetammine. Its prmluction can lx explained by M reaction of ammonia and

formalckhy(k, as was d&mSScdintbsectionon HMX

6. HydK)l@s of M.31A1E1Pm@ant

M31A1E1 is a gun propellant manufactured at b Radford Army Ammunition Plant

in Radfon$ VA TIE hydrolysisand SCWOof this pqellant were conckted in conjunction wuh

Curprcject S_ by b U. S. by Coq)s ~ Engi.ncm Constrwtion Engi.mcringResearch

Mmratory. We receivd b M31A1EI propellant in the form of tubular sticks of dimensions 29

by 0.275 inches with a 0.098 i.wh dimmcterperforation. For small scale hydrolysis reactions of

less than a ~ b propellant was ground to a powder. Lager scale -tions of up to a quarter

pound were performed on be propellant stick as received Normally, m to fifteen milliliters of 2

molar sodium hydroxide were uscdprgram of M31A1E1. This translata to a two to three fold

molar excess ovti the mob of nitro groups in b propcllan~ assuming the niuocelhdo.se is 13%

nitrated. No reaction was visible upon mixing tit ambient tempmure. W’lm the mixture was

heated above 60 ‘C, gas evolution was observed, and at boiling a small amount of foaming

occu.rrd Completion of the reaction occurred on dw same general time scale as described for
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NQ. Tk mstdting solutkm was dark brown with a suspension of carbon black which is a minor

comprnznt (0.0S%)of tk p@lan~

hdysi.s of b M31A1E1 hydrolysis pfOdUCtSwaS@OIUKd by mass S~~Metry,
lH and 13Cnwkar magnetic ~ (NMR), and by ion chromatography. 13gum 57 shows
k lH and 1% NNfR S~tm of a SOhltiOfl of k prqdant in deuterated dimcthylsulfoxide.

Absorhames * to nitroguankhe (NQj, nitroglycerk (NO),nitrocellulckse(NC), etiyl centml.ite

(EC), and dibutylphthalate (DBP)can be seen in tk proton NMR.. Becz NC is polymeric, the

peaks d~toitarcverybrod. TklargestabsorMmcc.s seeninthe 13CNMRarcdwto NQand

NCI.~mti@u Kad DBP, titi~of Xtinm*wupti W. Figure 58is

the 13CNMR spctrum of the water-solubk hydrolysis prockts. ‘Ilc major peaks from the

spectrum have been identified as sodium carbonaa ~ and sodium cyanate (N@CN), which

are the same products as for W NQ hydrolysis. In additiom sodium formate was detected and at

least ten minor products M contain carbon. one of tk minor products was identied as sodium

oxalate Previousstd.ks (Refere.we26) of nitroglycerinehydrolysishave ikmified ni~ nihite,

acetate, and formate as the primary products. Tkse products have also been detected from

nitroccl.hdose hydrolys~ along with many others such as ammoni~ cyanib, and modified

cdlulcxm. Tk lH and 1%2NMR qmctra of he hydrolysis prockts showed no detectable amount

of any of * pro@.lant compomntx

A small scak experiment was performed to obtain quantitative analysis of some of the

M31AlE1 hydrolysis products. A 120 milligram pi- of propellantwas hydrolymdin excess

sodium hydroxide solution for 30 minutes at 93 ‘C. The gases evolved were collected and

analyzed by mass spectrometry. The mass spectrographic data icknd.fy the major gaseous product

as nitrous oxide (N20). ~ amount of nitrous oxide gas evolved was found to be approximately

200 cc px gram of propellant hydrolyzed. The ~ueous solution of hydrolysis products was

analyzed by io Ichromatography. Anions detected and quantified by ion chromatography include

nitrite, niw ~na.& ~~, and oxalate. In addition, at least ten rni.norproducts, including

formate, wem &tected but could not be quantified The carbon was also quantifkd by TK and

TIC analy-. T& corwcntradonof urea was estimated from the integrated 13CNMR Although

lSC peak intensities am very depndent on relaxation tim~, this approach was found to be self-

consi.stentby comparing the concemrations of carbonate md cyanate drnatcd from 13Cpeaks to

theconcentrationsdetermined by inckpcndentanalytical techniques. Tlw.seresults are summarized

in Tables 36,37, md 38.
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13gurc 57. Spectra of M31AIE1 in deutcratcd DMSO. (a) 13CNMR and
(b) lH NMR.
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Figure 58. lx NMR spectrum of tie wakr-solutde hydrolysis producls of h431AIE1.



TABLE 36. CARBON PRODUC’ISFROM M31AlE1 HYDROLYS1

[Product] ppma [cl PPm (%)b

Cyallatc (m-) 3565 1019(12)

Oxalmc (wco#-) 1145 312 (3)

urea (w(NH2~ 5729 1146(13)

TIC (CO#-, HC@-) 2504 2504 (29) _

Total C 4981 (57)
~Wl~~Yc~f@--~~~13C~ ~ ilmnsith,

b%lsthe pcromltcoccwr@ssqlccirW ~lbcinlltal~ofc
W8a87s0~

TABLE 37. TOIC/I’IC ANALYSIS OF M31A1E1 HYDROLYSIS PRODUC13

T(X 5853 67

TIC I 2504 29

Toial C I 8357 %
%L8thepwcemcolaamingastbocpcmallp’odua

Calculated mass balmcc.afor carbon are shown in Tabk 36 and 37 A comparison of

these tablea shows that a considerable fraction of tlMorgan;c carbon is contained in molecular

forms that cou!d not be qua,ntifled with the analytical techniquca employed. The calculated mass

balance for ctitrogea ia shown in Table 38, In conmst to the carbon analysis, id.1of the nitrogen is

accounted for, within tlMexpurhncntal error of the analytical pmczdurw The bulk of the nitrogen

is converted to N20 and lost from mlution. The nitrogen remaining in solution is prinmri Iy urea

and nitrite.
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TABLE 38. NTI’ROGEN PRODUCT’S FROM M3 IAIE 1 HYDROLYSIS

[Product]
Produd

[M
ppm ppm (%F

-on.i~ (w+) 309 240 (1)

Nitrate (No-) 4225 954 (5)

Nitri~ (No-) 5940 1808 (lo)

Cyanate (OCN-) 3565 1188 (7)

Urea mmmh) 5729 2674 (15)

Nitrous Oxick (N@) (gas) (gas) (a)

Total N (102)
. hr .- —4-- -- —--IF.-A—_l.-

7. Hydrolysh of CYH propellant

CYH is a double-base rocket propellant that is class 1.1 and contains 19.8 wt %

aluminum. ‘11.wmaterial was received in the formof large ch~ approximately 50 g in weigh~

and was processd to wm.1.lerparticles for he hydrolysis cxperimenta. Reactions with sodlurn

hydroxide were fwst performed on a very small scal& 1(.X)mg, eutdlater scaled up co as much as

five gram. lle amount of sodium hydroxide used was at least a faaor of 2 greater than hat

required for complete reaction with all components of the pro@lanG according to the following

analy- TIIe components of h propellant which -t with base are the organic cxplosivm. tie

aluminum and the am.mon.ium perchlorate. Our work on the hydrolysis of pure explosives has

llWdCd @ gedy OnCUnitOfbase ti COIUllRtd~ Uitfogrollp in 1~ eXplOSiVC:

R-N02 + OH- + R’+ N@- + HfO

The reaction of aluminum me’tal with base consumes one mole of base ~r mole of

aluminum:

AI + OH- + 3 H@ + Al(OH)4- + 3/2 Hz

Finally, r-hereaction of ammonium perchloratc with base consum- one mole of bue

pr mole of AP:
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~]04+o~-+~-+5~H@+l~N2+5/4@

~ corxmmation of N, Al and AP in CYH (1.1) propellant is 0.011,0.0074 and 0.001

moles per gram of propcllan~ respectively. According to the above analys~ the sum of Ihc

number of mold of N, Al and AP per gram of pro@ant yields the nundxr of moles of OH-

mquimd (0.0194 mol- or 0.8 g NaOH) per gram of p~~~L Typically, 20 milliliters of 2

molar sodium hydroxick solution (1.6 g NaOH) p gram of pm@lant w-cmused. Upon mixing

the propdht with ti sodium hydroxide solution at ambknt trzn~ nxticm wu obswed

as gas evolution from the particles. Presumably, the gas was hydrogen from tk reaction of

aluminum metal with k

During the reaction of 5 grams of CYH with 1(K)ml of baw solutiom the temperature

of b solution rose slightly from tk aluminum reaction @ after approximately ten minutes,

leveled off at 30 above ambient. W-at was applied to * mixture causing more vigorous gas

evolution as tk tanperallm imXasaL A tk boiling pint of M solutionWu reachc&foaming

becamea problemandwascoun~ witha ckfoaming~r& Afterboilingforapproximately

~~mwhha~emltimmtibkdti~mw~ complete.

The hydrolysis pfOdUCtSwere analyzed by NMR S~UMtfy. ‘Ik 1% and IH NMR

spectra of a DMSOextmt of CYH is shown in Figure 59, whi.k tk cmponding spectra for tie

hydrolyzed solution is shown in Figure 60. No CYH was obserwd in b hydrolysis solution and

the major carbon-containing products were identified as acetate and form~ anions. A small

amount of carbonate wtu detected along with at least M minor unidentified proclwLs. In another

cxpirnen~ ion chroinatographic analysis was performed on a prwhxt solution in which 520 mg

of CYH was re.wted with 20 ml of 2 molar sodium hydroxide. ‘l%cnsults are presented in Table

39. From the com~ition of CYH listed in Table 34, page 120, the total carbon and niuogen

contents of the prqwllant can be calculated as 16 and 14 prccn~ respectively. The ion

chromatography=ounts fm 44 % of the tutal carbon and 45 % of b total nitrogen. The gaseous

producb from CYH hydrolysis were analyzd and found to contain hydrogen, nitrous oxide, and a

small amount of nitrogen.
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TABLE 39. ANIONIC PRODUCTS FROM THE HYDROLYSISOF CYH PNPE~

Anion Corn. (g/lhcr) Total Mob WL % of Totd,
3.40 1.2 e-3 34%ofc

Formate 1.55 0.6!3e-3 lo%ofc
NIti 3.69 1.6e3 32%of N
Nii 2.10 0.68 e-3 13%of N

8. SCWO of Hydrolysis Prodwts

several solutiw resulting from the hydrolysis experbenta were procasd in the

gokkbd supacritkd wat= ~. w iIwl~ ~. ~X NQ.M ~ ~ ~P~-M

pro@ant M31AIE1. TIMckmical composition of thae effknts hss been “&cussed; they

contain e8senti811yorganic decomposition pwdMts from the exploaivcs. These effluents were

anaipdfwnitritu nitr~amm~~d~. TIEresdtsare -in Tabk40.

TABLE 40. ANALYllCAL ASSAY OF HYDROLYSIS EFFLUENT

Substmk NW N(IY NH4+ T’fc T(X substrate

(Pm) (PP )m (PP )m (PP )m (Pm) (PPm) 4
2577 5.06 185 108(J 3380 <2

RDx 1476 111 2325 34.7 1777 2.6

NQ 5.1 57.1 a 8 a 1886

HMX 605 355 8 4.5 10255 22.5

M31A1E1 5940 4225 309 5853 a
4

c Inxmdyzd

_ f~ NQ, b hydrolysis efflmt typkdly contained m= N@- m N~-. M
not mrpdsins since hydrolyti ia not an oxitidvc p~ lle unusually large MU+

conccntrath fbund in RDX rcdd from IJMmtiu.m hy~fi~ {~oH’) tit wu ~d to

initkte hydrolyti %iium hydroxide W&9 tk bam uacd in tk Otk C- Although the NQ

hydrolysis efflwnt w w adymd for ~+, the odor of NH3 wu appen& TIMtotal carbon

analysia exhibiti high orga.nk c.otwentra.tionaindicative of b brc4kdown _ Tlw effhenu

were also arulyzed for any remainingexplosive ad wuS fairiyclllcknt destrwtion as a resultof

tk hydmlyti @ettcrthan98 percent in all c- ~ for ~ ~d RDX bIC~ ~ ~“9 ~~nt).
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ti~~~ti@ m=OSwti~°C tiami&~tiu

of 11 secomk Tk hydrolysis SOhltiOIISwcm ~ dkdy, ex~~ for tk M3lAIE1

solutiom~wasdiltucd aktoroftcnpriorto in@tionintothc SCWmactm,toyicldan inirial
carbtm~ of 836 ppm. Attemptsto runb undiluwdh431AlEl hydrolysismixture

resuhd inC-g Ofti ~, ~ly d~ to ptipiti~ of sdium c~. h -h case,
IIMamant of oxidan~ HzQ, was in excess of the stoichiorutic ratio. In addition, for b

M3lAIE1 mixture, two diffment oxidant concentruions were examkd. In this case, the
cotlccatntion of the Oxitit w variedfrom8 stoichiometricratioto a ten-fold excess based on

Ik fokving Cklical ~

c+2H202+c@+2H@

‘llw rmdb m pm.sentedin Tables 41,42, and 43. We demonstrate extremely high

destruction effkkmcs - for the combimd hydrolysis/ SCWO p~ ranging from >99.99

prcent to> 99.9999 ~nL The residual explosive co-tntiocu were all below detectable

knib after pKCwing thrOughtbscwo re=tOr.

TABLE 41. lNTTIAL CON CENTMTIONS AND DESTRUCTION EFFICIENCIES

FOR HYDROLYSIS / SCWO PRKESSES

su- Oxidant Mm ~ Iksuuciion

Cowmtntb (PPm) EHickncy (%)

c- 113s0 >w.9911

RDx excess 112CX) MJ9.9996

NQ exass 125aJo >99.99992

HMX ex- ls’ooo >99.9995

M31A1E1 Stokh.iomtl’k (1:1) 836 >99.9909

M31A1E1 10:1 836 >99.!?989

TIMmajor gas-phaM prokts as detenni.ncd by FT’JRspectra taken during the SCWO

_mNfl~dCQ. A-~q=~tishomtiR~61, which was obtained
during tk.eSCWO of the M31AlE1 hydrolysis mixture. It was not possible to obtain a mass

balance on rhe hydrolysis / SCWO procedure bemuse the gas effluent was not completely

&wOuntd for during the hydrolysis StCp.
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~ analyshfor the carbon content of the aqueous reactor effluent is shown in Table

42. Tk &m are ~nted in both parts per million and as a percent of the total initial carbon

content AppmcMk quantities of TIC remained in solution for all explosives except HMJL The

inorganic carbon was probably present as HC@- or C@-Z, lle TOCs were vw low and, for

TNT, tdow detection limits. In the volubility-limited studies of NQ (i.e., the= with no hydrolysis

pretreatment), the aqueous carbon accounted for 83 percent of tie total. With hydrolysis tk

aqueous carbon is less that one-half of one pCCCeIIL This result may be due to the different

cknkal pathways of the oxidation of the hydrolysis products rather than for NQ itself. The

mmmhhg carbm product for all cases (at least through the SCWO reactor) was present in the

fom of C@.

TABLE 42. ANALYSIS OF AQUEOUS CARBON PRODUCTS IN EFFLUENT
STKEAMS AFIER SCWO

SUbstra& TIC T~

(PPm) (% of Initial c) (PPm) (% of Xn.itialc)

9.63 9.51 4.2 4.01

RDX 37.89 3.72 0.46

I
0.07

NQ

I
22.42 0.31 0.49 0.01

HMX 0.20 0.06 0.70 0.09

M31A1E1 (1:1) 33.3 3.98 0.08 0.009

M31A1EI {10:1) 30.6 3.66 0.01 0.001

The nitrogen content of the SCWO reactor effluent was analyd and is presented in

Table 43. Again, the data are present.ecias pprn and as a percent of total initial nitrogen. The wnds

are sinihtr to the straight SCWO of these explosives. The total concentration of niti~s and

nitrates in the aqwous effluent was much higher, but he starting explosive concentrations were

two orders of magnitude higher than in tie volubility-limited experiments. The actual percent of

starting n.itro~ converted to N@- afid N@- was lower for TNT, RDX and HMX and abcmt th:

same for NQ. Trinitrotolucne (m continues to show the highest NOX- production rates.

