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Robest L., Bishop, Cary Skidmore, Raymond L. Flesner, Philip Dell*'Orco, Terry
Spontarclii, John Kramer and David Bell

Sodium carbonata has been identified as a possible hydvolysis reagent for decomposing
HIMX-based explosives to water soluble, non-cnergetic products, [n this sindy, the
reaction kinctics of sodium carbonate hydrolysis are examined and a reaction model is
developed. The mte of hydrolysis is reaction-rate limited, opposed to mass transler
limited, up to 150°C. Qreater than 99% of the explosive sol?c?s‘ in powder form are
destroyed in less than 1Q minutes at a temperature of 150°C. The primary products firom
sodium carbonate hydrolysis are sodium nitrite, foninate, nitrate, acetate, glycalate,
hexamine, nitrogen gas, nitrous oxide, and wnmonia,

e i Dopartment of Dot partm

5 ment o cnse and the Do cn of Lncrgy must dispose of a Large
volume of high explosive (HE) matcrial,! including unexploded ordnance al:c\l bulk
cxplasives recovered from aging munitions stockpiles. Traditlonally, open bumlngjoﬁn
detonation(OB/OD) is used to dispase of these materials, but environmental concems have
forced the development of now technologics.? High oxplosives are usualty choracterized as
compounds or mixtures containing both a tucl and an oxidizer which react violently with
small impact, thermal, or clectrical stimulus, Duc to noise concemns and the dispersion of
undesirable bumning products, OB/OL has recently fallen out of favor with state and federal
regulatory agencics. This has g;omp(cd the development of sate and environmentally
hmiﬂ:idisposal aliwernatives, Ono high explosive disposal alicmative being developed in
paralicl by industry and Los Alamos National Laboruatory is base hydrolysis.

Rasc hydrolysis is 2 method of breaking down high cxplasives to organic and
inorganic salts, soluble organic compounds, and benign nitrogen gases (primarily nitrous
oxide, nitrogen and ammonia), The process aperates at relatdvely low pressures and
wimperatures compared to OB/OD, is easy 0 control and implement, and is a ciosed
system. Depending on the high explosive wreated, the squeous products are still considensd
harardous waste thut require further veaunent. Several pupers have been writen with
research being performed by both privawe and go vernment laboraworics. ™’

Currently, un ammonia-based hydralysis process is operationad at Thiokol 10 treat
CYH rocket propellunt.” A large-seale unit is scheduled for implementadon later this year
at both Eglin Air Force Basoe and the Puntex Plant in Amarillo, Texas, In addition,
Chemicul Syswems Division, a propellant manufacwrer in nonthern California, is uslng base
hydrolysls to destroy wasto encrgote imaterials.® 1t hus been dewnuined that base
hydrolysiy using sodivi hydroxide at cither 90°C or 150°C is un ¢ffective method foe dwe
disposul of many explogives. Furthermons, the hydrolysls reaction using sodlumn
liydroxide is muss wansfer limited above u tempetature of 70°C.*

Tho buse used wost often in this provess is sodium hiydvoxide, The fensibility o
wying sodivm curbonuie uy wn nlernutive buse 0 sodimn hydroxide way investigated. To
better understand the elfectiveness of sudivm curboite us an ugeat for the hydrolysis of
HMX, and PBX 9404 (94% HMX, 3% nivocellulose, 3% chiloraethy! phosplaae, and
0.1% dipheuylmnin), kinetic studies were perdfunned. PIX 9404 iy w plustic bonded
explovive devolped by Los Alsnos Nutionad Lubortory mnd used fu DO imupidous, ‘The
TIMX used i our experinrents was in o conrse powder, which hnd mn average paticke
dinder ot 128 mlcromy, Pov the PRX 9404 exparhinents, malding powder was ased,
except for one expeciment in which a vimsalidated plece was used, The consaltadated plece
wid it cube appeoxtmately 1.8 nches per side, and welghel 127 grams,  Molding prawdes
crmststed of small panddeles or pleces af plastie-covered explasive up to 0.58-1 ¢
dtameter. The comsalidaed plecs was manafacturedd by pressing avalding guawder wa tagh



pressure hydrostatic press at an clevated wmperature, Kinetic studies ace needed 10
quantitatively evaluate the pertormance of sodium carbonate as a hydrolysis agent.

