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Bust hydrolysis in combination wi[h hydrothcrnml processing has been proposed
M im environmentally ~cceptable alternimve to open burning/open dctonution for
degradation and desmlction of high explosives. In this report. we exitmine gaseous and
aqt.mms products of base hydrolysis of the HMX-based pltistic bonded explosive. PBX-
94CL. We also exitminc products from [he subsequent hydrothermal treatment of [hc base
hydrolysme, The gases produced from hydrolysis of PBX-9404 are ammonia. nitrous
oxide. and nitrogen, Major aqueous products M sodium formate, acetate, nitrate, tind
nitrite, but not all carbon products have ken identified. Hydrothermal processing of base
hydrolysate destroyed up to S43%of the organic citrbon in solution. and higher destruction
efficiencies are possible. Major gas products detected from hydrothermal processing
were ni[rogen and nitrous oxide.

INTRODUCTION

In dismtintling weupons from stockpile reduction, suitable degradation of the
ilsso~itited high explosive (HE) witste to envircmmentally acceptable forms is a critical
objective wi[hin the DOE complex. Currently. open burning is the meihod of choice for
HE disposal und separation of HE imd uriinium components. Revocation cf burning
Iiccnses could binder HE disposal and impact [he dismimtlement process, Thus. alternate
mc[hmis we needed tis back-ups and. eventually, as replacement techniques.

Base hydrolysis is one proposed idternittive method that involves chcmicid
rcitction of the HE with sodium hydroxide solution tit temperatures of approximtitely 85
[o 90’C. The resulting product mixture is no longer energetic and mostly water-soluble.
Explosivw, such as nitrate esters. nitroitromatics. and nitriimines are decomposed under
tmsic comiilions ( I-5). Nitramine explosives RDX tind HMX decompose to form
nilrates. nitrites. timmoniit. nitrogen. orgitnic acids, formaldehyde, imd
hcxumc[hylenctetritmine, In udd;cion to this, RDX is more rcudi!y hydrolyzed than HMX
(3.6).

The products from the bust hydrolysis of PBX-94041 have not yet been ful~y
chimcterized. In order 10 properly dispose of [hc hydrolysis product mixtur~ il is
dcsirtihle to obtain u mass bidimcc for [hc rcilc[ion. The primary focus of this worh is to
idunlify and quuntify [he products from Ihc hilsc hydrolysis of PBX-9404.

Secondary processing of hmc hydrolysis products is needed he~ilusc some
ctms[itucnts of the process urc considered hiwurdous. Hydmthermid trcutment has hccn
proposed iIs it sccondury process of bil~c hydrolysi.uc, In hycirothcrmal trctitmen[, [hc
h~dr(]l~sil[~ is h~ilt~d to ~l~viitd [cm~riitu~s and pressures (> 200°C, I(X)bur) in [he
prcscnct (Jl iltl OXldiln[. Above wti[cr’s criticul parwnclsis (374”C. 22 I hiir),
hydr~]thcrmid [ttiltmctlt is known murc f[)rmiilly us supcrcriticul Wiltcr oxidation. The
lrimsp(wt propcr[ics of supcrcri[icul Wil[cr rcscmhlc [hose of giIscs, ullowing chcmicul
rctic[itm,~to (mwr without diffusion Iimi[a[ions, Stllu[i[m densities tire tilso rcusoniihly
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high in SC\YO/hydrothcrmid systems (0. I [n ().9 g/cm~ ). idlowing rcmmtihly high tvm[c
throughpurs (7). Because requm.1 organic oxidmmn tcmpmiturcs iue hclow MM)’C’.NON
guses are not generated (8). In addition. hydrothcrmul proccising/SCWO reactors arc
[otidly enclosed trca~ment Iiwilitics. in which gaseous und liquid Wlucnts ctin hc
analyzed und rerained. if necessary. before their release [o the cnvironmenf. In [his work.
ww\vill discuss destruction of PBX-9-UMhydr+.sate in i.Ihydrothcrmid ~rocess rcacmr.
The gcnerid term hydrothermal [rcatment is applwl m [hc 9-W hydrolysdtc. bccousc the
critici.d purumcmrs of lile solution ~lrc unknown: thil[ is. even [bough [rcatmcnt
mmimctcrs art ahw the criikd pariimckrs for waler. ~hcy mtiy or muy not he ilbo\~~ [he
critical pimmc[crs for the hydrolywuc.