Nitrous oxide (NzO) and nitrogen (N2) are found in the FT’IRand the mass spectra as the only

detectable gas-phase nitrogen speciu.
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TABLE 43. ANALYSIS OF AQUEOUS NITROGEN PRODU~S UNEFFLUENT
STREAMS AFTER SCWO

substla@

RDx

NQ

HMX

M31A1E! (I:i)

M31A1E1(101J

N02- N@-

(PP )Ill (% of Initial N) (PLm) (% of Initial N)

28.22 7.56 8!L95 17.05

18.11 0.23 2.32 0.022

8.S4 0.01 166.59 0.11

2.93 0.09 133.99 2.88

2.77 0.05 0.95 0.01

13.2 0.23 97.2 1.28
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SECTION V

SPECTROSCOPIC MEASUREMENTS IN SUPERCRITICAL WATER

Anmkof_~=*l@ =@of&effmmbmu&wdti

hydrothermal ksmction p~ Iksc in-sirM non-invasive diagnostics are useful in the

inwstigaticm of fundamental properties of supercritical fluids, including phx equilibria and

CkMiCtd kinetics. ~ Ratnan and coherent Anti-stokes Raman s~scopy (CARS)

diagnostics were utilind to ititify intermediate and product specks, yield information on their

s such 8s Solvatim and measu.m rwwtion rates. Tramiemt P@! W-PY w- applied to
b meamcmmt of difhivity and fluid sounds- which yield state information Ftmher, the

real-time nature of the diagnosks may k exploited for the development of processmonitoring

and control.

A. M.MAN MEASUREMENTS OF HYDRAZINE

The Ramanspctrum ofam.ixturcof2 wt%hydrazine (N~inwatcrat270atm isshown

in F]gurc 62. Spectra are shown over a range of temperatures from rwm temperature to just
above h critical _wturc of watm (TC=374‘C). Tk bmakt feature in these s~ctra is the

@H stretching band Gfwa@r. One of h N-H stretching binds of hydrazk is indicated at 33(X)

cm-l. (There arc also two smaller bands at 3220 cm-l and 3361 cm-l.) (Rrference 34) As the

temperature increases, this band disappears and a mw band grows in at 3314 cm-l, which we
awign (Refercti 35) to NH,. T’k inknsity of this bmd suggests that ammonia is a major

productof tlydrazim decornpo$itim

The intcpatcd area of the Raman peak at 3300 cm-l serves as a measure of the hydrazine

concentration By using the optical cell as a steady-state flow reactor, the kinetics of the

decompositkmmaybe determi.txd This wu done by setting tlMflow rate to some constant value

and allowing tk system to @lib~. From the known wuter density and heated volume, we

ca!ctitc the resicbm time of the fluid from the entrarcc of tlwcdl to the opticalwindow,with the

fluid flow in a steady-state condition. The Ramtm intensity then gives the fraction of hydmzine

remaining at ;Ms rcsidencc time. By re~ating this for various flow rates, the decay of the

concentration i.s mcasud as a function of residence time. Figure 63 shows the decay of the

hyckazine Raman signal as a function of residence time at WI “C. At tirna longer than those

shown, the intensity decays to zero, as expecied. For each dam poinq the Raman intensity of
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hydrazim waa rtcmn4@d to the peak area of the water band to correct for signal fluctuations.

Mbough b limited signal-~ noise ratio dms not permit us to rule out non-exponential decay of

Ihe concentndo4 we can at least assign an effective iht-order rate constant for decomposition,

k(4(H)‘C)= 0.32 see-l.

A.Ualternative analysis is made by following the hydrazine concentration while heating the

opkal cdl. At =h tcm~ - calculate the redence time in dw wtor, mamre tb extent

of decomposition G’omthe Raman intmsity and deduce the effective first-order rate constan~ At

several temperatures throughout tlM nmge depiutcd, the decay was followed as a function of

resident-c time to vefi that it was approximately cxpormtial. Agreement lxtween tie two

rnethcds was exoellem In M way, an Anhenius plot for the mte u gcnmtdt u shownin Figwe

64. We &rive W rate cxpresaionk(-1) = 5.2 x l@ exp(-142~. It is intenxting to note that
the critical tcmpcmture of water (647 K, or 10LTC = 1.5S)is situated in the middle of the range

of our mcasurerncnt.s shown in Figure 64. There dom not appear to be any anomalous or

b*wwwdwoftimum~b@tititim~

Tsang (Refercncc 38) has tiyzed the available data on the elementary hydrazine
decomposition -tion and wed RRKM tkory to derive b high-pressure Iimi&~. Pressure-

depencbnt meaammnta suggest dm.tthis mction should be at the high-prewurc limit under our
conditiorm Tsang givw ● rate of k#c-l) = 10lb~ exp(-32- in the temperature range 840-

1150“C. It is probably not appro@e to extrapolate this rate down to 4(XI‘C, but it is interesting

to note that tlMextrapolation gives a rate in our tempature range that h much srnalk than what

we obsme, by a factor of I@. Ike are several possibilidca for this difference: (1) our

dsappmm rate could be in.kneed by chain-tt.action p~; (2) the decomposition in our

optical cell might be surface catalyzed at ti reactor walls; (Reference 15) (3) the reaction

mechanism in near-critical and stqmcritical water may lx different from that in gasa. Melius

(Reference 39) has p-ted calculations relevant to the lastpossibility, which indicate that

solvation can reduce activation barriers to reaction. In addition, uncerdntku in reactor residence

time and tempabu’e maybe impomn~ as discuswd below.
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We measured the relative Raman cross sections of N2H4 and NH3 in water for the bands

nem 33(Mcm-~w qu~tify the amount of ammonia produced. We found that the N2H4cross

sd~ is -by a f~torof 1.3*0.1. COm@SOnof & intcnsityof & ~td N2H4@

to theNH3peakafternmctiongives theconclusionthat1.5* 0.2 molesof NH3areproducedper

mole of N2~ consumed. This is greaterthanthe0.9-1 mole of NH3produced in the gas phase

(References 13-14)and close to the 13 moles of NH3observed for kxerogeneous &composition.

(Reference 15) We also expa to produce N2and H2in this reaction. (References 13-19) These

products wem not ob=rva probably due to their smaller Raman cross sections and the limited

sensitivity of our measurennmu

These experiments WWICcarried out at low flow rates, where the Reynolds number for the

fluid flow is fairly small (in the range 10-1(XMI).IrI the absents of disturbances, this would give

rise to Iaminar flow, in which the reactor has a distribution of midence times rather than a single,

well-ck~rcsidenc etime.h,itk~ibktiati-~xtmdd~tkti

fluid, Tkse uwenaindes make it difficult to derive reliabledecompositionrate constants from the

data. Although the plug-flow approximation can k used at low Reynold’s numbers if certain

titeria arc satia&L (Referetxe 37) thoseconditions wem not always mu in theseexperiments. In

additiom the kat-up rime of the fluid in W reactor was not messured and waa a function of flow

rate. However, preliminary fluid dynamics calculations that we have canied out using the code

FLUENT (FlunG Inc., Lebanon, NH). suggest that the heat-up time is much sho~r than the 3

seconds reaction time shown in Figure 63, page 149. The calculated radial temperature

distributions in tk fluid am fairlynamow. In additioz natural (gravity-induced)convective heating

effects and obstructions in the flow tube may disrupt tlw flow paaems and impart some degree of

turbulence to ti flui~ which is desirable for use of the plug-flow approximation. Therefore, one

must exercifMcare in irtteqmirtg the redts in a mom quantitative fashiom

B. IL4MAN MEASUREM&NTSOF NITROMETHANE (NM)

The R.mnan spectrum of O.15-10% nitromethaneJwater mixtures were collected at

temperatures ihtn 50M50 T at pressures near 55(K)psi, The flow rates of the solutions through

the reactor vmrevaried from 0.1 to 2 g/minute,cmespondhtg to reactor residence times of 0.2 to 3

seconds. The evolving concentration oi’the nitromethnne was detemined by integration of the

Ramanscattering intensity of the methyl stretchingp-d nem 2980 cm-l. The C-N stretching pew
at 900 Cm=lwm also monitored. Decomposition of NM and formation of product CH4 (2914

cm-l) was obsemwdat tempcramres above 520 “C. w example at 554° is shown in Figure 65.
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Figure 66 shows the t.@e hi.stoty of a 10% solution at two temperatures. At longer times, full

destructionof the nitrmmtbane, withinexperimentaluncertainties,wasobserved.

Although the limited signal-to-noise ratin does not permit us to rule out non-exponential

decay of the concentration, we can assign effective fret-order rate constants for decomposition in

four experiments. The rate constant for nitrometbane decomposition determined from these

optical measurements is combined with determinations from end prduct analysis of total organic

carbon (TO(2) from our flow reactor and results of sub+xitical temperattm experiments at SRI

(Reference 40) (Figure 67). It is encouraging to note the good agrecmeng and fit to an Arrhenius

expressio~ over a wide temperature range with diverse experinmtal setups.

Addition of hydrogen peroxide accelerated the nitromethane reaction rate. Three seconds

residence time was sufficient for the destruction in mixtures of 10% ❑itromethane and twice

stoichiometric H2Q at 280 ‘C and 3000 psi. IIIthis case, methane was not an observed product.

c. RAMAN MEASUREMENTS OF AMMONIUM PERCHLOPATE (AP)

Raman spectroscopy was used to follow the decompositionof AP in supercritical water.

The optically twccssible remtor (Hgurc 23, page 45) was configured as a batch rewtor and coupled

to a pressure intensifier with water used as a pressure-transfer fluid. Ammonium perchlorate

solutionswere prepred at a concentrationof 1(M#l+ which is about one-half the volubilitylimit at

room temperature. Small samples (O.1 mL) were loaded into the reactor and heated to 550 “C.

Temperature, pressure and Rman sptra were recorded once every 10seconds. At temperatures

below the critical point of water, the perchlorate ion produced a strong Raman signal (the

symmetric Clg stretch at 974 Crnl ). The Raman peak of the ammonium ion near 3100 cm- I

could not be observed because it lies near the strong and broad O-H stretching peak of liquid

water. Near the critical temperature (374 ‘C), the Raman scattering from the perchlorate ion

disappears and a feature at lower energy appears for about 10 seconds, after which it disappears,

When the solution is coold the perchloratesignal does not reappear indicating that it has reacted.

A fine black powder remains as a suspnsion in solution after the reaction. Analysis of this

powder using inductively-coupled plasma atomic emission (ICP-AE) indicated that it contained

large amounts of iron with trsce amounts of other metals. These suggest that the perchlorate ion

reacts with tha 316 stahdess-steel reactor walls to form metal oxides.
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D. MEASUREMENTS OF NITROMETHANE USING CARS.-

T’heCARS spectra of 5 percent nitrornethane in water are shown in Figure 68. Shown in the

figure arc (a) the spctrum of pure water at 410 ‘C and 340 atm, the spectrum or the MN/water

mixture at (b) 410 ‘C and 340 atm, and (c) room temperature and 340 atm. Spectmm (a) shows

the contribution made by the nonresonant CARS generated by the water and by the diamond

windows of the cell. This prod-a large background “hump” in all of the spectra. The shape of

the hump reflects W s~l profde of the broad-band laser. The sharp feature in the center of the

spectra (b) and (c) is duc to the Raman band of nitromethane at 917 cm-’, which corresponds to

the C-N stretching motion of themolecule.

TIMmost salient difference between the CARS s~ectra at room tempemture and subcritical

temperatures is the width of the spectmm, which incl roses from 2 cm-l at 20 ‘C to 8 cm 1 at

410 ‘C. In the room-temperature liqui~ the Raman spect mm of the molecule consists of a single,

sharp vibrational transition. As the temperature increases, the density decreases, and nitromethane

becomes more of a gas-phase-like molecule that can rotate freely. The rotation gives rise to

additional structure within the vibrational band. Although this additional structure cannot be

resolved under these conditions, it appears as a broadening of tlMRaman spectrum- Hence, optical

diagnostics of solute molecules in su~rcritical water can give information on the solvation

mvimnmenL

Analysis of tM obsemed CARS line shapes would be simplified considerably if the

nonresonant contribution from the water solvent and the diamond windows were absent. It is

possible to eliminate this contribution with a modification of the technique that involves rotating

the polarizafiom~of the input laser beams and using polarization filtering of the signal beam.

E. TMNSIENT GRATIN(3 EXPERIMENTS

ExperinMnts were performed to demonstrate the feasibility of measuring thermal diffusion

constants and the speed of sound on hydrothermal solutions using the transient grating technique,

Thermal graling decay rates were mewred for 12dissolved in aqueous ICIsoluhons. Figure 69

shows a typical thermal grating decay for a solution at 5040 psi and 400 ‘C, and a fringe spacing

of 13.5 pm. The line is the least squares fit to an exponential function and hz~ a lifetime of

42. 1N,3 ps, which corresponds to a thermal diffusivity (0.56N.03)K 1*3 ~m2 S-’. ~“hethe~al
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diffusivity of pm w~y under these conditions is 0.69x 1(lq cmz S- I Uitraviokt transmitting

diamond wintbws (Type 1)would allow the technique !Obe applied to virtually any UV or visible

light absorbing hydrokmal solution.

Figure 70 shows the grating signal resulting from acoustic waves generated in the same 12+

KI + water solutior. at 450 ‘C md 5060 psi. The fringe spxing is 13.5ym md die acoustic signal

pied is 28.3 m. The measured sped of sound is 477 m s-l. This measured spd is reasonable

as the speed of sound of pure water under these conditions is 505 ms- 1. The fastest speed of

sound that cau be measured with the cun’ent 10 ns puke width lasers is approximately 1000 m S-l.

Measurements of faster speeds requircs larger fringe spacings, but a grating needs greater than

about 20 fringes for efficient probe scattering, and the current diamond window aperture of 600

pm limits the feasible fringe spacing to less than about 30 p.rm
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Figure 70,

0.1 0.2 0.3

Delay Tme Q.@

Transient grating signal from XOustic waves
generated in a 450° C and 5060 psi
m@.ha.nol/dyesolution. The grating fringe
spacing is 13.5 P end the acoustic signal
period is 28.3 D,S.
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SECT’ION VI. .

THERMOCHEMISTRY OF ENERGETIC MATERIALS LNSUPERCRITICAL WATER

While Suprcritical water oxidation appears to have great potential as a way to dispose of

energetic materials cleanly and safely, because of the nature of these materials, it is imperative to

determine the heat released during the process. We have a commercial (Setaram 121) differential

scanning calorimeter (DSC) to measure heats of reaction under supercritical conditions. We have

measured heats of decomposition for ammonium pctdorate (AP), neat and in aqueous solutions,

using cells supplied with the DSC at supcrcriticaJ conditions. Results are given in Table 44.

TABLE 44. HEAT OF DECOMPOSITION OF AP IN STAINLESS STEEL CELLS

Weight of A.P Melting Point Temp. of DecoIIIp. Heat of Decomp.