The explosives were converted into non-explosive, aqueous compounds by
treatment with either 1, 1.5 or 2.5 molar sodium carhonace at clevated pressure, The
fraction of the solids converted to soluble compounds, and the experimental times
temperature profile was used to determine the rate. The overall rate was determined and a
first order rate cquation was developed with an Arrheniug rate constant,

Experimental

Two reactars were used to perform the kinetic studics. Mast of the experiments
were carricd out in a 100 ml Hastetloy “C™ reactor that was heated and stimed with a VWR
Scientific series 400HPS hot rlnw!sdm:r The hot plate/stirrer was equipped with an
automatic temperature control system . The temperature and pressr:re of the reactor were
recorded every five scconds using a LahView data acquisition program. The reactor was
heated to 4 setpoint temperature and held there for several minutes, then rapldly quenched
in an ice bath. One sample port was used to take gas samples and to vent the oft-gas at
cach experiment's completion. The whole apparatus was placed in a fume hood hehind an
explosive blast shield.

The ctfects of heating rate, reactor size, and mixing properties on the kinetics of the
reaction were determined by cornparing results obtained using two ditferent reactors. A
2L stainless swel Paer reactor was used as the second reactor. The reactor was heated with
clectrical coil heawrs that were in contact with the walls of the reactor, and cooled by un
inwernal cooling coil that used tap water as the ¢oolant. The electrie heaters and cooling
water were contralled by a Watlow series 945 conwoller, Similar to the 100 ml reacior, the
pressure and temperature were recorded every {ive seconds using a LabView daia
aequisition pragiun, The reactor was agitated by & stirver shaft with two flat impeliers, wd
the rotational epecd af the stirror was reconded every (ive seconds, A gas sampling/vent
port und a lignid sumpling port were both available, ullowing fur tiquid und guy sumples to
be tuken durtng experiments. The wemperaturo conwal system on the Parr reactor was
capuble of controlling the heat generated Cram tw reaction by lutemal conling, whercas, the
100 ] renctor did not have this feature. The coolant feuture provided better temperuture
control in the Purr reactor, Roth reuctors were batch loaded und sealed ule tight before the
beginning of cach experinient, At the end of cach oxperinent, the liquid was filtered using
u Biml:hl:lcr funnel with 1.2 wicrou paper (ilter, aud the remuaining solids were diicd and
welghed,

In some experitents, gus and liquld smiples were taken. Smaples wewe taken i
the completion of the experitnents in the 100 ml reactor, while lnteimediate swaples weie
tuken fn the 2L Pare ceuctor experiments. The gus swuples weee aualyzed by gus
chromutography. The liguid samples were analyzed (or pH, ion content, und total vrganic
and inorganic carbon,

Sunilue experiments were gronped [oe duntu sndysis purposes. The criterion ased
for f;wuplng wits bused on shollue sollds loading, base cancentreation, und veactor size. An
Avehiendis type inode! was used to predict the floal solidls inayg nging the experinental
temperatind peofile, The same Arcwenios aonaeters were nsed Tar all the experinenis
within asch group. The ditfeences hetween e expecitaentnl inass iemaining mnd the
puecicted ks was thon minimlzed w fud the aptimum Avehenlus parinetens to use, e
cocthiclents for each group weste thenw campmed and w imean wis deicomined along with an
crror tenn, The crtor fenm repuesents o twa-tatled, V3% canfidence Intetval,

Results and Diseussion

Lxpedments were pertanued varying the luittal sodium cabounte coneentreatian, the
setpotut wmperatue, the tine the solution was fertat the seipunt, the expasive solul
loading, and the size of the icactor, By virytug these factins, the major parnmetes that
could artect the reaction were Atudied. T o gxpertments, the rotattonnd speed of the



stircer was varied. A sununary of the range over which these parameters were varied is
shown in Tabie 1.