EXPERIMENTAL METHODS

~ise hvdrolvsis Rc~on Conditicms

The amounts of muteriids typicidly used were 10 .millilitcrs of 1.5 normal sodium
hydroxide solution pcr gram of explosive. Base solutions were prepared with rcugent
grude sodium hydroxide and in-house deionized water. Hydrolysis reactions were
normally performed in a round-bottom flask fitted with a condenser. A temperature
controller Wi!s used to obtain a constant 85 to 90 ‘C ter.qmmu-e. The temperature was
held below the solution boiling point to minimize foaming and to keep the explosive from
splmhing onto the sides of the retiction vessel. For the cm-line mass spcctrid analysis of
gmcous products. the gases were swept with helium into the inlet of the instrument,

,.~Mc Hvdrolvsis Produc JIVWt An. .. .

Produc[s from the hydrolysis rciwtions were wudyzcd by J numhcr of different
methods. INuclciu mtigne[ic resonance (nmr) spectrometry was used to identify the mujor
hydrolysis products, A JEOL GSX-270 multi-nuclcur spectrometer was used to ohltiin
proton and curhon nmr spectra Analyses were performed on the hydrolysis solution with
iI w-nulltimount of dcutcruted water udded to provide a lock signal. MiIss spectromc[.ry
Fxtisuwx,im imdyzc g~seous hydrolysis produc[s (Extrel residual gtis annlyzer) und tor
solid residue tintilysis (Finnigim-Mut model 8200). Some gus analysis wus also
performed by Fourier [ransform infrared spectromctry using ti Bio-Rwl FTS 40
ins[rumcn!. Ammonia wiIs imidyzcd by tmpping in dilu[e hydrochloric acid solution tind
using u gus sensing elcc[roue for quantitti[ion, Quantitative imidysis for inorganic imd
(~rgiink unions wus performed with u Dionex ion chromutogriiph using u conductivity
dctcct~w. !hlid residues from dried hydrolysis srilutions were tested for thcrnml s[ubility
hy di~fcrcnliul thcrmtil imidysis (DTA) using ti Dupont model 910 [hcrmtil imidyzcr.

Rtactions were curried out from %() to 1IO()Imr w MU)to 45(YC in ti OA71icm
ID Inconcl 625 rcuctor, A complc[c dcscripiiun of [his reticlor ml expel Imcn[ul
pnwcdurcs htis hccn providm.fclscwhcrc (9, 10), The iiv~r~gc rcsidcncc lime of rcuction
\VilS ilppK)XirTILl[Cly I min. Nitric ticid tind hydrogen peroxide were USCLIus (~xidizcrs for
[Iw hils~ hydndysis c!llucn[. Nitric il~id was AM to hydrolysmc originidly l~iitd wilh
INl Nilol I in il mtd~wI’illio 01” I rmdc nilric ucid per mole of orgilnic ctirhon residing in
[Iw sumplc. 1{ydr~.}gcnperoxide WM iddcd I(J hydr[~lysil~coriginally [r~id with 1,5M
Nilol I in il Ill[llilrr:llit) tll I Imllc hydrqwn pcruxidc per Inolc 01 ~mgtinicCilhU1.
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~id Product ~nati

P.roduc[s from the hydrmhcrmal rwctions were imidyzcd by ion chromu[ography.
gas chromatography. und tottil organic carbon. Quuntitutivc wutlyses for inorganic wu.i
qmic anions. and timmonium \vere performed wilh d Dionex ion chrcr- titograph using
~ gradient cll~ento on ,~s~ c~~]umnm~nd u ~llndu~[i~i[y ~~etector. Gas produ~[s ~~ere

mctisurcd using it HP 5890 series II gus chromutogritph. using iI CtiihPLOT column.
helium cmicr gas. and :1 thermiil uonductivily detect:m. Total orgitnic and inorganic
carbon were mcmu-cd using ti Roscmoum-Dohrmimn DC- I‘XITOC itnidyzcr.