(mg) (cc) (“C) (caUg)

Neat AP

3.90 243 357 440

3.32 244 356 406

2.79 242 366 374

2.31 242 367 393

1.85 241 357 335

5. lM AP in aqueouasolution

0.6 . . 251 2165

0,6 .- 263 2448

0.6 .- 253 ~zlo

0.1M AP in aqueous solution

0.176 .- 333 2542

0.176 . . 329 2547

0.176 . . 334 2346

0.265 .“ 336 2130

0352 .- 343 2590
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Neat AP melts at 242 “C and decomposes at 349-373 “C with heats of 334-440 calories

per gram AP. The &omposition in aqueous solution exhibits different behavior. Solutions 0.1

M in AP deco- at 329-343 “C with heats of 2130-2590 daies per gram AP. With 5.1 M

solutions of AP, a decrease in the [temperature of decomposition to 251 -263 ‘C is observed.

However the measured heats of decomposition, 2164-2447 calocies per gram AP, are similz to

those for the 0.1 M solutions. These results may indicate a strong influence of water on the

energetic of decompositionof AP.
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SECTION VLI

REACXORCORROSION

A. REA(XOR METALLURGY AND CORROSION .-

One of the most critical issues tiding the practical implementationof SCWO processing to

the treatment of energetic materials is reactor war caused by corrosion. Corrosion of the

Hastelloy C-276 reactor does not, at this time, appear to be a major problem with most of the

energetic materials under investigation. The exception is ammonium perchlorate (AP), which has

causes severe corrosion of C-276 and, under certain conditions, 3 16ss gold-lined reactor.

However, comsion by AP has been reduced to acceptable levels in the gold-lined reactor by

maintaining a basic pH with tbe additionof caustic.

B. CORROSION CAUSED BY SCWO REACTIONS OF ENERGETIC MATERIALS

On occasion, wc have experienced mild to severe corrosion of experimental test apparatus.

Corrosion reactions at the reactor wall may Z-feet the reaction process under investigation, and in

the extreme has resulted in failure of pressure containing compa ents. Our experiences with

corrosion caused by SCWO reactions of energetic materials are described in this section.

1. Comosion by SCWO of Ammonium Perch.lorate (AF)

The only compound for which my reactor-dependent chemis~ has been observed is

AP. The destruction chemistry of AP in SCWO is unique among the energetic materials since AP

has no carbon, and is a strong cm.khnt. The chemistry is best described by t!!e following equation:

NH4C104 + NaOH + NaCl + 2.5 HzO+ 0.4 NZ+ O.I N20 + 1.202.

The Cl is converted into Cl-, formally reduced from 7+ to 1-, and excess oxygen is

produced in the reaction. The highly oxidizing nature of this reaction is evident by the strong

oxidutive corrosion of the Hastclloy C-276 reactor. The ~ddition of reducing equivalents, in the

form of a fuel such as a hydrocarbon, may improve the destruction of AP M well M reduce the

reactor comosion.
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Because of- corrosion problems with the Hastelloy C-276 reactor, most of these

reactions were performed in the gold-lined reactor. Sodium hydroxide is added to the AP

solutions in a 1:1 stoichiometty to ensure a net pH balance. However, we have run AP in the

gold-lined reactor in both alkaline and acidic soluticns. Significant corrosion is observed in acidic

solutions of A.P. At low pH, the oxidation of gold, Au” + AU+3+ 3e- is activated. The oxidar,t

could be N@- produced in the decomposition of AP or the perchlorate itself. The gold complexes

with ch.lori& ion and is dissolved into solution as AuC4-. These reactions are analogous to the

well-known dissolution of gold in aqua regia. By raising the pH, this corrosion pathway is

blocked as ShOWll in Table 45.

An interesting observation with the gold-lined reactor is a Iower destruction efficiency

for AP compared to that found for the Hastel.loy C-276 reactor. We attribute this difference to the

absence of reactions with the reactor walls in the case of the gold-lined reactor. The extensive

corrosion of the Hastelloy C-276 rector by AP reactions suppwts this conclusion.

TABLE 45. CORROSION PRODUCT’S FOR SCWO OF AMMONIUM PERCHLOR4TE

Rea’tor Material I Au (ppm) Cr (ppm) Fe (pprn) Mo (ppm) Ni (ppm)

A
Haste~oy C-276 . .. 130.00 --- 54.00 39.00

Gold-1ined 316ss (acidic) 1622.~ 3.36 65.38 --- 55.04

Gold-1ined316ss (alkaline) 0 0.99 0.99 --- 3.73

2. Corrosion by TNT, HMX, PETN and RDX

No significant difference in DREs and products chemis~ was observed for reactions

of TNT, HMX, PETN and RDX in the Hasteiloy C-276 and the gold-lined reactors. We conclude

from these obscmations that reactions with the Hastelloy C-276 and316 stainless walls must not

be significant for these energetic matel~als. The metals concentrations in the reactor effluent are

just above background levels, corroborating the above conclusion. Comosion products from the

Hastelloy C-276 reactor are given in Table 46.
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TABLE 46. CO~OSION PRODUCI% FOR SCWO OF EXPLOSIVES m

HASTELLOYC-276 ALLOY LINEM REACTOR

substrate Cr (ppm) Fe (ppm) MO (ppm) Ni (ppm)

0.246 4.02 i).095 <0.02

RDX 0.085 4.01 4.01 0.075

HMX 0.097 0.013 0.07 0.0375

PEIN 4.01 0.032 0.62 0.0572

3. Corrosion by Nitrate

Nitrates are formed when explosives are oxidized in supercritical water. As discussed

in previous sections, the amount of nit.rngen converted to nitrate and nitrite depends upon the

substrate and the reaction conditions. A nitrate pyrolysis run was also conducted. At 525 “C and a

lZ6-second residence -, a maximum titrate conversion (to nitrite) of 36 pement was observed.

No ammonia was &tccted from nitrate pyrolysis at 52S ‘C. In addition to analysis for carbon and

nitrogen s-pecies, aqueous effluent and reactor rinse samples were also analyzed for sodium

(present in the sodium nitrate feed) and corrosion products (Fe, Cr, Mo. and Nij. Trace amounts

of corrosion products were recovered in all experiments. While iron and nickel have appeared

only at sub-pprn levels in all experiments, chromium and molybdenum have been present ut

higherconcentrations in both effluent and rinse water samples. At temperatures above 500 “C,

these species have been recoveredprimarily in renctorrinse water samples. These samples, which

were yellow tinted, we believe contain the hexava’-nt forms ot chromium (G04=) and

molybdenum (M004=). These species likely deposited on the reactor walls as sodium salts.

Sodium also precipitated substantially with carbonate species. Tineseprecipitation reactions are

supported by ion balances performed on reactor rinse samples. Such balances have been

successful in predicting naared pH values to within one pH urk Effluent concentrations of

SO&UQ bkarkmam, chromium and molybdenum decreased with increasing temperatures, which

indicated demasing solubilitiea with increasing temperatures. The absence of iron and nickel in

the nnsc effluent indirectly suggests formation of an insoluble passive oxide film on the reactor

surface. However,no rnetallographic examination has been conducted to verify this.

4. Corrosion by Hydrazine

We have also investigated W reactions of hydrazine with an oxidizer in SCW, We

chose the nitrate anionas tbeoxidizer to simulatereactionsof nitrogentctroxide, since we expect to
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produce nitric and II@M acid upon clissohNion of Nz04 in water. We expected the following

re=tion of hydrazinewithnitrate:

N#i4 + NaN03 + 312H@ + 3f2Nz+ 11202+ NaOH

A new Hastelloy C-276 rector was used for this mction, having the unique feature of

a vertical orientation, with the flow against gravity. This feature caused problems since one of the

products of this reactions is NaOH as shown in the above equations. NaOH is molten above

3CN)*C and apparently forma a separate, molten alkaline salt phase at the concentrations employed

(1000 ppm NaOH). This molten alkaline phase settled out in the bottom of the reactor, aided by

gravity and produced severe corrosion in this part of the rextor, requiring rebuilding.

A reaction was also run using nitric acid as the source of nitrate oxidizer using the

following assumed reaction stoichiomtry:

NzH4+ 2HN03 -> 2N2 + 3L202+ 3H@

With higher acid concentrations (pH=l) we again experienced sever reactor corrosion leading to

plugging. In this case the cmosion was confiied to the prehe ter section of the reaction tube.

C. CORROSION TESTING OF REA~OR MATERIALS

1. Introduction

Predicting corrosion rates for stnctural materials in high-temperature hydrothermal

processingenvironments is not yet possibledue to: (1) a genexal lack of corrosion data at elevated

temperatures and pressures, and (2) poor understanding of basic corrosion mechtisms in high-

temW.rature supereritical dense phase systems. The situation is further complicated by the sheer

complexity of the substances proposed for treatment, the variety of possible corrosion

mechanisms, and the wide range of operatkg pressures and temperatures and oxidizingkeducing

environments under consideration.

Nevertheless, in view of the need to identify corrosion resistant materials for the

construction of process equipment, we have initiated a corrosion testing and evaluation program.

We plan to investigate the corrosion resistance provided by sefml cloys, and hop to gain tin
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improved understand@ of the corrosion processes that are active in hydrothermal processing

systems.

Corrosive attack may occur via a number of mechanisms which may act individually

or in combination to render a particular material unsuitable for a particular process application.

Nine of the more common corrosion attack mechanismsinclude:

1)

2)

3)

4)

5)

6)

7)

8)

9)

Uniform corrosion

a) electrochemical
b) direct -k (chemical=tion)

Pittingcomosion

Crevicecorrosion

Galvaniccorrosionof dissimilar metals

Stresscorrosion cracking

Lntergranularcorrosion

Dealloying

EmbritLIenMnt

Corrosive wear.

The type of corrosion mechanism m.ive in a partictdar location is strongly affected by

the fluid phase or phases present. For hy&otheruml processing systems, it is necessary to

investigatecomosionmechanisms that might occur in the preheaterand cooklown heat exchangers,

as well as in the main process reactor. The preheater and cooldown hem exchangers will be

exposed to phases ranging from a cd liquklMurry at one end, to hot supercritical dense phase
with the possible presenceof molten salts at the other end. The cooler liquid regions perhaps fwor

ionicelectrochemicalattac~ andthehotter ~gions perhaps favor gas-phase oxidationklimt attack.

2, Discussionof Corrosion Testing Methods

& CouponTesting

In view of the variety of available alloys and pure metals, the number of known

corrosion mechanisms, and the mauy environmental factors affecting corrosion, our i~itial

approach was to try to reduce the numbe~of variables for study, We carried out a two-tiered

investigation: First, the weight change. caused by exposure to supercritical conditions was

measwed fur a varietycf smnplecoqxms to investigate resistance to unifonri comosion and pitting
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comosion. For these tests wc exposed sample coupons to basic (NaOH) or acidic (HC1) solutions
---

of increasing concentration. Second those materials exhibiting resistance in these tests were short-

listed for future, more rigorous investigation into resistance to other corrosion mechanisms. In

subsequent testing, the test coupons could be so arranged as to simulate tensilehesidual stresses,

welds, crevices, and contact between dissimilar metals.

An extended coupon testing program is difficuk to pforrn for the following two

reasons. (1) It is necessary to construct an experimental apparatus that can contain high-

temqwrature, high-pressure, and a variety of potentially highly-corrosive substances in a safe and

predictable manner for an extended perid and (2) poor reliability of delicate HPLC pumps and

precision high-pressure pressure regulators due to the corrosive, non-homogeneous nature of the

fluid media

In the interim while we considered ways to build a safe and reliable test apparatus, we assembled

a temporary comosion test apparatus as depicted in Figure71 and Figure 72, and obtained sample

coupons of a wide variety of alloys and pure metals. Our temporary appmtus included a 1/2 m. id

x 20 in. long 316ss tubular nmctor vessel and 6,M10psi-rated Tescom regulator. Sample coupons

are approximately 0.25 in. wide x 1.375 in. long x 0.0625 in. to 0.125 in. thick. As a safety

precaution the high-temperature components were located behind a Lexan barrier in a limited

access area.
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Effluent

Figure 72. Flow schematic of SCWO corrosion test loop.
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The nominal composition of alloys tested to date can be found in Table 47,

TABLE 47. NOMINAL COMPOSITION OF TEST ALLOYS

Alloy Cr Ni MO Co W Fe Other Test Status
%%%%%%

Haynes alloy HR-160 283702902 NaOH test

Haynes alloy N 6 71 15 0.2 0.5 5 1.0% Si NaOH test

Hayl.lesalloy 230 225725 14 3 NaOH test

]nCOlld625 2162 9 1 0 5 3.7% Cb NaOH test

htC~Oy C-276 16 57 16 2.5 4 5 1.0% Mn NaOH test

A1203aMte41 Ultim 26 9 5 54 2 3 NaOH test

Haynes tliiOy 214 1675 0 0 0 3 4.5% Al

HaynM a~Oy 556 22 20 3 18 2.5 31

Haynes alloy G-30 28 43 4 5 1.5 13 1.5%Mn

Hastelloy c-22 22 56 13 2.5 3 3

Haynes alloy HR-120 25 37 2.5 3 2.5 33

h Corrosion by Basic Solutions

High concentrations of PEP’s may be safely introduced into hydrothermal

processing reactom by first hydrolytic tlMmaterial in a basic solution of NaOH. Base hydrol ysis

produces water soluble materials that can be pumped to high pressure for hydrothermal

processing. Due to the caustic nature of the hydrolysis products, there k a need to identify suitable

corrosion-resistant structural materials for the reactor that will hold up in caustic environmems.

The required concentration of bu has been observed to be as high as 1,0 M. We decided to

examine ccmwion resistanceto NaOH solutionsof increasing concentration, without the presence

of an oxidizer: IIIview of the low concentrations of corrosion products previously observed wi[h

basic solutions, it was felt that the 316ss reactor might allow testing for a reasonable period.

Operational limitations imposed a maximum coupon exposure time of 5.0 hours. Based on this

exposure time, the sample coupon surface area and maximum sensitivity of the precision

laboratory balance, the corrosion rate resolution could be as low as 1,0 milslyear equivalent weight

change. The results of these tests can be found in Table 48, asfollows:
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TABLE 48. AVEIUGE COUPON WEIGHT CHANGE

[Na+],ppm 2.29 22.9 229 458

Theoretical pH 10 11 12 12.3

Hastdoy C-276

Haynes Alloy 230

Inconel 625

Haynes Alloy HR-160

Haynes Alloy N

AKh+oated Hwnes Ukimet

-0.002% 0.023% 0.028% !3.046%

0.003% 0.019% 0.046% 0.092%

41.006% O.MM% 0.026% 0.025%

-0.003% 0.017% O.MKI% 0.011%

0.009% 0.(M4% -0.010% 0.050%

0.135% 0.046% 0.374% 0.43090

From the above it appears that the coupons tended to gain weight during the test.

All coupons experienced an increasing weight gain with increasing ma+], except for Haynes

Alloy HR- 160 and Haynes Alloy N. Comparison agaiast Inconel 625 is considered importan~ as

this alloy is currently prime candidate for pilot-scale plant fabrication yet is expensive and difficult

to source in the required structural shapes.

Testing was interrupted twice due to reactor leakage. Disassembly and inspection

of the inlet cone-seal insert revealed several fully-penetrating radial cracks. lt is important to note

that cracks occti in both 316ss and Hastelloy C-276 inserts. As cracking occumed shortly after

switching from deion.kl water to pH= 13 NaOH solution, we believe the cracks to be caused by

the concentrated NaOH environment. Out of concern for the integrity of the 3 16ss reactor. we

chose to limit testing to pH<13.

During each test we periodically measured the pH of the test solutiGn and

effluent. We noticed that the pH of the effluent during the test never achieved the same value M

the test solution pm and on flushing the system with deionized water @or to cooldowrdshwdown,

there was a sharp increase in effluent pH. We concluded that the NaOH was largely insoluble in

water at test conditions, and was separating out as a molten NaOH at the bottom of the reactor

vessel. Consequently, we cannot determine what fluid phase (or phases) the coupons have be

exposed to, In view of this, we now believe that the chosen experimental design is not suitable for

corrosion testing under ~potentially) multi-phase supercritical conditions. However, the test

apparatus can and will continue to be used for corrosion testing under single-phase subcritical

conditions,
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c. Static Corrosion Test ApparanM

We have &signed an alternate test apparatus for testing under all conditim.s,

including multi-phase stywcritical conditions. This apparatus is depicted in Figure 73. In this

dcsi~ instead of using sample coupou wc arc fabricating replmxablc 3/8 in. od x 18 in. long

tubular reactors horn a varietyof candidate alloys. TulM id will be ~ned to prochxe a snsile

Smattki.t uxzwalineutodw maximum ASME allowabk tensile stress for the test tem~rature

and prwure The system is designed to allow testing to l,(XM)bar and 550 “C. By making the

m-actortube itself out of tk caudidm ma&@ we avoidtheexprirneatalproblemstited with
multi-phasescgrcgatiomandat tk ~ timepamit investigationof tk mamials resistancem a
farwider andmom realisticrangeof corrasionmechanisms. The reactortubeswill & charged
with tk iux.ualwaste or waste simulantat design temperaturesandpmsurcs, and held at these

conditions fcwcxtmded periods of up to sepwra.lweeks, or untiltub failure. To avoid problems

mated tith pump reliability and plugging of P-LUC m@.toI% wc p~ to m~~ s~tic

pressurcvia anintensifk. Ifde&ruL theai.rpressum totkin~dtk -@temperate

can be cycled for fatigw testing. We can also cond~ct extended testing with difficult-to-handle
W8StCS,such as sI- that wouldOdlCWk present pumping ad plugging problems which are

d.iflicult tO*atti SmaJ.l-scak TkdesiguallOWs tkpeliOdkrCCblrg@ OftJKSYs~witi

fresh fluid. Wewi.ll also beableto inscrtumtmssd wi~ wi.ru of various advanced materials

and noble metal alloys which are being considered for unstresmxl internal system components,

such as l.i.tms and ~ elements. Upon completion of tk spilled teat pcricd the reactor tube

will lx removed and seztiotd for compcknsivc metallograph exami.natim
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SECTION VIII

SALT VOLUBILITY STUDIES

A. INTRODUCITON

The volubility and phase behavior of compwrds formed in base hydrolysis of propellants

containing metallic aluminum is an important aspect of the treatability of such propellants in a

hydrothermal system Volubility depends in a complex way on the temperature, pressure, and

overall cowqwsition (number and concentration of species). Salt volubility generally increases with

increasing temperu.rure; exceptions are salts such as carbonates which exhibit retrogmde volubility

khavior. The ternpraturc of a hydrothermal processing system is determined by maximizing the

destrwxkm efficiency of the hydrolyzed prqdant components (which generally occurs at higher

temperatures) while minkbing corrosion and other unwanted reactions (nitrate formation).

Unfortunately, tempmture dependent scdubility data from the literature does not generally extend

to high enough temperatures to be in the “hydrothermal” range. Another difficulty is that the

optimum hydrothermal prmessing tempraturc may be less than the liquid-vapor critical

temperature (Tc) of the solution, which adds the complexity of multi-phase behavior. Predictlort

of salt behavior for multi-phase conditions requires volubility data in both aqueous and vapor

phases. Pressure determines the density of the hydrothermal medium which in turn grea(ly

influences salt solubilities; increasing tbe pressure increases the density, which in general increases

salt volubility. Finally, salt volubility is detenn.ined by the solution compo$itin. Base hydrolyzed

propellants are complex, mukicomponent solutions containing a wide variety of ionic s~cies. A

reasonable appmsch to handling this complexity, however, is to focus on the volubility behavior of

those components which are highest in concentration in the hydrolyzed pro@hmt amUor arc

expected to be leastsoluble, based on knowledge of volubility at lower temperatures. Data for

selected two- and three~omponent systems should prove valuable for predicting the behavior of a

multicompotmt system. We have therefore chosen to study the phase and volubility behav !or of

the two major componcnm expected to be the least soluble of the products of base hydrolysis of

aluminum-bearing propellants. These are 1) aluminates from the reaction of aluminum wl[h

strong base, and 2) carbonates from the base hydrolysis and subsequent hydrothermal oxidation of

the organic component9 of the pro@hnt.
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B. PRODUCTS OF- BASE HYDROLYSIS OF ALUMINUM-BEARING PROPELLANTS

1. Composition of Aluminum-BearingPropellams

CYH is a typical aluminum-bring propellant. The composition on a weight basis

is approximately as follows:

ammonium perchlorate (NH4CI04) - 11%

aluminum - 21%

energetic materials - 68%,

The energetic materials are HMX nitrocellulose,and nitroglycerine. We have hydrolyzed a small

amount of solid CYHin concentrated sodium hydroxide solution at room temperature, followed

by heating to the boiling point for thirty minutes, after which no further reaction was evident

(Reference 41). No attempt was made to analyze the gases evolved during the reaction, but the

remaining solution was analyzed by ion chromatography. The products relevmt to the volubility

studies am discussed below. Our studies of the solubil.ities of these products under hydrothermal

conditions assumed that the solution produced in the base hydrolysis step is hydrothermally

processed without further trcatmn~ for example to alter the pH or remove the aluminum.

2. Products of Ammonium Perchlorate Hydrolysis

Ammonium ions react with strong base to produce ammonia and wate~

N~C104 + NaOH ~ NH3(g) + H20(I) + NaC10,4(1)

Since the solution is boiled in the last phase of base hydrolysis, most of the ammonia produced

leaves the soluticn as a gas. The perchlorate ion does not react with base under hydrolysis

conditions, so b net effect is to convert ammonium perctdorate to sodium perchlorate, which is a

hi@y soluble sak

3. Products of Aluminum Hydrolysis

Base hydrolysis oxidizes aluminum metal to the 3+ oxdation state. The presence

of excess hydroxide causes the subsequent formation of “aluminate” ions, sometimes written as

A102-, but more properly written as Al(OH)4(HZO)2-. We will abbreviate aluminate ions as

A1(OH)4-.
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Al + Na.OH + 3HZ0 = NaAl(OH)d + 1.5H* (2)

sodium Edumimlteis highly soluble in water at mom temperature, particularly in solutions of high

pH, since high pH suppresses the formation of the insoluble compounds gibbsite, AI(OH)3, and

boehmite, AIOOH.

AI(OH)4-(aq) = Al(OH)g (s) + OH-(aq) (3)

l%l(or+)~-(aq) = A.130H(s) + OH-(aq) + HZO (4)

It is important to maintain high pH since Tikhonov (Reference 42) reports that, at low pH, the

aluminum hydroxide gradually converts to bocbmite at room temperature, and boehm.i, ? converts

to alumina (A1203) above 600 ‘C. [The above discussion is somewhat oversimplified since

A.I(OH)3and A.IOOHexh have two isomers]. The reaction sequence

alum.imte * gibbsitc * boehmitc * alumina

would cause severe plugging problems in a flow reactor since the last three species are highly

insoluble at low pH. A much more favorable situation exists at high pIi. Apps and Neil

(Reference 43) measured the equilibrium constants for reactions (3) and (4) between Oand 350 “C.

They found gibbsite and boehm.ite to lMhighly soluble in basic solutions, with volubility increasing

with temperature along the vapor saturation curve. Extension to temperatures above the critical

temperature of water is not straightfommr~ however. The presence of dissolved salts raises the

liquid-vapor critical temperature of the solution, so that multi-phase behavior is possible at

temperatures well in excess of 374 ‘C. Also, the dielectric strength of water decreases

dramatically with increasing temperature and decreasing density above TC. Therefore, salt

solubilities are expected to decrease with increasing temperature, regardless of whether the system

is a Iiqui& vapor, or supercritical fluid. Data in the literature arc nonexistent for the system of

interest above 350 ‘C. New experimental data arc required to ascertain whether aluminum salts

will stay in solution during hyd.rotbcrmal processing,

4. Productsof Energetic Materials Hydrolysis

The carbon products of hyd.rcdysiaof CYH are mostly acetate and formate ions, with a

small amount of carbonate and several less abundant unidentified species. Most of the niuogen is

evolved as gas (NH3, N20 and N2); the remaining nitrogen is in the form of nitrite and nitrate

anions. Slightly less than half of the cartkm and nitrogen were accounted for in the solution, the

mst presumably having left as gaseous species.
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The carbon- and nitrogen<ontaining species resulting from base hydrolysis are ~ot the

most stable products pssible; they reflect the fwt that base hydrolysis was carried out at relatively

low temperature. and equilibrium was not reached due to kinetic considerations. In studies of

hydrothermal oxidation of organics at LANL (Reference 44), incomplete oxidation to form species

such as acetate, oxa.late, and formate ions is often observed at temperatures below 400 ‘C. At

temperatures above 44M‘C, however, conversicm of these anions to carbonate is virtually complete

in a few seconds or less. Under these conditions, nitrite ions are effective oxidizing agents, the

nitrogen ending up as either N2 or N20. At slightly higher tempaturcs, nitrate ions are similarly

good oxidizing agents. The conclusion is that base hydrolysis of CYH propellant, followed by

hydrothermal oxidation, will convert all of the organic carbon into either neutral spcies (g*s) or

carbonate anions, while all of the organic nitrogen will end up as neutral species or possibly as

unreactcd nitrite and nitrate anions. Nitrites and nitrates are in general highly solubie and are not

expcted to precipitate under hydrothermal conditions.

c. PHASE BEHAVIOR UNDER HYDROTHERMAL PROCESSING CONDITIONS

1. Basic AJuminate and Carbonate Solutions

Having determined that ahuminate and carbonate are the species most likely to produce

precipitates in the hydrothermal prmessing of base-hydrolyzed CM-I propellant, we now turn our

attention to the phase behavior of basic sodium aluminate and sodium carbonate solutions. It is

well known that the liquid-vapor critical temperature of a solution of a nonvolatile salt in water is

higher than that of pure water (374 ‘C). For example, Urusova (Reference 45) found that a 2.9

molar solution of NaOH had a critical temperature of 450 ‘C. A study by Marshall and Jones

(Reference 46) showed that the elevtion of the critical temperature for solutions of many common

salts is in the range of 2$65 ‘C for 1.0 molar solutions. Because a base-hydrolyzed propellant

solution is expcted to have a large excess concentration of sodium hydroxide, together with a

large amount of aluminate and other dissolved salts, it is likely that the liquid-vapor critical

temperatures will exceed 450 or even 500 ‘C. Hydrothermal processing will probably take place

at a temperature in the 400-500 ‘C range; that is, processing may take place at subcritical

temperatures, utdess the feed solution is diluted to avoid this possibility. The numlxr of phases

that the system can partition into will be determined by whether the system is above or bel’.w its