RESULTS AND DISC[~SSION

Uuillitative Anulvsis of Gaseou s PBX-9-W4 Hvdrolv S bv ~1~

Fourier transform infrared (~IR) spectroscopy was used to iden[ily the gaseous
prm.lucls from the hydrdy:is of PBX-9404. Prior to and during fhe hydrolysis reaction.
the mixture was purged with argon to replace air in the vessel. When gas evolution was
visible from the mixture. a stimple was taken using a gas tight syringe. The gas w-as
injwxed into ~n evacuated inthred g~s ccl] for anolysis. The infrared spectrum, Figure 1.
below, shows nitrous oxide tind timmoni~ M the mtijor infrared-detectable products.
Nitrogen is itlso known to be it product and wiIs analyzed by mass spcctrometry (see
discu~sion below).
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h~drolysate were also imalyzcd. Sulfuric acid was iukled 10 [he hydrolysis iind [hc
mmture was put in an ultrasonic ba[h to drive off the gtises produced. The gases were
sampled as described above mtd found to contain the following: carbcm dioxide. formic
acid. nitric oxide. and hydrogen cyanide. Although this gas mixture is highly toxic. Ihe
neuwdization conditions used were a wors[ case. Concentrated acid wits added quickly
allowing the mixture to become warm tind acidic in pH. Solutions of nirritc. u major
hydrolysis product. me expected to produce nitric oxide under these conditions. When
neutralization is done by slow xidition of dilute acid. very litde gtis is produced.

Gases prmiuced from pyrolysis of dncd PBX-9404 hydrolvsate (described below I
\verc also imiilyzcd. The pyrolys]s was found to produce nitrous oxide. curbon dioxide.
ummonia. and carbon monoxide M shown in Fig. 2.

aial * aim %al aim lial llkm

w~

Figure 2. 171R Spcc[rum of Gnscs Pruduced from Pyrolysis of PBX-9404 Hydrolyswe.

The giu%eoushydrolysis prmiucts were also analyzed for ammonia crmtcn[. (l
dilulc hydrochloric acid triip WMused to convcti [hc timmonia [o ammonium chloride. A
[mc gram sample of PBX-9404 wit:i hydrolyzed imd the gases were swep[ into the ~riip
with urgon. Ammcmiu mdysis of the trtip solution was then performed with a gils-
scnsing chw[rode, It was found [hilt nine millimdes of ilmmonia were produced from
tmc grili~ of HE. This rcprcscnts 35 pcrccrt[ of the nitrogen contained in [hc PBX-W04.

w~is of GNX)US~BX-Y4@lHvdrol products bv MM S. . ,.. !=t~2U.UWY

(iilscs were ilnidy~cd on-litw during u rcticlion hy swueping thcm wi[h hcliuln in[()
IIICirwlrumcnt inlu[ iIs !.hcy were producud. Mtiss/inlcllsily/li[nc/lcm~rtilurc dulit wmc
c.ollcu[ml for lllils\~\ up [() I(N) ilil~klover il pcri(d 01”ilppmximti[cly tmc hour. Tllc
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reaction was :hcn s[opped by cooling in ice and [hc ilnrcactcd matcrii.d (HMX) iviIs
filtered and weighed. .4 [hme-dimcnsionul plot of the dtitu is shown in Figure 3. Iwknv.
Becw]se no mius~esabove 50 amu were dctc~ted. the mass range plotted K rO-50 amu.

Gas Producls
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Figure 3. Three-dimensional Plot of Mass-Time-M&ss Inttmsity Data of Gaseous PBX-
9404 Hydrolysis Products,

Over the c wrsc of the reaction. [he only significant masses detected were 44, 30.
28. imd 18 throug I 14. The gtises identified from these dtita we nitrous oxide, nitrogen.
imd water vapor. Although mass 44 matches carbon dioxide as well as nitrous oxide, the
idwence of u peak at 12 amu indica:es C02 is not present. The mass intensity data tit 44
imd 28 amu w~ic converted to amounts of nitrous oxide and nitrogen, Calibration data
wre ucquired by injecting known mounts of pure N20 and NZ into the instrument. The
mu:;s svrtrum d NZO includes [rtigmcnts tit 30 and 28 amu, and the in!en~ity due to
nitrogen at 28 was corrected for this. Figure 4 is u plot of the rates of NzO ml N2
mwlution versus time of reaction. Also plo[ted is [he tcm~ralurc profile fix the rcwdon.