critical tempature.
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2. SolutkmsBelow tk L@id-Vapor CriticalTemperature

~~~~a~lub~wytimmm~wddk~~a
highpmsure into8katedrext0f. JkJtempcratu rcinmases at eonmnt prewre, density @ence
dielectric Ccrtstant)&meases and salts may beeomc less soluble. [Some salts exhibit retrograde

Volubility beha*, that* tkir Volubilitydecmasu with temperatnm ewn at constant density.] Lf

volubility Lm.its are exccedmL ‘olids or molten salts will qxarate from the acpous phase. M

tem~ratum continws to ~ the vapw pressure of the solution may exceed the applied

~ and a vapor phae will appear. Stic the volubility of b salt in tlw (less dense) vapx
phase wWhclesa thanthatin&~ueoua phase, tlwqwtupha mwiiltimc rnoreandmore

concentrated in salt(u.rdessit waa alrcadv ~~ in which - more solid or molten salt will

separate out). Lfthe vapor pressure of the remaining solution k h.igkr than tk applied pressure

wl-m tk maximum tcrnpwature is reacw tk aqueous phase will disappar entirely, leaving a

solid or molten salt phase imxqmating a small amount of water, and a vapor phase consisting

mostly of water with some dissolved salt. The existence of solid or molten sait phases wdl

degrwk the @ormaneo of tha reactor by causing plugging and excessive corrosion. The

following eonditiom should k met in orckr to avoid k ~Dk 1) ti volubility limits in the

aqwas phase should rmt be cxceded; and 2) h applied pressure must be greater than the vapor

pmmd~~~~~mtihov~r-cmfm.

3. SolutkmsAlma tk L@uid-Vapr CriticalTenpraoue

If the conditions outlined in the previous section have been met at the point in the

reactor where the solution is just below the critical tempcra~ the system is a single

homoge~us aqueous phuc. ~ the temperature increases kyond Tc, the system changes

smoothly and continuously to a supercritical fluid with all salts still in solution. As temperature

contirwa to i.nmase at constant pmsu.rc, however, density (krtce salt volubility) decrewws, and

again solids cw molten salts may separate OUL Thus, even at supercritical temperatures, it is

necemary to kep ti pressure (hsity) high enough to keep the salts in solution.

It is clear that several kinds of experimental data are required in order to design a

hydrothermal mactm for aqueous salt solutions:
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In tk foUowing sections we discuss experimental results pertaining to each of the

above categories fcubaakcmbona@ andal~ solutials.

D. SOLUBIIJIY AND PHASE EQUILIBW MEASUMMENTS

1. ~td TdUI.@CS for tk Study of SolubUity and Pke Behavior

Two experimental approaches have been employed to study phase betuivior and

SOhlbd.i& in hydrotkmnal SyStCmS. (k approach uses an OfMid w~ to Obll’C t.k bCtMViOrof

static solutioms as tky arc heated under high prea,ue. By ckeasing the applied pressure at

constant tcmp’aturc, phase changes (crystdlizmion of solia apprwre of molten salts, vapor-

I.iquidqdlikia) can be okrwd visually or by tkir efkt m tiMopical ‘nnsmkion of the cell.

~othaappnxh ~apackd-bed flowtubcto measure salt sohbililk .Solutions initially at

room tcm~falnrc are pumped at high pressure into a - pwked W, after wkuch they are

cooled and passed thruugh a preswrc letdown valve. If h salt concentration entig the packed

bed exceeds the volubility 2: the final tunperamrc and p~ salt will pmipitatc in the bed and

the solution exiting h? cell Wiu h Wurated with salt. Inductively coupied plasma spct.roscopy

and acidi.mcmic tiuaticm analysis of the effllmt stream gim a direct measurement of salt

concemmtion and hence volubility. This method probably winks M for salts t.hafseparate out as

solids mtber than molten salts, since molten salts may partially or completely flow out of the

pildd bed and b redissolved in the cocddown section. Since tK)thsodium aluminate and SOdlUtU

carbonate have very high mclmg poiu~ t,ky wiU sepamIc out as solids. Sodium hydroxide, cm

the other haI@ is molten at tlM temperatures used in this study. In pi.ncipl~ the packed-bed

method works for sub or supcrcritical temperatures, and for any pressure, with one possible

exception. U the temperarum is sukitical and the pressure is in tk tw~phasc liquid-vapor (m

liquid-liquid) rcgi~ them is no direct method for disti.uguishing what fraction of the fluid 1sm

each phw, and so t& sohbil.ity cannot k found lltW1l’bi@lOlldyin either p-.

The optical cdl was fabricated from a commercial 4-way cross (Hi-P) made for 1/4 in,

high pressure tubing, measuring 1 in. x 2 im x 2 in. , ❑ade of Incornl 625 alloy. The optical axis

is in the orthogonal direction to both pairs of tube fittings on the crou Diamond windows are

pressed into cone-shapeddepressions in the bottom of wells that am machined into “hefaces of the
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crow Thin (0.(K13in) gold W* bawcn tlM diunonds ad dM cell wall-aal’.ow the f~ted

dhmcm&m*a~ti@d lkd.iamond.s are~-tip~widi~bkb

mMkfrom~ 718. Spring w~aI.SO m.adcof I-ncn@ 718, areudtocompnsatefm

tk diff~ m tkrm.1 cxpa.nsicmbetween diamond and l.nconeL keeping nearly constant

Prcssun: onhcpusber blocks a.sti ccllishcated up. Fluid isconvcyed intoand outof tic.ell

by I.nmnel 625 tubing COilB3Cd totwoof rhcporuof the cross Atbirdpon houses aty-pe K

dmnowupk W f~ @mpcmtn.mC~~~ which h h! in Cl= ~xi.mity to dM region of

the cell nur * window Tk fourth port on t-k crcm is plugged The cell can operate a

Kmpranlrut tpto@x)YmdprCsSlm Uptolmatln

W changes in& cell arc monitored by two coaxial optical systems. A whiw-light

sourccentm tkccllfromthckft- tit&rigbL alcnsfmmsam@fied imagcofonc of the

diamond window8 on a color CCD camcm By means of a karnspl.ktcr, a kclium-~n (HeNe)

lasa i-sp- through tlM cell from ti/#tt-t@H and 8nm.kr Im.m.@Jtlu is uxd to deflect the

tramaniued Wlm.rntoap40toditi .W~Dcmati~tiablu~timbl~k

xalImdk lighcadtk@Wtodicdc Kqu.ippcd withabandp.u filterto dkbhale against

white h#t.L w CCD C~ CM@rfdtOW’3vimd 0~ of ph.am changes, which can be

-inseveaalwa~ ~solidpmcipitam fromsolutiom cryst81amay bescmgrowingon Lhe

wcindowordropping owofthe bulk oftksoluticm Asahwhich isa.tatunpmarurc above i~

melting pint will somdmea be okrved to aepamm out M a molten Liquidblob. When a vapor-

liquid equilibrium is csubl.i:w density gradients will be seen propa@ng across tie liquid

ph~ and sometimes bubbla are ~ The laser diagnostic M particularly sensitive m Lhc

q~ofavwp~ W@~tiWM~mUpkMlo~Mtiava~r

p~a.ppeamthcber~ Lhrough t.k cell drops abruptly, allowing tbe v~r pressure

tokdetmli.nd ~andrqmxkibly.

sodium aluminm and sodium carbonate scdubility WUM were also performed m a

packc&lx5cl flow s.ppntm shown sckrrmlically in Fqpre 74, Ptim~ feaxnx of the appa.rmu

irdude a ~ticm followed by a @ed be4 in which salt ~pitin owurr@ and hen a

100 micron high tcmpcratum filter to capture ptipilau TIM PWM kd con.wsted of a

nlicrorc.wXcKmnmlW@d frmn 6 in. of 1 in. od (0.5 m id) Lnconcl 62S t~bi.ng with cone closure

at c=h end W i.nmuel volume of the mkmcacm is19mLandwM packed with0,25Lnto05

m. pines of 0,3125 in. od Inc-otMl625 high prc.ssurc tubing. Shn.i.ldy , the high t.emperamre

filter WOSCO~XtCd of hcoml 625 and housed four 0.75 in diameter 316 stainless St&i smcered

falter discs. All tubing m h hot sections of h apparuus was co-ted from 0.25 in. od C276

high pm-s-sumtubing.
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figure 74. Packed-&d flow apparams for salt volubility studies.
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Scdubi.liw cxpcrirnczma were conducted by hcali.ng the app-tus with pressurized

deio~ water. When tlM fluid tcmpcratum at the exit of LIM fdtcr rcackd LIE desiied

ex@.rnmtal vak, tk influcnt was switched to tk feed salt soluticm. A.&r allowing the system

m ftti with the fd dt w1* f~ 15-20 mimm, the dfkm WM CO1.kmd iGw tirh HO

headspace for2t03hours. ~y,5m7-pk=a~_g=hexptientmd

tHIIpCIUU Ubd~Cb WCrCrCCOKkdCW=y5Uli11- A&tklxt sampkvialwm f&d,

allheatem vmmtumxi offandarecimuMng watcrti.nm -initiatecL Th.iswatcrtiwvedto

collect &XIolym and c-cml&m - wtih ~piti M high tem~, but which again

became solubkss dM~ m to ambknt conditions.

2. Optd GUStiof Bti AJu.mirw@a.nclCadxmtc SoIlximlSolubi.lities

A series of scdutiotu with varying aluminalc or ca.rtmnatc conccnrracions were made in

1.0 molar sodium hydroxide solutions. TIE choice of unit molarity for sodium hydroxide was

sorncwhaI a.rhtrary but reflects the fact that hydroxide is present in exc=s in the products of b=

hydrolysis of propellants, and the fact tit hydroxide ion has a large effect on aluminate and

cartmnam volubility. The solutioru that were tested are listed in Table 49.
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TABLE49. SCKUTION COKKkSrllON (MOLAR CONCiNITATIONS OF

suBsmuENm) FOR VOLUBILITY SKnxES

Sodilm sodium KdRum

hydrox.ick

0.5 1.0

2.0 1.0

0.1 1.0

0.2 1.0

0.3 1.0

0.5 1.0

-r(w) Pv (psia)
I

0.5 molar aluminate 2.0 molar aluminate

375 2930 2844

4011 3826

425 5203 5254

450 6597 7018

475 SUpacn“tied 8751.

It is cor.duded that sml.ium aluminate is highly solubk in bask solutions at sufficiently

high pressures, whether or not the solutions arc above their critical temperatures. Aluminate is
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~~rnl.Om** h**tititi~yfmdtiu

Soluticm.swhcntiup undcrhig,hpresxure (~tiY lQOCKl* in thew experiments). For

Lkmmcmccmam dsoluti W_started togrowkforctlmfi.d &npermm WMreXhe4

ma.kingtbcel.l partidly~ %timcwcdilutesotuti~zk~ Cou.ldtxkin

titi~, btia~-~tid ~tim~tiu~~ti~mw

lm’crcxL aamoimsaltpbe(s.mj~ as.&dpbe) -tosepuaJeouL -1-k

pm=surc atwhich tbia~clunge occumedcouldnotbc~ yo&elVed withoLlroptica.1

Ln most c- it was nol even clear wlmtber the sysum was above or below the

liquid-mpor critical temperature. T’hcrefo~ the experimem W8,S*. in a different manner.

startiq lvithadi.lme ((klmolar)~ solutiq dlecell waShatedupto475 walaprwlrc

of 10,MK)* Va’y Me ~ waS9eal tighcamp andnocrySmls grewont.kw indow

Un&rtk$eanxmolm cUbOnate coWUltmtion WMtkl “ImxcUOd inslqks a.nddwexpirnent

repeatc& until crystal grovvthwu obsemec!duringq. I.ndisway itwase-stimated chti

scmiiumcarbutesolubility m l.Omolu N@Ha.t475T and 10,OWpsiais ktwecn O.3 and O.5

mohr. SoIubiiity ~ with increasing prusuKc mtdklr cksmuing tempera.tm (retrograde

m~ imJwi@.

SiJMXit is likely that the sodium hydroxickccmcention infkwes sodium carbonate

scdubd.ity,we Mxt M a series of tests in which cdxmale co~tralion was kep freed at 0,7

molar, and sodium hydrox.ick concentration w krcased in ~ slarting at 0.7 molar. As in he

PWh3US m & SdUtiOllS wcrC k-a.ted to 475 ~ Whi.k kld al 10,CMKIpsia plCS-SMC.The results

were dmmaric, and showed t.h hydroxide has a large @rive imfkncc on carbonate volubility.

At hydroxide concentrations of 0.7, 1.4, and 2.8 molar, solid sodium carbonafe was seen co

crystallize out of solution during the heat-up phase, much as in the previous tests. At higher

hydroxide co~ntralion& however, the behavior was qualitatively different. The solution

rema.imxl as s singk phase liquid throughout h h.eatup pied, with no precipitation of sodium

carbonate e- When LIEpre.nure was lo- the liquid qpeared to Ml at a pressure of

~p’fo~y 7~ psk ~t no sodium ca.rbonale precipitate was observed At dw intermediate

hydroxide concentration of 4.2 molar, the mo~! interesting bdmvior occurred. Again, a single

phase solution nx,.dted a5475 T and 1O,(KH3p.sia. When W pressure wm dropped to about 9040

psk however, tbe system segregated into two liquid phases with a ck.ar horizontal line separating

them. Agti no solid carbonate precipitate was observed It appeared that the upper of the two

Liquidphases was mostly queous, while the lower behaved as a sodium hydroxide ‘melt”, albeit

with a large amount of water in i~ since it ~cupied a significant fraction of h cell volume. A

186



3. sum.mqofsolubility 811dP'h.amReb'ic#studima.t HigbDcrwity

Tk sdutmhty of smhum ca.rtmrmtem ckruc, high pH, subcmca.1 hqmds has been

s&ownto vary strcmgly wttb lern~ ~ and compontum. Thu precqntanoa and

~ @u~g d= to CMbCMIA&m~y be of concun m a $ys&m trcmmg base-hydrolymd

pt’opeh ~ ~ ofe~ hydIUXldCcrcaies a “nmh- ~ m wbcb cadnmae smubdq

Is dmmmally CnharKd. Howevcx, km IS● mngc of prwurea owrwhlcbtkmeltpm can

COCX.utWIth8DkqH)41S~ Itwmddappcar to bcpmknttocqmm ●reamxtibg.hcnough

f=ssUre toatiticoUls@=X oftwol.qlud~ Ata@m~of475 T,apessureon

tbeor&rof 10,(lX)paa wcnddbcrcquxrcd

sodium ahlminatc Sohlbility was found to be high in & SoluIiolls a.chydrothermal

tanpm(Rrca d lx=$l=x*timm~b8.1~ brrl bhydfolyzed ppcl.lants

wiupnxipita& ulmgaStlMpmW.rcoft hcsyS&mcxGccdSthc SUUration Vaplx prewlrc of the

solution.

Hydrothermal pmcasing of conoentm.ted ekctrolytu b &n 5h.own to require that

reactors opratc a.t very high pru$urc to ensure volubility and single phase behavior. High

pressure equipment b more costly and more subject to cornxicm than equipment opmting at

modem.tepusures Ad=nkmtiuE &mlu~m&~wkhd Wow tie

salts to remain solubk at lower pmswres during hyd.rorlxerma.lpccssi.ng. To evaluate h

tradeoffs between high- and mockrate-prcsure pmccsing, wc have undertaken a study of sah

solubilitiu ti hyd.rotkrna.l tempcmn.ms and pmwrc-s in the range of 4(KB8CD0 psia- We now

turn OUIamntion to solubi.1.ik meawued iii hese low density, sqxrcritid fluids-

4. ~@ Ternpmrc, LOW&nsity Salt sohid.ity Stud.iu in& Pxked-Bed ROW

sew-al measurcnxnts were made to cktermine sodium a.lurn.imc d sodium carbonate

volubility in supmxitical sodium hydroxide solutions as a function of temperature and pressure.

The feed salt solutions for t.kse expedients were IUde in 0.1 molar sodium hyd.roxick with l-r

quantities of either sodium aluminate or sdium hydroxide. Once again tie choice of 0.1 molar

sodium hydroxide was arbitrary but in this c= WMselected w LIM supercritica.1 lxhavior could
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kacl&vedat dMmqmmrcswud.ied(400-47sm. ~ccalltbaf aadkmlssdprcviously, the

cri~~ ~ of a 2.9 molar solution of NaOH k dewed to 450 “C. However, based on

cx@.mmltd ~ , tlw titical tcmperamre of a 0.1 molar NaOH solution is less than 44X)

T.]

Carbonate and hydroxide concentrations were detmmincd by acidimetric titration and

aluminum and sodium conccnrrations were determined by inductively coupled plasma

~~. With the cktcti COIMXlltI?ltiOIISof ~ species in effknt sarnpk.s the volubility

of sodium Am.@.@ and sodium carbonate wem Calculaud. Volubility valus wcm derived from

efflmt cmcummioru of ahlmime andcarborute, rwk thansodiu kxme additional dim

was adckd (NaOH) to b feed soluti~ The calcuhteu volubility values rcpme.ru the quantity of

sodium al~ or sodium carkmatc that was soluble in ti wprcritical fluid phase after exiting

tlx high ~ -.

Table 51 shows the results of the packed-bed flow apparatus volubility studies and

confirms thaL as anticipalecL tk Suprcaitical phllw Sohlbility of b electrolytes is very low (< 3

#kg) at that rclahvcly moderate prwum. Tempcraturca and pmssurw were determined from

chc averaged of 6-30 readings during the cow of t!w~ri.mca Rcpcrtedsolubi.litics arc the

avc~ from analysis of 5-7 samples collected during each run Th reported uncertainties arc

givalru twotithecdmatcd smndarddcviatioru

TABLE 5;. SUPERCRITICAL PHASE SOLUBIHT’Y OF SODIUM ALUMINATE AND

SODIUM CAREONATE IN 0.1 MOMR SODIUM HYDROXIDE

e.ktrdyte m prwnlrc (psi@ Volubility(nlfykg)

sodiumaluminate 399.7 k 2.6 5045*34 201 &34

424.9 & 2.6 5112*123 1,82~ 38

450.1 A1.8 502s&48 75*12

475.5 & 1.8 5026 ~ 37 59&6

L 450.2 ~ 0.5 68CK)~ 158 1530 ~ 82

450,3 f 0.2 7926j 312 2284 +68

E. CONCLUSIONS AND RECOMMENDA’TIONS

Presently, the available volubility data for sodium aluminate and sodium carbonate cover a

very small part of the range of temperature, prcssum and overall composition tit arc possible. At

the highest pressures, the data are scmiquantitative; only lower bounds on volubility may be
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establ.iskl A few general conclusions are obvious, however. llrs~ the pressure (and its effect

on the density and ~) has an enormous effect on salt Volubility. Typical solubi.lities at 450 “C

and SOCK)@a arc on the order of grarns/kgH20 or less, while at 4S0 ‘C and 10,000 psi~

solubi.litk am on tk order of 1~ gnumdkgH20 or more. ScconcLexcas sodium hydroxidecan

have an enormous efkct orI scdubility, presumably by the creation of a “melt” phase. This effat

was particularly pronounced for sodium carbonate scdubility. The data strongly suggest that

hydrotkmal prwessing of b-hydrolyzed pro@.MIts should be carried out in concentrated

SOhltiOllS at hi@t ~, tks@c k increased Cost and “uuxead corrosion rates that might b

erXOUnKd.

?lM @-bed apparatus has been upgraded and is capabk of bridging he gap bemveen the

low- and high-pressure data now available. It is =om.mended that quantitative soiubility

measurements for the various compo=nts of base-hydrol~ propellants be extended into the

high-prusurc rcginm. The effect of excess hydroxide ~n the solubilities should be carefully

examined Thuc studies would provide data for t& duign of a demonstration unit for the

hydmkrmal -g of actualbase-h*l@ pro@ant SOI*
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SECrION IX

THE41RYAND MODELING

A. INI’RODUCT’ION

Design of an- hydrotkrmalprocesing rcmor systemrequire knowledgethatincludes

rates of tk et chemical reaXions, tbennodynmnica of tk reactant-pmciuct-solvent system,

and dynamics of fluid flow in the system. Suh knowledge provkka input to a process model

used to optimize design with respect to performance andlor COSLdepending on the desired

objectives. In this section we report significant progrcsa in the areas of mqui.red knowledge, and

in prel.imimy pnxe3a modeling for opimhtion of perfmrnam#c.wL

B. MODELINGOF lWlllOMEIHANE REAC1’IONKINEllCS

We have had an ongoing interest in * mmkli.ng of rctiona in suprcritical water, as

this should f)fovide in8i@t into b Ck.llk.d ~ and Ix)w by compare with those of Lhe

gas and liquid phases. Con.atrwting a detailed elementary reaction =twork for nitromethane,

however, is not a simple taak d~ to the siza of the mokmds and the many possible chemical

intermediates formal by the four stoma C, H, N, and O. An attem@ to develop such a mechanism

has been mmk by Dr. Carl Mcliua of Sadi.a National hboratoriea (Livermorc, California), who

was motivated by a desire to model the detonation of pure titrometham at ambient conditions

(Reference 47). We have adapted this m=tion mezhanhm for use in high-pressure water to

simulate the decomposition that occurs under b conditio~ used in our experiments (550 “C,

330 atm, 0.4 pcrcemtnitromethane in water, -2-s reaction time). Many of the m.action rate values

WC* taken from tlw combustion literature. Where appro@te, =tion mte constants were wt to

their high-prwmru limits; in some cadcu, fall-off estimatea were @ (R.cfcrencc 48). In a few

CM, rextioa, with water were added bca~ of their impmnce at high water densities. Apm

from than mdikadocu, however, thu -tion rnecti i8 amtdally a gas-phase mechanism,

with no attan~ to MXWWNformoku.lar clusteringorotkr pwibb “nonicbal”cff=ta thatmaybe

impo~t in SU~tkd water. ‘1’IMresulting ndurdam idu&a 44 chemical spwics and 214

reversible chemical reactioru. TIMoverall redon schunm is cbpictd blow. For several of the

chemical speci~ propcrtku and rc-wtivity are not known, and were cafimued by Melius using his

quallhtnl Chcm.isq techrdquw.
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Reaction scheme for Ntrometham (* Melius)

~ remdb of the mockl cabdations both with ml without additional oxidkx, arc shown in

Figure 75. At 550 T in supercritical water witho~t oxidizer, dmtruction of the nitromethane

occurs in about ou second, in excellent agreement with the experimental results described in

Section 111.Eof this report The model predicts that major products will be NO and CO, with

smaller amounts of CH4,CH30H, N20. CH20, and Hz. The products N2 and Cm are predicted

to form on a longer time scale (seconds to minutes) by furdm reduction of NO and oxidation of

CO. Wlwn an excess of hydrogen peroxide is added to tlMreaction mixture (10 moles of Hz~ to

1mole of nitromethanc), the m-action is predicted to prweed about 10 times faster. The carbon is

oxidized completely to Cm. Nitric oxide (NO) is still dw principal nitrogen producL but N@ is

formed as a secondary producg rather than N@, This occurs b-cause tie conversion of N@ to

NO is slowed by the excess oxygen, and production of the intermediate species HONO from N@

becomes an imp-t pathway (we the reactionsclwne abe).

Experimentally, when no oxidixr was added, N20 was obsetved in higher amoun~ than

NO, and no methanol or fornmlcbhydu were obsetwd, When oxidk was added, carbon dioxide

was the major carbon product. With some disagreements, then, model predictions and

experimental data show qualitative parallels. This agreement is mcouraging, considering the

preliminary nature of the retwtion n.mchanhrn used in the calculations. These results demonstrate

the valuable predictive capability of this type of calculation, especially in understanding why
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Figure 75. Calculated speck-sprofiles for the decomposition of
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diffm pnxfwts f- undm different condiaona. Additional work on b rcwtion mechanism

kneetkda ndmqprocluac loseraglemlcmtwith thcobservatioru

C. SI’EADY STATE OXIDATION OF H2 IN SUPERCRITKA.L WATER

‘Tk combustion of hydrocarbons in snpmritkai w- pnxkea the initial pmdIMM HZ and

CO, which arc further decompose-dinto H20 and C02 in complete combustion. Since tk

oxidation of H2 involvw perhaps tb simplest kktic& it is vay important to understand this

rewtkm~i nsupemitialwamr. Furtkxnq tkeismtwh ex@untaldatafor H2

OXiCbdOll (Ref&cnQe49) with which wc csn xqwc tk $tesdy sUtc kiulic &q.

~tion OfH2 i!.tSU~dCd W8tCri8 ~mt tbll DO- OXiCbtiOllat ~OSpbC*

Pmssure. NorTMIoxidation occurs at high tcmpemture >l(XMPCwhere the chain branching

rcAtions H2+O+ OH+ITmd W+02 +OH”+O” dcxnbm(Rd&uwe SO).Howcw, in

Supmridal vmtcrthe tanpermrebtoo lowtoacdvatu this~amlir.utmddle three body
mction H”+02+Hz0- HOZ”+H200ccxtm

Experiments show (Reference 49) that the global reaction for oxidation of Hz in
wpercriticalwata 2H2 + @ + 2H20 does not cbpnd cm02 ccwentmdon as would normally

bcexpcted. ~mabf~a hap~bya ~swd~ofbdetid

reactionkimtks whichk ckscrilmdherein

In Table 52 we show dM sevcmprimary reMMM for H2 oxidation in suprcridcal water

andtheirn~ The flrstfour rwcdonsare thefti Insteady state (for timcsofscveral

-&wlm~) titi~-ti~~ st*tiwofti=tw-dou. This

We@ simpw the &temh@oa of the sU8dy stste concermtiom because this equality of

rata @w the following rehdau:

(1)

(2)

(3)

(4)
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Because of tkse relations, tbe fmt four reactions in Table S2 produce as many intermediate

species (H”, OH”, H@”, and Hfi) as are consumed, resulting in tbc net global reaction 2Hz +

02+ 2H@

Equations (3) and (4) above give rate relations among the thmc spcch OH”, H@”, and

Ha which do not depend on OZconcentration. Mo, in Table 52 the remaining Lh.reereactions

(5-7) only involve these three radica.la and do not depend on 02. Tkeforc, in steady state the

three s- OH”, H02”, and H@z cannot dqwnd on Q concentration. This result has been

demonstrated in ~ (WbXWC 49). Fuxlkmr tk f~ relmion above shows that the

H“ c(.mculti iSil’l~y ~@Ottd to @ C~tl’llti~

TABLE 52 PRIMARY REACTIONS FOR OXIDATION OF Ha IN
SUPERCRITICAL WATER

ki = Afi e-~~

Re&xion Rate constant log A b E(kJlmole)

1.

2.

3.

4.

3.

6.

70

2H2 + 20H + 2H20 +2H

2J{+202+2M+2H@+2M

H@+H~+H202+@

H202 + OH + OH

H02+OH+H20+@

H~+H20+H~+OH

H202+Hfl-H@+H20

kl 8.33 1.51 14.35

k2 16.50 0.00 -4.18

k3 12.93 0.00 17.62

4 14.47 0.00 202.55

k5 16.16 -1.00 0.00

b 12.85 0.0 146.48

M 12.85 0.0 5.98

Solving *steady state equations for zero time derivatives of the four intermediate radicals,

one tirivw h global atedy state ram for Ha oxidation

d~a~dt = - 9.77x101O[H20]~ ~2J~ T exp (-232S9WRT), (5)

whereR-.8.31J/mob-~ T is the temperature in Kelvin, and tiMconcentrationsare in molwkc. In

Figure 76 we compare the steady state rate calculated from Eq. (5) with the experimental data in
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Refcmmce 49 using Lk @UCS ~~ = lb mole.dcms and [HzO] = 4.25xlCh3 molcdcms. Note

t-hattk aleady$l.s.@Aysi.s givm an upper limit to W oxidation me. This is lxcause tire is an

induction ti.rm fcwtbe reaction to mwh steady state which dccreascs with increatig temperatum.

A.. ~“Ctkimlwtion tirneis about 50seconds whemasat 600 Titi.sk-ss t.ha.nl second- The

datain Figum76wme col.lmedatti.mes les-sth.an 15ssoti rnusumd rateat 5M1°C is well

below tk steady state valm l%e rkorccical ixtivation energy d 232 kJ is very C1OSCto the global

steady state emmgyof 244 M found by Holgti (Reference 51). llw tkoretical value wu derived

dkdy from the individual- given in Table 52-

TIMhydro.p oxidation rate drove does not depnd orI @ ccmccntra.don but it does depend

on W 2/3 pwwer of the Hz concentration. This is ais.ocon&.stcmtwith expcrimen~ In Figure 77

we show tk data from Flgum 76 d 550 ‘C where we plot [H~zk vs time wkre [Hz]. is the

initial cowenrrntion of Hz. k &la are shown for three d.i.fkmt initial cmxmradm. The three

curvc$ shown fcwt.be k initial concentrations am found by solving equation (5) involving he

~~UC?bW. Notctha( wccanficrhedataby ~g m indwtion time of two seconds for all

tkdata

In conclusion we IMvecxplkitly deriwd tk steady stalu tivadon ~gy for the oxidation

of Hz in supemntical wmr and have show-n t-hat the ofidation dms not depend on the oxygen

conccntrafion but d.ependaon k Z3 power of tbe hydrogen conmmmtion, in agrezment with

ex@m.cotal results. TIM analysis given km illustrates tk si.rnpl.ifhtions that resdt whenever

steady state approx.immions are valid &a.riy, in future studies of mm complex mwion systsms,

Cxpk.th.m of potenkl steady state regimes is highly dcsirabk.

D, MODELIN~ OF CLUSTER DISTRIBUTIONS IN SUPERCNIICA.L WATER

TIE distributions of cluster sizes in waler vapm at tempcmtura Mow the critical pint and in

tie fluid above tlM critical point were calcuuted using equilibrium constants obta.hmd from a

Lh.ermodynamk mcdd for water clusters. Tk model uses information such as the entialpy of

vaporization of wsta, tk expd.rncnta.l bond strength of tlMd.i.rnor,a combi.twion of Debyc and

Einstein tefnpmtures that rcprcduca the heat capacity of ice, and tbu theoretical sttuctu.ms and

energies of a few small cl~ TIMcalculations WCMchecked by comparing to measured water

propches such u density md volume of the saturated steam and densities of the supercritical

water. TOmake tk cornpartson$ we &velopcd an ~mth of stare, a m~cadon of tie v~ der

Wads equation of state, that relates pressure, temperature and density in terms of the cluster

distribution. Cluster dhrnbutions for a variety of ternpcraturcs above and below the critical point
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Figure 77. Cornparision of theoretical s’@adystate decay of hydrogen concentration
log(~fl~~o) wir.hexpwimcnt for three concentrations
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werecakuhtd at8pmasure of246 bar. Atbwtem~t&ti~tiati~numk

of C1~ (~) Sbw an ~ stability above a chwtcr size m four. ~ rnwh kirger C!USterS

arc inclti mou of the water mokcuks arc found in the largestcl~r, Le., liquid water. NW

tititi~(@7.3 Wtinlmktimti hticlUtikw@ytim.

Well above the critical temperature (900 K) the cluter size distribution i.s monotortically

d=e=W-

E. MODEL.RW TOOLS FOR SOLVATION FREE ENERGIES LNHYDROTHERMM

SYSTEMS

It has hn demonstrated that a diel.ecrric continuum mtil provides a physically sound

approximate &criptio-n of s.cdvation free cnergim of charged and polar solutes in complex

solutioIMincluding acpou,s mluti (Ibfermce 52). A@ation of these mockls for application

to suprcridcal quaus whims should assist in ckveloping a pedktive molcmlar dew-iption of

ion-pairing phenorneu corrosion and scale formation, chcrnkal reactivity in solution, and

equation of sw mcdeling W tools should unify& ekrnmtary infm-mmion required by W

Adv80ced ~ Si@iu.1.a&rfor E41@xxi.ng (A.!WEN)compukr * provide new information

to fill the gap within availabb c.xpu5ri.mentalrew.!~ and produce physically sound extrapolations

of ~ talrUUlu into UHWdyMW ‘ regimM not e-asilyStInkl CxPmhEntally.

The @ySk-d icka of the dklecti continuum ruockl is that tk mokcular mciium ext.ermdcoa

solute of interest k id4.i.A as a dielectric continuum ‘TIEtechnical difficulty in applying t-he

model is t.k solution of a bown pmtisl di.ffercntial equ.ali~ h Potin equation for conunuous

m~ We have wriMen and validated a bundary clement computer cock to solve this equauon

and thus evaluau s.olvalion fret ener~ (Reference 53-56). TIMmolecular information requu-ed

for h Solute mokcuk is (i) the dielectic rqxm.se of Lhesolven~ (ii) the molecular geometry of

the solute; (iii) mokmlar ch.uge d.imribution of tk solute; and (iv) van ckr Waals rach used m

defining tk intcmsl volume of the solute. The cede which was written is applicable co arbitrary

spci.flticm of tkm psxa,rnetcra and Ibcreforc applies to general complex solute molecules for

which currutc altivc ❑ckmlar thcork.s can h a.pplkd

As an initial validation of this approxh, we stud.kd tk solvmim free erergy of the acetarnide

molecule (CH3CONHfi in aqueous solution near the tripk point of the solvcn~ This example was

chosen txxaw cxperimentd resulu and a.ltemative rnokcular themeqkal results were available for

compariso~ (Refererux 57). The input information wu taken from hat previous theoretical study

to provide the clearest comparison. The dielectric model prcd.ictd -0.47 eV for the solvauon free
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-w(b==-ffrn Mxtim p8rt of, W chrnical potemtialof the 5olute). Tk experimental

result w 4.S0 eV. Tlw previous mokcular theoretical dcdatkm pdicted -0.45 eV for h same

quantity. ~ bt - va.k 4.39 CVW= rc@rdd as d~ to C- ekctrosti forces. mat

distimicm i8 not available for ttE upcrimenta.1 result or the model prcdictiom Lnthis ~ tk

motkl was ckarty swxeshl inpmdkting thesolvaliorl kenmgyof modmtely complex solute

in quous Solutiom

A second Vdidlbll cahlmbn studied W solvti * ~ of alkali-chlorideion pairs

inl.iqukl~. Suchin.fomaticm canmhus about tklikelhddemmmrer of charged groups

in solution d thus about Ckllical -On raIa in solution. Tlrsc pmicdady simple Cmlnpla

Wen%bm==. c- b==dtiavti*ofm-~ informuion with which

to compme our model ruu.h. ‘lb results for calculated solvaticm free energies as a function of

interionk dbtame (the SO-C-~- qfwun jb~CC) am slim in Figure 78. TIWWresu.hs

depend crucidy on our ability to achieve sufficient computionsl resolution to extract free

cnergcri.c changes of a few 0.01 eV (1 eV = 23.06 kcal/mol). TIM results shown are in

surprisingly good qualitative agreement with the results of reliabk molecular theoretical

akubkmA ~ti-of Ns+... ~ion@, ti~tiof~fa hew~etiti

barrier at approximately 3,~ to ion ccmm u about 25A For conditions ~ the rnple point of

water, this contact ion pair is ‘metastablc’as is expected physkally sin= close ion pairs are

expemed to be rare under such conditions. The model tits are in remarkable qualitative

agreumnt with availabk mokwlar inftiw ti * of q~~ve menc ~ough qui~

reasonabk is currently king Wminizd with IIMob@tive of dining tk paramterization of tie

model htiway, w~mhtik mxtimmtm~k -outititimtil

w-h

With * validation effcms in view, our next applicalb was to b scdvalion free energy of

tlw carbonate anion (C@2-) in water as a function of tcrnpemturc. Carbonate i9 a SO!Uc of interest

in hydmhmmal -g because it is tk prodwt of complete carbon oxidatiom me molecular

geolnctr kpmmetcrsandpmialchug=nc==y for the solvation free energy calculation were

acquired from an ekctronk structure calculation by Joel K.rcs*. Figure 79 shows as the sobd

circks the results for that solvation b energy at tlwmmlynamic states on h water fiqud-vupor

ccmhancc cm for tempmturcs between the triple temperature and tk critical temperature of

water. We ex~t these results, togetk with calculations in progress for complexes of the

carbonate ion with the sodium io~ to be helpfd.1 in predicting b concentrations of the various

powiblc COmpkXC3 Of IhiS ~.

●FWMXUIcmmmkatkmwhbJa4K.IusofdEIbauctiaIDfvMMM LosAJ=IIosNti~
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Finally. we have applied our code to the problem of encounter of a Cl- ion in aqueous

Sohltial withamualmll. hti-kwd df-mkopd eyfflmbtikti

continuum by assigning th sfa.ticdkktric constant of ti metal to LMinfiite, E =. We expect

that close conmct would& mquircd for effkient electron transfer and hence efficient corrosion.

Subsequent study of how these barriers change with thermodynamic state progressing into

suprcrkid rcgicms shouldprovide insight into the ratesof cormsicmof reactor waJls.

F. REACIT)RDESIGNIll MNIMIZE W.4LLCORROSION

1. Basic -t

h of tk rnaprcommM in &signinga rextor for h supemiticd water oxidation of

wastM is the corrosion that occurs on the reactor walk, seriously sho*g the lifetime of the

reactor. (liven h wik amy of was- ranging from organics to fkl propellants, that can be

~tititi~it tic-y tikm-we~ti timpmblemtitir

to enhance its*.

Cormsia.I of rewtor walls can & caused eitkr by tk waste stream, oxidi.um, reaction

pmd~ or a combination of all *. h p- it is foti m ~~g ~ owgen-su~rcritic~

watcxmi.xtumincontactwithtk walls isalcss saiousprobbm than having thewastestrea.m and

reaction products in contact with the walls. llw reason for rhi.sis that the vm.llscan be passivmed

byekctrocham “ al meansagainstcorrosim horn the oxidizingstream.

Cleariy, h simpbt way to deal with the problem is to prevent the WU*5stream and

the re=tion products from ever reaching the reactor walls. Wifh this in mi.n~ we can tiink of a

tubular flow rWXCM.In this reactor, a mixture of supermitical water and oxygen i.sfed in and flows

downstream amtimwd y at a low velocity, e.g., 1 cuds. The waste stmm is rhen fed in along W

m Of* mbein the form of a spiny. h the case of a gHUS sM. wb.ich iS tie one we shau

considex hc~ the “spiny” will consist of vapor bubbles. These vqmr bubbles are of course

surrounckd by tbc mixture of supercritical water and oxygen. Given the small dimensions of the

bubble (the order of micmcnetem), it tab a -V ammt of ~ (~on~) for he vaPQr

to mix with the ambient wream. In this manner, the waste suwun mixes well with the omdizing

stream. If the tube is long enough to allow the reaction to proceed to completion, and if the tube is

suffwiently wide to prevent tk mixed reacting stream from coming in contxt with the walls before

it leaves the tube, then we will have sigtilcant.ly reduced k corrosion probkm.
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2. Daign Coriiderah

Typical flOW speeds (uf) are on the order of 1 cm/s. Residence times for the

supxitical water oxidaikm of wastes are typically tens of seconds, ~r - 60s. Thus the length Lt

of h tub we shall need is of the order of u~~r -60 cm. In a time Tr, the lateral diffusion (the

diffusion constant being - l(h3 cm2 s-l) will have an extent ~ -(D ~r)m -0.3 cm. On the other

ti~~ytihkh ~dong~titih wam~exmtg. Lnadistance Lt, tM

translates toaradius ofd Lt-3 cm. ~sktinw’w &fi~h~w oftiemkweshW

need.

M considerations give us an idea of tbe dimensions of the tube reactor we need.

her, we shall show that detailed calculations change tbc nurnben somewh The changes are

prirnady due to tk kt that in our flow re.twtor,tkc me cotwmtration gradknts whichcause the

mwtiontopromed atnon-uni.formratcswithin tkmwtor.

llw physical picture w have from the consickrations is ● narrow jet iss-tig into the

center of a cylindrical tube, mixing with the surrounding, flowing oxidizcrhpxcritical water

mixture, and flowing downstream while spreading laterally in a plume as b oxidizing reaction

prOCeeck we have Ckpictcd this in figure 80.

llJBE PLOW REACTOR

H20+02
Ialcmldlmltlon

-0 -$ --:w now

~----

-1-- “

Ouulow
VY

Figure 80. Conceptual set-up of k ~tor geometry.
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3. Neal CakuMona

Asnmltiad in tk previous two sectiorm k idea is to sh~ the reacting flow in our

reactor such that it - not t.cnwhtk walls to avoid corrosion. We have performed numerical

simulation of such flows using KIVA-IL This is a Fluid Dynamks code to simulate low speed

reactive flows using ● =mi-implicit method for adv=ing % time while t.hkcock is a stae-of-

tb-a.rt toedcbigmd to handle primuily internalcombustionen- h has options for inflow and

outflow bounduy conditkmsthatallow ittobcutilizd forour~

As an exampk of reactive flows coti- to the neighborhood of the axis of the tuk,