Because of the lime delay of the gases retiching the detector, the mass spectml
dal~ lugs the temperature dwa by 2-3 minutes. As the final temperature of 85*C is
rcuchu!. the rate of NZO tind N z evolution peaks tind [hen grw!ually declines. When the
rciic[ion is qucnchcd in its. gus evolution ccuscs abruptly. In[egralion of the gas
c\ ’,dution curves gives the t~tid timuunls 0[ NzO and N2 produced. This wiw found to bc
IW) ym(]lcs iIIIdzoo”pIIK)lCS.rcspcctivrly. Bused on lhc weight of nmleriid that rcuclcd.
(Iw IMLIInilrogcn (N no[ Nz ) consumed in lhc rmction wtis 20,9 mill imolcs. The ubovc
il[ll~)url[sot. N?(I m.1 NZ rcprcscn[ 12 ml ? pcrmmt of [hc rcwd nitrngcn, respect ivcly.
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Figure 4. Rates of Nitrous Oxide and Nitrogen Evolution versus Reaction Time
—.——.

PBX -9404 Hvlrolysis No_~ s“.

Because no sig:lificiint itmount of carbon has been detected in the gaseous
produc[s. it can be assumed that nearly all of the carbon remains in soluiion as water-
soluhle products. The 1SC Iir(tr spectrum of PBX-9404 hydrolysate shows the formate
ion as the majo, curbon-containing product. One explication for the production of
formwe is the reaction ~f formitldehyde, the initiitl product of HMX hydrolysis. with
sodium hydroxide. This is known as tbe Cannizzaro reaction and methanol should be
produced in equimolar amount to th~ %rmtte ( 1I).

2 H2C0 + NaOH ~ NaOOCH + CH30H

An experiment wus performed to trap and analyze methtnul in the guseous
products. A purge of argon wits user! [o sweep the gaseous hydrolysis products through
lv:~tcr that was corded in ice. The water trup solution wils then analyzed by gas
chromatography for methanol conterlt. The itmcunt of me~hitnol kmnd represented only
onc percent of the carbon frnm the PEX-9404. This meuns that either (he frirmate is
produced hy some oiher mechanism, or the methimol is consumed in a subsequent
rcaclion,

Ion chromtitography und ISC nmr spectromet~ have shown Ihat upproximittelJ
mw-[bird of lhc surtmn is convcrtcd to sodium formit[e, Tile IJC nmr also shows at lust
fifteen pctiks in addition [o the fornwtc peuli, most of thcm rclti[ively smfdl, tis shown in
Figure 5. lMitnyof IF,Cpeuks me groupxl be[wcen 50 m.1 S() ppm chcmicul shift. smrv,,
ilrc IWilr 1H() ppm. and it cmtple arc near 20 ppm. A nm- cxpcrimcnt cilllcd DEPT
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(Distortionless Enhancement by Polarizalmn Transfer] WW+pel famed [o determine [hc
carbon tvpes. i.e.. methyl. methylene. methine. or quimmm-y. The unknown peaks new
20 ppm- were found to be methyl carbons. those between 50 tind 80 ppm were
m:thylecss. and [hose near 180 ppm were quuternary carbons. One of [he qua[ernu.ry and
one of Ihe methy: carboiis may be clue [o [hc :weta!e ifm. A peak matching the retention
time ‘~facetate was found in [he ion chromamgriiphic imalysis, Quantitative analysis
show-cdit to represent 13% of the totul carhm from [he PBX-9404.

tlualornq
Carbons

-1

Fonnate

CH2 Carbons

CH2 Carbon
CH3 Carbons

f I I I I I I I I
au Ial 160 140 120 lb m w 40 20 N

Figure 5. Carbon NMR Spectrum of PBX-9404 Hydrolysate.