wc have used methane (CH4) to simulate the waste stream. McthauE is known to cause the

carbtion of ~ metals ucording to k reaction ~(gas) + C(diss) + 2Hz As such,

~~am-~ofa~ timhw~~ti- mtitiofa-mr.

md-ti~bw~~ mtiwb~b~a~ wtiveflow, ti

reactants a8wcllasa8 tkproducwalong withthe vuyhightempamm that arc achievedduring

exotkrn.ic -- am MAtmspcmd to k WM tlxrcby reducingh likelihood of corrosion.

‘nM3gk)balrcmioclmechinisnwuudti

CH4+202+C@+2H20,

with tbc re.don ram gbmnby Webky and T-. (Rcfmnm 58)

9=-Acx(-*)c~4][~2r/’J

where A = 1011’4(mol&)~@~ Ea = 408.8M5.4 kJ/mol, in the tunperatum range 450-550”C.

Tb shdationa were pfotmd for a tube 10 cm (diameter) x 25 cm (length). The

prcwkre we fohwed h to start a flow of oxygen (m) ad supercdkd wa~r (H20) into he

mmmrtid tixrnti outmdas~ys~tiw~ Atthatpoint wencxicedthafthe

velocity pattern was almost uniform, with a narrow boundary laym ckveloped along the waUs.

TIM boundary layer increase.? in width with the distarm downatrcam. T%.i.aia exactly what one

would expect from a uniform flow paat a flat plate. We estimated the th.ickncsaof the boundary

layer expected fkoma uniform flow pasta flat plate, and found it agrcud reasonably well with the
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numerkal resulm Had we done tk calculation for a longer tub, tlMboundary layer would have

eventually enveiopxl tk entire width of the tuk.

01W8 steady state was reackd, w turned on a (gaseous) spiny of methane (0.lg/s),

which is well mid with tk surrounding flow of oxygen (mu fraction 10%) and supercritical

water (mass f~tion 90%) at a &nsity of 0.2g/cm3. We have do~ tlw simulations at sufficiently

highmnpmturcs thatthewatercan essentially betm.a.@maperfect~ Thisncxon.ly aidsintk

equation of state to be d, but also ensures a higher rate of ck~tion (oxidation) of methane.

Wekeptthewalls ataccmstant tcmperatum of837Kclvin.

Fqgure81 shows tk C@ comxntration profile about 12s after tlMmetb.arwspray has

been turrd on. At this point wc have not reached s steady-stata We ~ tk brginni.ngsof a

flamdbbw-torcil Tllekmpemtwe i8si#@antly higkrintkcentmi ccn'crcgionwkrecbnical

rcsctions are tig place. OW might cxpct that situx tbc central core region has a higher

temperature than the smmound.inggas, we would have ● Raybigh-knard instability. We note

thatwhile thism.ight mxurona veryshorttimescak, wearelooking attkrcuxion zoncontlw

titiof~ti~bmyhofm~~mmtiti~ transit time Wrosa

the rauxion z.cnw. On this sort of s time scslc, one can safely expan tk pressure to have

equilibrateddnoughcmttk redon zone, therebydampingm any instAWy.

Figure 82 shows the C~ concentration prof~ about 31 s * tk methaw spray has

been _ on. We have now redwd a steady-statu The density contours show a definite dip

near the axis. In the contours of tlMmasa fractions of tk ckmical s~, we notice that h

mew f~aammti wtihtio~~~mf-a~o. WCd ShOWin Lhe

next section how orMcan uncbrsmndt.biaMwiour in tcrcnaofs self-simihr model for the flame

structure in our remor.

In all tlM contoum w ~ that tk me- stream and tba reaction products never

touch tk walk This happens just as we had planned For this ‘test’length of reactor tube, we

fmd dm tlM&mxtioa of methaneis almut20%. TINM,if w had a tube of about 125 cm, we

would hava had cumpbte desmctioo. We have not mule a simulation of a reactor of this Iengti,

due to the signi.flcantcomputer time required. However, we did halve tlMIengtb of h tube LO

12.5cm, and found thatthe destruction i.svery nearly halved. Based on these numerical results,
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Figure 81.

Figure 82.

Contou.raof C% (product) conccntrtuion 12s a.fw the spray of
rnctham was turned on. Steady state has not been reached.

Contm.m of C% (prdtct) concentration after steady sue has been
reached (31s).
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we fed @ ● tube of about 150 cm length and a radius of about 10 cm would be sufficient to

&AievcCl(m to 100%duuuctiocl, without tbe flow reaching the walls of& reactor,

G. PIUXESS EVALUATIONANDOHIMIZATION

1. Objeaiw

Sevml Moratay-scale versions and a few bewh-scale versions of the SCWO process

exist. IAMAlamoa Natiotta.1 kbomtmy (LA.NL) uses plant de-sign techniques to evaluate the

scwopmceMald toguidesuppating ~~- ~M~~~~=~n~~rof
expcrixnen~ required, M.NL compares several design and operating scenarios for full-scale

SCWO plank Uncbirablc &sign and o-g conditions are identi.fie4 and data are taken at

optimalor~ point8i&rltiM bytbeacsim~

W ml used for this work is he ASPEN(Mwmed S- for Prmess Eqineefig)

computw * which i8 mxrnally ud for &aigning ckmbl plmntaand mfbrka. The AsPEN

codccanpduc arnusan d~balanc ufofanenti. mplantfl~ Tkcode has many

built-in unit~thatc8n bi.ntcgrat8d to fonn~flow8ktZ Italsoha8a large data

base of tkmqhyskal popertb and mmy optkw for estimdng vapor-liquidequdibriaand

phmbciwior. mAsPENco&is oncoftlmfew cmmwAal aim* thalc8n modelsolids

handling~

Bucd on actual experiments, several simple schemes representing the LANL

expcrinmml set-up were analyd using ASPEN. One 5et of expirneut8 with methyl ethyl

ketoIM as a surroga.tu waste prwkkcl the basis for six full-mlc plant &signs. Analyzd on the

basis of @w and opemting x b tiu titim w~h cat f~m w~@ ~avi~t On tie

SCWO prcuas and provide in.formatimt for finding the opthml plant design and operating

Conditiotm

2. TtwAsPENcocb

The ASPEN cocb b aa extremely luge, flexible computer program that acts as a

~ fl~ ~~. It pMvib building bl~h that can be comtid to build modules

that mpmsuntpcwtioruof rcfburh, ckmkd plants, and wute dispod proce~. These

_ b- ti~~ tit ~mdOIM sxh as pump~ ~ bat axchan~ and distillation

Column&
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TIMASPEN co& provides a tlmrmodynamicdata base for equilibrium calculations and

ctwgy ~ i.!easily handles noimally tedious plant calculations such as recycle matching and

provides an acaratc matuial balance for the plant Ot.hcrcalculations that ASPEN performs are

Ckllid equilibrium CtilhtiOIIS (minimktion of Gibbs free energy), flash calculations, and

pump, turbine, and compressor cabinlations. This code also establishes &sign spe.ciflcmions; that

is, t.bcc.ngimer can speci@ a process conchtion such as stream temperature at a given point in the

PI’OIXS- ● vfitik to be manipulated such as a component of the feed s-. 17w COdC

rnaniplhtca b variable (b ccmcmration of M spcdied ccnnponcntin tlMfeed stream) until the

z~(~m~)wktiti ~ ad can also do equipment

sizing and coat analysik

‘TIM ASPENcock haa a large, built-in data basuof physical tbrmodynamic propm.ies.

It &o contains comelationa and models for the prediction of physical and therrnodynam~c

propertk Thcaa corrclation8 arc given for both pure components and mixtures. Predicting

ph~d ~ Offluidm.ktlKu&notstraighlf~ unkaadMmixturuaarcideal,whichis
wldumtlmcaaa A~dmtitit ~~@a_cti ofcm~utictia

system-option or SYSOP. b Almoa National hboratory’s version of ASPEN features 12

SYSOPa, The p4yaicalpperty models in -h SYSOPam for the fugdty ccmffkknq enthalpy,

Gibbs free emgy, entropy, volume or density, viscoai(y (no solid correlation), thermal

condw.ivity, diffuaivity (no solid correlation), and surface tension (liquid conflation only). Of

* mock4 the fugdty coefftint comelation is probably the mmt i.mportam ‘Ihc version of

ASPENwd in this wti is ASPEN/SP,a product of Simulation ~ of Denver,Colorado.

3. ModelingRcsulta

One ~ of thisstudywaato provide ~ aad matdal balance information for a

commarchl-scab (20,(MI gallons per day) suporcrirical water oxidation waste processing uni~

Th.i8study giva insight into SCWO proms optimization and po~tial plant W* blem, h

also provi~ infonuadcm to axpcrimenmli.stsIbout * rckionah.ip of tkir experiments to the

overall plant pmbkm so dmy can make their exprirncnta mom manh@uL

The study vva8subdivided Into two problem sets based on two typos of plant design.

Problem Sat 1 dmlt entirely with commercially configured planm In addition to a supcrcritical
water oxidadon reactor, plant flowtbcta included peripheral equipment that a commercial plant

would require to pcrfonn complete waste destruction, including bat exchangem,pumps, turbines,
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comprw.aors and knock-out vessels. All problem in problem Set 2 were based on a plaw

cotilgu.ration closely resembling a scaled-up version of one LANL expcri.rnenta-l reactor. ‘1’his

pl.anthl.dac—oqnwx WI a pump, but tiw mwtor essentially ernulatcd an ekctridly heated tube.

Problem set 1 provided insight into the issues of full-scale plant design, construction and

operation Problem Set 2 provided fcdkk for tk expirnentalists. Problem Set 2 also provided

screening for a large set of problem that will be run later in the Pr]bkm Set 1 mode, which is

IUCWCdiffkult to w up and M. TM ASPEN computer code simulated IJWplant designs at sceady-

statc opemion to provide M and mstcrial balance information fcx both problem SCLS.

Problem set 1 was subdivided into plants that extracted eurgy as a byproduct and

plants th.a.tcxtmcted no energy. PlfuItswith no energy cxtrwtion fu.rdsb tlMmcwcrealistic rncdds

IE8USC the pmxess conditions used for& e~rgy exwtion turbi.nu in tk mdels may be too

severe for current commercial turbines. The comparative studies were originally intended to

provide incentive fof development of thoac turbines, af bt for the higher concentration of

hydrocdnm in wur. In Pmbkrn Set 1, methyl c4hylbtcmc was ud as a surrogate to simulate

hydrocarbon-based chemicals such as paint thinner. LrI him problem SCL two times the

stoichiotnctric mmunt of pure oxygen wu used M the o%ida.nL The c~ons showed ic is

im~tkalt ouxtimtio xypnin~tb; fulmUU@.U@nU Wi. Ubmmc meaningful if they

reflect this i.nforrmtiou Six runs were cakuhtcd two eaCh (OW with enqy extraction and one

without) for 2, 10, and 20 w% methyl ethyl ketcm m w-.

SCvet’d @imilWy COdUSiO1l.$Cm k drawn frCUIt.k I’Mdts Of Roblcm %[ 1:

“ EncrgyextractioU dDMnotpSy wtmfltJwplwtf=cl~ only a srna.1.lamount of

usable etwirgy. In th.i.scam, 2 wt% methyl ethyl ketone in water provides a small

amount of usable energy. This situation holds for mixtures of other energy-nch

~ompo~~ swh M hyclmca,rboru in watar. Ermgy extraction h Otdy Slighdy

Mm (821 kW input versus 879 kW input) LIMIIwith no extraction. Both cmcs

require Mt CtmrgyiJ’lpuL

● Destruction of hazardous wn.ste solutions contd.rdng ordy 2 wt% metiyl etiyl

ketone or iu IKAteqll.ivaht In Wata probably will not b axmornical- These cases

mqti luge hat ttwufer H for M reacto-n 10 d.rnes ttm.tof the 10 WL%

methyl ethyl ketone cm (based upon heat tier mms of 8.1 x ld BIW/hr for

the 2 W% case versus 0.64x td BTU/hr for tha 10 wt% CM). Water waste
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SOlutioIM wick low hca( valu~ requIrc large energy inpuu to kwp I-I-Mreation

going. ~d large e~gy inputs normEUY ~ui.re large heat tmnsfer area-s.

“ LfcMgy ex~tion is not the goa.L k 10 wt% methyl ethyl L2tcme case appcx.m to

k a gcmd choice. It requires little cnagy input md a small hat exchange area If

energy extrxtion i.s& goal, one can get about as much e~gy out of the 10 wt%

energy extr&xion cue as must k put into the 10 wt% nonexhwtion cal.c. This

kvel of emrg-y ex~titm daa n~jus-tify the extra equipnent COSLS.

Note thaf tk above a.naly- &rcslrongly &p-n&nt upon he Imaling value w pound of the wtite.

CoXltions that may k drawn from I-k rdu of Problexn Su 2 arc u follows:

“ Pumping liquid OXy&Jl to PKKC.SS PR—SSUU rUpirU Its Crrrgy than Conlpre-ssing

gaMCU.Yoxygen to pKKCM prcwUC-s. How m~h leas e~gy depends on pump

efficimcy. A mna.lJpenalty B patd in cnqy

~ v- b c-oldliquid

● Aircoszs morctocom~ andtibecaux

input and k-al exchange area to heat

mm imt gui.s pre-um The et fec[

of M.ting tk M gu will lx differen(in sy~whul a ~ weight-pcmen[ of

ol-ga.& rnAtkrti plrc.HtintlEfecd

“ Ttu differemx between metiyl eLhyl ketone and & orbcr orgmics comes [mm

different molmd.a.r weights and heating valuu. hotir difference txtween dm

methyl ethyl kctotm c- md the obx orgut.iu u dMdifference in he amoun[ of

oxygen required to meet tie 1,1 x stoichiotnctric requi-remcn~ This difference

affccu b comfn-cssion coafs.

4. Ccmclusions

Ln~ddicionLOb infcmmk n obtained from this study, mm and energy bala.ri+mwere

computed Lh.Uallow tigrwrs to b, specify, and .dect cquipmcrn (or at lc.ASanti+mc scale-up

problems) for b plantJ. We develop! Afm.rn.ework M will d-low u to continue effons LO

ck~ opd-KIum OVtiting conditiw. We a.bo hAve a fm.rrmwork on which [o build better COSL

am.lyscs. Even dioug.11h coat analysis pmcmted km is preliminary, it pmvidc.a a fust step in k

search f~ optiJM pla.mconflguramm.s md oprati.n~ condkiona.
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Importmt things we IeaIlmi from this study inchxk tk fouowing:

●

●

●

●

We should think hard about usinga higk weight-percentageof organicmaner as a

b C=. ThC 2 Wt% Of@liC base CMC hasa higho~rating C05L

Energy extraction is not Cc43nomicdat 20 w% methyl ethyl ketone (“- equivalent

hydnnrbon) and IMow. ‘Ibc calculation trends indicate that above 20%, energy

Cxtmxion may have an economic payoff.

With the current set of plant designs, purchased

expensive single Opating coaL Uwn8 two times

oxygen represents the most

stoich.iomchic oxygen is too

expensive and probably Umxeswy. The costs of manufacturing oxygen on-site

Wiubsmdicdn cxtasanaltem .tivctopurchasing.

In gctwal, operating costs represent ● larger sham of overall costs than capital

equipment cosw Of the capital equipment costa. equipment such as PWPS,

compressor and turbines represent a bigger i.nvcatznm than the capital costs of

reactors and heat exclwgcrs. We should kp these points in mind as we try to

improve M pfocu8.
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SECI’’ION X

CONCLUSIONS

A. SCWOCHEMETRY

In gcmm,l the cknistry of oxid8tion of emrgetk mmerids in supcrcritical water is very

similar to that found prcviody for otk c- of organb. We have established conditions for
which tk hydrocarbon ckmcnts of all the energetic compounds investigated thus far arc

complaely oxidized to Cm and H@. ‘Ibc tcm~ “rmdence - Md oxidant concentration

mcusary to XhicVC complete oxid81.iOnvary, dqmding on * _ of the crqetic material.

Our results indicate that compkta oxid.atiaI is always =hkv~lc using ewess oxidant and

operating b linar rcMor ti 6(XI Y (11-s residence tiluc). Rcasmabk carbon balances arc

obtained for all the energetic mamrkls investigated under tkse conditions, including Pm,

HM2L~,RJMLNQ.mmti~- Mostofdtecarbcm is~asc@, w-ithsome
SJnailk’tial remininginsdwionu irmgank carlxm (CO# or HC@). Tk exception is NQ,

which elargcqtwntiks ofimrgankarbm

TIMconditilm thatproduccbmsuha Werecklibmdy ”cxtrem” to ensure complete

oxidatim Inmanycasu wchavcnotadcqumly cxplomxlt.hcdqmthweoftk chcmistryon

oxidant ComXmtim and franpatlm?t ockaa’mine o@lINlm conditions. Mnimizm “on of oxidant

concentration is prtkmldy impmtant si.rux t& oxidant rcmts a hrgc frhon of the proccs

cost and if present in excess may enhance corrosion or cause the formation of undesirable

prOdUCUFunlmrrncm m hw very few data for O- Vti~ the ~ residence time. bss-

exrrcmeconditiofu (e.&, lower ~ and 1:1oxidant stoichiomctrie.s)may be sufficient to

achkvccompk!re oxidalkm giwqmickncetilwx

Wi~ ~ ox.idsn~produts of incompkte oxidmion were often obscmd, including

CO, Cm and HCN. T’hsu products arc highly undesirable because of their toxicity ardor

fbmbility. l’kefore ● ~ ~ of process control is ord.k analysis for b detection of

pnxkcts of incomplete otidatioa in * event of 10ssof oxidant or otb such failure. ‘Thecriteria

nccesSaryfor online allllysis 8re ppm Mnsitivity, specificity for multiple cornponcn19 of complex

mixtures and @d (=onds) respona The gmus effluentdiagnosticsusedin this work ITIR

and masa spamoscopy, met k criteria and arc thus suitable for this purpose.
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No ObViOf18 CCMTd&th Cxi8ta ktwcen the nitrogai content or k typ of nitrogen groups

(e.g., N@ w NH2 groups) Of a particular enexgctic ~ and rim distribution of nitrogen

_ ~, N20. N@ ~ NW). lt is possib~ however. to vary the distribution of products

intkdifkmit oxidatkm -by Varying thctempm,turc amjtioxidm ccmcenmatiom ‘llw

cticxam@co fthisw iability i,s N@prmhxtioninti~ of TNT. Whena large

excess of oxidant is employed at 6(X)%2,a signifkant tition of b irdti.sl N (74 percent) is

converted to N~-. ‘Thisfktion is mti less (12 punt) fora srndl (fivefold) excess of oxidant

and~coYx@E&oXi&Ikm oftic8rbon stincKG’tm lbs8mtmMis okm3clforthe oxidation

of R.Dxwithcxcas~ (10 ~ N@-) UldWithOxy~ balance (no N@-). These results

~ti&_t_owti otitim~ti~b ~@ti Xmtig

Ofrcdonpanmtrm

Tk type of oxidant can also have ● dranmtk cfkt on tk nitrogen prodwt distribution. A

case in point is hydrazim. Tk use of H202 aa oxidant _ primrily Nz and only uace

arnmmuof_ nirritcami N20. Nihatcwa9alaocxpkmdssan ox.idkxsime N@4isu5ua.lly

ti~tiofitif ~hytimh~ti~timdfi~ . nates into llitriC and

nitrws wid when dissolved in z. !n conmst to b H202 ~ subtanrdly different nitrogen

C- id 0~ with citkr ~~ or NaN@ OXi~, the p- products are N2 and

N20. Ex~ with isotopkally labeled I-IF@ ~ that M N20 is produced from the

combination of an NO group of N@ with a N from H2N4. Clearly tk remxion with Hz02 is

ckamr, altigh N@4 (m N%) would also be an efktive oxidizr for both hydrazine and

uDh4H.

Tk &aruction ckrn.istry of M in SCW is unkp among h emrgetic materials since AP

has no carbon ad ia a strong oxidant. Tk chmistry ia best &cribcd by the following equation:

NH4C104 + NaOH + NaCl + 2.5 H20 + 0.4 N2 + !l.i N@ + 1.202.
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Condibnahmekndammhud for which 99.6 pment of the C104- is destroyed. The Cl is

Convened ba,formallyreduced tkrm7+to l., an!dexcessoxygulu Prodlwed inthermxtion,

w~fmti M@y~g-ofti timb-~timgotitiw

corrosim of ti C-276 and 316 ~ =rs TIM addition of reducing equivalents, in the

fcmnofa fuelsuch asahydrwarbom may i.mprovethebtrucao - nof APaswellasreducet&

~ cmroskn Tk niuo~ M dhrikted ~ Nz and N20, with no formafion of higher

oxides w N&. In Con&aaa to ti &composition of solid AF, no harmful produxs swh as

QmN~accfcumed inthe SCWOreactimm

B. INCREASINGTHROUGHPUTOF EXPLOSIVES

Acxitical isauein scaling up S(WO treatmmt of e~tk mtmials to enable a practical