In fiddition to the Cannizzaro reaction described above, formaldehyde mtiy
undergo condensation reactions in base solution (11). Condensation reiictkiiis of
formaldehyde can form hydroxy iddehydes, hydroxy ketones, and sugars. The
unidentified 13C nm.r peaks of the PBX-9404 hydroly:,ate have chemical shifts in [he
region expected for these types of compounds. Some of these materials were obtained or
synthesized, and evaluated by nmr as possible products, The following compounds were
checked: dihyciroxyacetone, 1.4-dioxune, formiddoxime trimer, formnlin. fol mamide,

came closest in nmr
not yet been verified

glycolaldeh~de, glyceraldehyde. glyox~l, methylene bis-formamide. tind
paraformiddehvc!e. Of all the materiids checked. dihydroxyacetone
chemictil shift to the hydrolysis product unknowns, 64,L ppm. [t has
[h;’tdihydroxyacctone is, in fuct. omong [he hydrolysis products.

RBX-9404 Mutam-

Ttihle I shows all of [he products that hnve +een idcn[ified for PBX-9404
hydrolysis. To date, 47 percent of the carlmn, 70 pcrccnt of the niirogcn, and 62 ~rccnt
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of [hc chlorine htil.c been wmun[ed for. Further wnrk is required to uchicvc ii Iw[[cr
mass bidance.

Table 1. Products from the Hydrolysis of PBX-%U)4
iShown m Pcrcemugeof stnfiing C or X frcm :xplosivc I

Product % of PBX-!MM
Formate . .I ..—
Acetate 13’.*O1C I

\le[tranol 1 %ofc
Total Carbon 47 %

- mmoma 35%of N
Nitrite 19%of N
Nitrate 0.4 % of N

Nitrous Oxide 12%of N
J

Nm-ogen 3’kof N
Total Nitrogen 70%

Cnlorlde 62 % of Cl

u W PBX-9404 HvU ‘sate for RCRA Listed R-

A sample of [he PBX-9404 hydrolysis product mixture was sent to the LANL
Environmental Analysis Group for analysis by gas chromatography/mass spectrometry
(GC/MS). A dried hydrolysis product mixture was submitted as well as the aqueous
hydrolysme solution. The dried solid was extracted with the following solvents:
methanol. acetone. acetonitrile, hexane. and meth ylene chloride. The liquid sample was
extmcted with hexane and methylene chloride. The preliminary results are listed in Table
2, below.

Table 2. CST-9 Anulysis of PBX-9404 Hydrolysate

1 1
~ 3-methyl - l-H-pyrrole 1
3 3.5-dimethy! Fyridine ?
4 N-nitroso-diphenylamine 1;
5 dlphenylarmne
6 2-methyl- 1-propanol 15
7 2-methyI-2-propen- 1-01 17
8 hexameth ylenetetramme <

9 triphenyl phosphme oxide ;

The compounds listed in Table 2 have not been verified. Of those listed, numbers
I-3.6. 7. und 9 i,lrc unlikely considering the s[arting materials, None of the ubove
mmerials were found in a large amount, It appears that the major carbon-containing
hydrolysis products are not soluble in common organic solvents. They are probably in
the form of wtiter-soluble sodium salts. Acidifica!iorl prior to extraction may incrcmse
solubili[y in orgunic solvents and aid in the analysis.

8
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behind \vM cx[ractcd wilh water imd the extract mdyzed by ]SC nn;. The water+olublc
porrion of the chtir wtis found to consist mainly of sodium carbonate.

The PBX-9-KLIdried hydrolysis sample was also analyzed by differentitil [hermid
wmlvsis (DTA) m determine the temperature of decomposition. An endothermic
[ran~ition WM found near i60 C and two exotheims were found near 330 imd 2VI’C.
This pyrolysis procedure may. be useful us a low temperature thermal treatment to
degrade products from hydrolyses.

Hx!m~s of PBX-9404 Hvdrcdv ms

;~ifri(’ (1~.id().~idl~?i(~)l
Ni[ric acid was initially used m an oxidant for two reasons. The nitrate ion is an

effective oxidimt for orgimi~ matter in hydrothermal systems ( 12), and the acid itself
helps to neutralize the basic hydrolysis solution. In addition. nitrate has been
dcmonstmted to be u considerably more effective oxidant for ammonia than molecultir
oxygen in supercritical water ( 13); ammonia removal from the hydrothermal reuctor
tffiuent may lx necessary for the final disposal.

Reaction conditions for these experiments are shtiwn in Table 3. Oxidation
kinclics were studied in three experiments at temperatures from 4f)5°C to 453°C. Totid
orgdnic und inorganic carbon (TOC ilnd TIC) were measured for the feed solution and
cllluent saml?les to determine a material balance on the effluent and to determine organic
carbon destruction efficiencies. Gas chromatography (GC) was used to identify gaseous
nitrogen und carbon products. The b~sic pH of the effluent (pH between 9 arid ;0).
compured with the feed solution ( 12.9) indicated hydroxide wus consumed in proton
trtinsfer reactions with COZproduced from carton oxidation. No plugging WaSobserved
tit rcuctor operating pressures new 1000 bar. Plugging typically occurs at lower pressures
imd higher temperatures, which fiivors sodium c,wbonate precipitation from solution ( 14).

Table 3. Reaction Conditions for Hydrothermal Processing of lM Hydrolysate
using Nitric Acki w oxidizer

Rcuction Temp (“C) Pressure (bar) Residence Time (s) Effluent PH
-t(]~ 1111 64 10.0
J~w_J I 109 60 9.8
453 1113 57 9,8
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Ion chrom,uogrtiph~ i lC) und TOC/TIC rcsul[s (or [hcse cx!]crimcn[s urc
presented in Table 4. DiIm In Tddu 4 indica[e [hw incrcwcs in reaction tcmpcm[urc
resu]lcd in increased T(3C dcslmclion. This fiic[ i~ idw}lllustr~[ed by ucctme imd form~~c
ctmccmrutions. wilich monotonically dcurcuse \vi[h inmemcs in mmperature. Acctmc and
lorm~w dso appetir iIs the m~jori[y of [hc (wgwtic curhon remaining dlcr oxidiuion.
representing 93.6% m 1I- I.(YXof the measured effluem TOC vidues. Because TOC
1“0.IucsIVSUIIfrom u sulwxtion of TIC from TC values. hw TOC-conccmrwions in [he
prcww tlf iI high TIC kwkgrouml mc difficu][ to uccuratcly qu~n[ify. This imidyti~til
Giftlculty. comluncd kvitil the fact [hii[ WXMa[Cand forrmue huvc long been recognized ii~
rcfriic[on carbon rcactiort inlcrrnediil[cs in hydrothcrmid sys[cms ( 15). suggcs[s [hat
ctllutmr TOC \-alucs might be[tcr hc derived fron~ace[atc m.i formiue conccntrmions.

As TOC VU!UCSdecreme wirh increasing reaction temperature. inorganic carbon
concertralions increase. The pH of the effluent samples (Table 3) indicate [hat TIC is
prescn[ predominately as HCO,-. with a significant itmount CO,”, As discussed
previously. these species arc foimed in rupid proton mmsfer retictions .t i[h CO: produced
from orgimic carbon combustion. Ammonium values first increase from the feed
solution, and then drop sligh~ly. The initial increase is likely produced from nitrarehitnte
rcduc[ion with [he organic mat[er. This behavior has been observed in nitrate/me[hanol
and ni[riitelicerate hydrothermal systems ( 16.17). The subsequent decrease. albeit smtill.
muy result from subsequent ammoniti reactions with nitriite to form Nz and N,O. These
rcuctions have been observed at similar lemperitture regimes in basic Nti,NO,/NH1
solutions ( 13).