~~~ of signifkant quantities of exploaivca into & remcx. We have examined

throcpomtial appmck.s tothisprobkm. Tkkastattwtive approach apparsto tRpre-

disadving * explosive in an Orgmticc* SOIVCIILWh.ik convenient for introducing huge

c~ofexpkaiwl ticc+aolvent ispti.ally oxMi.Ain&~cm.ti.ng numerous

byproducts that must subaupntly be separated and p~ This diS8dv~m& could be

ovacome by wing ● co-solvent dut is inat to oxidation,such as suprcritical C@. We have

fmncLhowever,b manyexploaiw andPrc@lantcompcmcntsareonly veryslightlysoluble in

SCC02.

A second approach w have explored is to introduce high ccmc.mtrationsof energetic as

aquous slunk Results on b thermaldecomposition of acpoua sluniea of TATB suggest

somewhat unpdhabb behavior. The source of this unpredictability is not presently known;

howcm, we suspect that it may & a mixing pmbleznhat kada to self-kating and faster re=ticms.

T’hewexpri.mm mhaveknl.imdt dtoasta.tic Mchrewtorwi thnoattemptto stiroragit.atetie

slurry. ExpwiIMMs with a double base propellant (NG/’NC) and with pure HMX gave more

predictable * In both of tk.w cases it was found that water significantly moderated the

deccqmsitkmcocnpamdto tkdrymterialan dalsomodi&dtk product_tim

We have also attempted to pump shies mechanically, which may prove to h the greatest

hazlrdasmciad with their handling. We have designedand ccmmcted a shq pumpingreactor

which can be operated remotely at a fig site. We have pumped slttrrks of a simulan~ melamine,

and an actual explosive, HMX. We fmd that the most critical fw!or in successful slurry pumping

is the particle ti. With our reactor &sign, it was necessary to use particle sks less than 50 w
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m avd accmnuladmldplug.ging of thereactm. Mocklingsolctiuill&a&ethalam~of
e~*~dtiflw mwtiwtiud~phckti.

Fh.l.ly, d&mu@tpmi$in# -~~~~tof&~ rrmtcrialto
~ iu solu.bility in w8Ler. Our effml has focused cm ckgmimion of h explosive via base-

~hmp~e-=n~ -~ - --dtik products W
UCfUltkp~kl~tO achicvccocnpkm CktnMkm ofticzmgelk rnateria,l and its

hydrolysis byptudacts. ~~b~~y~ for NQ, NC, NG,

TNT, I-IMX R.DX d pt’0@bt8 idud.ing PBX 9404 ad c- 1.1 aluminum containing

formlllalkms(q. webw~~mm(qwmg~)ubwrm~

(<15’oc)andpmsmlru (<60 pi) to ~ water-solubk _osivc products. We fmd tit

otEmokof baWi.SccWmIEd ~ mok of N~ groups in & explosives. For claw 1.1 propellant
~m~ . .

&3&Wm81~iScm#UtAi.n~ widldm Alawi AP. We fubdti Imoleof

base ia consumed for exh mok of Al and AP. Because this ap~h allows W prmxssi.ng of

large comxcurmionq H have demonstnted very high cksrmxtkm effickncies of the starting

m~ In most c= ti final products of tk comb&d hydrolysiWSCWO prcccss arc

i&utkaltob OtmimdwithscwoaiaE

c. REM3’OR CORRCKION

hofr. kmostailical~f ~prxtica.lqp lhdcmofan SCWOPrcxxss tothct.remrnent

ofemrgc tkmkxia lsi. s~wearti by comosiom Corrosion of the C-276 rcwtor by most

of & erq@c materials doa M appeu to be a problcm. Tk cx.cqtion is AP, which caused

severe corrosion of the C-276 md 316 stainless rcxum For Iakmt.oq-sca.k reactors, this

pmkdezn has beat solved by t.k use ofs gold I&x in k SCW regi~ which rcdm conosion to

auxpmbk level%

D. SALT SOLUBMIY

Efficb hydrothermal procesi.ng of PEPs requires high starting corwcntmf.ions which

results in tk formation of high At concentmrkmx Motion mgardi.ng W volubility behavior

of saks formed in hycl.rotkma.l processing is essential to control plugging+ corrosion, phase

txhavior and the ckmi.suy related to these processes. The salts produced in hydrothen-na.l

p~btamof primaryco rtczmar ccarkmaman dalum.btra Cdxmatcs arc formed from

the oxid.ahn of carbon at pH 5 or gram (carbonate M also referred to M TIC or inorganic carbon

in this report). Aluminates are formed from the base hydrolysis of class 1.1 propellants. The
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solubil.itka of ~ qxxie.s arc highly dependent on pressure and tmnperam.rc (which d.etcrmti

density). Fcx uamp~ at 450 T, doubling tk premure from 5000 psia to 10,WM3psia increases

IIMsolubi.lity CWCXl~fold Tlw s.olubility of alumin.ales is easily controllable using pH. Under

most hydrotkmd pcu$i.ng conditions alum.inam arc highly soluble and skmld not present any

pmx.s.sing difficulties. Carbonaax m-c much less soluble and tend to plug the reactors. Our

I’wJJu indkme that cMbcma&solubil.ity u signillcantly enba.rud al high prwuums (< 1O,(XMIpsia)

and at high sodiumhyCkOXiCkcomxntmticm, pmu.mably dw to tk creation of a melt phase. Our

results suggut thAIit u poaaibk to control b volubility of ca.rbonatM to prevent plugging and

otkr brm.ful effecm by opm.ting aI high pmssurc and hyclrcmickccmcentration.
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