Table 4. Total Organic Carlmn and Ion Chromatography Results from Nitric Acid
(’)xidized Hydrothermal Processing of Base Hydroiysate. (All WSUILSpresented in
mg5)

Retiction TOC TIC Nitrate* Ni[rite Ammonium Fcxrmtte Acetate
Temp (“C)
Feed 5643 1 169 25771 8019 75 11500 6280
405 1236 9’1 18131 7180 596 77(3(-J
429 11 I 5456 9687 8402 704 ;70
453 ** I 6327 8!64 8675 646 240
*. Includes HN03 add]tlon
** - Below detection Ii,mits

GM products from the hydrothermal processing ure reported in Table 5. No
oxygen was detected in the gaseous effluent. Significant amounts of hydrogen were
evolved tit 405”C. but at higher temperatures, less hydrogen and more molecular nitrogen
were observed. Hydrogen appeors to be produced in early stages of carbon
hydrolysis/oxidation. only to be oxidized to water with ni[rate/nitrite at higher
[cmpertitures. This hydrogen production behavior has iIlso been observed in the
hydrothermal treatment of EDTA using nitra[e/nitrite oxidizers (9). Nitrous oxide
production remainsd near 10% of the totul gas production for till three temperatures; i[s
conversion ilppe~~d to reach u mimimum ut 429°C, Small umounts of hydrocarbon
mtiteriids. notubly methane and ethylene. were also produced. with higher conversions
evident ut lower temperatures. At 453°C, the only reduced gaseous product present was a
trace amount of methane.
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Table 5. UK Products from Sitric Acid Oxidized Hydrothermal Pmceming of Base
Hyclrolysate. ~Al] results prcwnml ure Pcrccnlugc of mm] :{iunle of gas prm.iuccd pcr
IIler M solutitn )

Good muss bakmccs \vcrc (hwincd from Ihe nitric ~cid .)xidil[lon experiments. M
>hown in Table 6. Also \ho\vn in ~ahle 6 urc [he obsemed TOC d. iruction efkiencics.
The carbon mass txdancc is l*Mcd on Ihe r~lio d [he known carbon constituents in the
cilluent to the nrganiu carbon in the feed scdu:ion. These cmbon constituents include [he
difference in inorganic curbon Iwlween the feed tind the effluent. The tots! destruction
efficiency is Imscd on [he total orgimic carbon in [h= feed compared to the total organic
cwbon in the effluent and curbon containing gixes evolved. As shown in TJblc 6, [he
carbon mtis~ bidanccs range from 94 to 114~r. %me of these results are larger than
1(KY7because of probable errors in inorgimic curbon measurements. As previously
discussed. m high inorganic carbon loadings the determination of small levels of TOC is
anillytically difficult. As a result of this potential error. for [he reaction conditions at
429CC and 453=C. DRE’s (Deslruc[ion Removal Efficiencies) were calculated using
acetate/formate concentrations ruther than TOC measurements. This prevented the
circulation of an artificially high DRE.

Table 6. Carbon Mass Balance and Destruction Efficiency

Reac[ion Carbon .Mass Total Organic Carbon
Tcmp (CC) Balance * Destmction Efficiency’

~ ~
429 1o3’7- 95.3%
453 114% 3$%

* - See text for explanation of measurements

%struction efficiencies increased with increasing tempcruture. Neariy all of the
orgtinic carbon was converted to benign products above a reaction temperature of 429°C
at 1 minute residence time. Higher destruction efficiencies could be achieved by longer
resilience times or higher operating temperatures.

H~dro,qen uero.ride midution
Hydrogen ~i=~~de was ok used as un oxidant in the hydrothermal processing of

tuse hydrolysate. A more concentrated sumple of base hydrolysate ( 1.5 M NaOH) was
used in this experiment. and has been described previously in [he experimental methods
~ection. Reuctions were carried out at one [emperuture bectiuse of experimental problems
with J+~O~. Hydrogen pemxidc reacts with the biusehydrolysate at room temperature to
form smidl guseous hubbies. These bubbles make it difficult 10pump the solution at high
pressure. One run m 419=C wus made before the pump wits unable to continue to
pressurize the reactmn [o 1C34 bar. Since [he time of the initial experiment, a revised
experimental setup has been designed to allow the co-pumping of H~OZ and hydrolysate
u[ elevated pressures. The pH changed during the rcuction from 12.I in the feed to 9.5 in
the eflluent. The prmsure of the reticlion was 990 bar und [hc rcsidencc time wtis t%!s.

11
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Ion chromatography tind [mill carbon rcsul[s of feed und cfflucn[ ion
concentrations are shown in Table 7. Using hydrogen percmidc. nitrute and nitrite were
completely reacted, but TOC dcsmmion removal cfficimwies were not us cffec[ivc iIs
with nitric acid. Note ~hat only cmc tempern[urc v.iIs attempted: organic curhon
destruction would bc more effcct]ve ~t higher tcmpcrtitures tind increased residcnuc
limes.

Table 7. Total Organic Carbon and km Chromatography Results from Hydrogen
Peroxide oxidized Hydrothermal Treatment of Base Hydrolysatc. [All results
presented in mg/L)

TOC TIC Nitriite lNiLrile Ammonid Formme Acetate
Feed 13180 1490 1357 m 699

EtTluent _ 5330 8960 0 0 2482 10118 4212

GiIs products from the H@z oxidation experiment were measured by giIs
chromatography and are presented in Table 8. In ccmtrilsi to nitric ticid oxidized
processing. no NzO was detec[ed. hul oxygen was detected in the gaseous products.
$igfilficant amounts of hydrogen are evolved at -114“C. Small amounts of methane and
c[hylene were iIISOdetected.M observed also in [he nitric ~cid oxiduti :11experiments,

Table 8. Gas Products from Hydrogen Peroxide Oxldimd Hydrothermal Treatment
of Base Hydrolysate. (All results ~resented me percentage of total volume of gas
produced per liter of solution)

Reaction N20 o? CH4 C~H~ Hz
Temp (“C) (std cm3)
419 1.4 0 34

Destruction efficiency. or organic carbon conversion. for hydrogen peroxide wiIs
not M good m when nitric acid was used as [he oxidizer. The destruction efficiency for
the one peroxide run was 58%. Since nitrate or nitrite were not present tit the snd of the
reaction (oxidizers themselves). this indicates that not enough oxidizer wtis added to the
feed solution. It is possible that hydrogen peroxide decomposition to molecular nxygcn
in the feed container resulted in these lower ~han stoichiometric values. One desirable
feature of this reaction is that the nitrogen species are completely converted [Ogtiseous
products; this might suggest that u step feed reactor is a fuvorable reac[ion scheme, with
nitriltc/nitrite carbon oxidillion in the tlrst rcac[or segment and oxygen oxidation in the
second segment. In this experiment, 92% of the curbon in the feed solution was
recovered in the effluent. This muss hidiin~~ ~ii~ cidculutcd in [hc same wuy ils for the
nitric ucid experiments,

CONCLUS1ONS

We have ‘;hown bmc hydrolysis [o bc u viable idtcrmuive to open burning/open
dclondtion Uisposid of energetic mutcriills, This low [cmpcriilurc chcmicid treaimcnt
me[hm.i rcsul[s in mmenergctic and wuter-soluhlc produc[s. The giIscs prmlumxl from
hydrolysis of PBX-94(M iIrc ilmmoniti. nitrous oxide, id ni[rogcn, A mtiss bidimcc0170
percent hus been dctcrmincd for ni[rogcn products. and 47 prrccn[ for curimn products.
More work is nwicd to identify iuidi[ionill produc[~. [f il sccondu~ Irculmcnt slcp is
required li~r the hydrolysis pr(duct s[rctim. Ibis ~ill) k il~hi~vd hy hydr(~thcrl]lill
pnmwing. bi(][rca[mcnt. (wpossibly low lcmpcriuurc pyndysis,
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We have also d: :ncmstratcd that we cim process the aqueous effluent of base
hydrolysis in a hydrothermal reactor. Destruction efficiencies up to 98% were achieved
using nitric acid as an oxidizer, Major gas products detected were Nz and N?0 w the:;e
tcmpermwcs. and H2 at lower reaction temperatures. !Uitriite.nitrite. md ~mmoniti were
detected in the effluent. and nitrute and nitrite products can be minimized by using less
oxidizer. Some acetate was detected in the effluent stream. und form~te was de[ected tit
lower operating tempcmtures. For hydrothermal processing using hydrogen peroxide as
an oxidizer. lower destruction efficiencies were observed than with mtric acid. but ww
believe th~t these destruction efficiencies can bc increused with larger timounts of
oxidizer and o~ration at higher temperatures.
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