Table 1:
Experimental Suinmary
Parameter HMX Exﬁerimems PBX 94031§xﬁerlmems
'i'empernture . 142.07C
|~ Buse Concentration [.0-1.5M 1.OM-2.5M ™
Solids Loading 0.03-0.54 0.066-0.3
explosive/g liquid)
me at Temperaturc 318 min 4.4) min

Over 60 oxperiments were performed. At a temperature of 150°C, a base
concentration ol 1.5M and a solids loading of 0.1 grams explosive pee mi af liguid, aver
W% of the explosive was dostroyed afted only fivo minutes,  Significant destruction
cfticicncy was abscrved for experiments done at temperatures as low as 1 MPC, with the
reaction rate helng more than donble at 150°C than at 13(°C, The pressure in the reactor
dueo to the accumulation of gaseous products was as high as MX) psig In the 100mt reactor
and 70 psig in the 2. Parr rcactor, lmh the pressure eftfect on the rate was ot
determined, no major change was obsce when the pressure was varied by cither venting
or by baving a larger fraction of head space in the 2 L reactor.

The experiments in which the mixing Reynolds number was varied from 75 to G0
showed that the reaction rate was not affected (see Figure 2). This s a clear indication that
the reaction is kinctically limited in this wemperature range. The same experiments wene
rcﬂ'onncd using a sodium hydroxide solution, which has heen shown to he mass transter

imited above 70°C.* A change in the mixing Reynolds number fram 75 w0 6,
carresponded o u daubling of the reaction rate, The sodium carbonate sysiem appears 0
he kinctcally limited due w the lower hydroxide ion concentradon when compared to
sudium hydroxide hydrolysis.

Table 2 shows the average agueous and gascous roaction products formed, Of the
remaining cacbon, 33.5% is formate, 7% is ucerate, and 60% was not identiied by cither
ion or gus chiromatagraphy. The 60% unknown (or the total carban is ot likely in die
fomut of hexantine and ather organic carbon species. The 35% unknawn for the total
niogen is most likely inade up ol icxwnine, aunmania gay, and other wniues,

Figure 2
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Reaction Rute Modeling,

Onee b way conftred that the teacton wiy Rinctienlly Himited, o ftest aeder moded
ln hydroxicke lon was used to 1t e oxperimental data, Previous wesesichers huve indicaed
thot the hydrolysis of HMX s 1t by a seeand order averal] rae equation, thst avder in
HMX and firse order ln QM concentration.” ™ Uik secund order tate constant is thea ti by



using an Amhenius equation. The following cheimical equilibrium equations and data were
used to determine the hydroxide iun concentration in the cate luw, Hydroxide ion is foraed

by two reactions with wuter.,

_|OH™1|HCOT ]

.- K — 2 K
) K . _[oH ] [HyC04)
3 HCOy +H20——> 0~ + 20O ) [coy |
Table 2:
Hydrolysate Products

Concentration (ppsn)

% Tolal Curbon or Nitrogen
In Explosive Processed

Curbon Feanui Species

(Not deteeted by 1C or (GC)

Loorganic Carbon 4, 7() 245
ganic Carbon 14,500 13,9
[<ormate 241 ~33.!
Acelae ~7.4
Carbon ~3Y
(Not detected by IC or GC)
[lMitrogen Bearing Species
Nnnilc 21060 17
{  Niteato (rive truce
Nitrogen gus ~ 1735 ~3.0
' thusd'xi?lc ~39487 ~q43
(her ~354

The concentration of the hydroxide ion in these equations was caleulated as a
tunction of temperature using a known cquilibrium constant, K., and compensating for
the tanperature efsect using standard thermadynamic eclationships.!? ‘the values of the
heat of reaction and the cquilibrium constant, K, are listed in Table .19

Tulde 3:

Heat of Reaction and Yeuilibdum Constants for

Livdroxide Reactdons

TRoactlon LY Al
ﬂlumloz
1 2.083- 10
2 2,380 | 483933

The solubility of HMX iy alTected by teperature and the othier gpecies preseot in
salitign, To ¢fiectively desenilwe thie HMX nqueaus comncentudion, wll these fuctons most e
tokew intonceonnt, For these resubis the sssimmnpition was inade that the wpreons HHMX
concentintion wik elilier velatively constint foe the emperatine vnge stadied, or that it
conld Iny alisorhed Tt the veaction rate canstant, Usiug this pssaaption, u good esthmae
could be obtalned by using a fiest ovder munbel with wespect i hydroxide, “The vesolis show
(at this madel does glve o gamd estinate,



In order to model both the HMX and the PBX 9404 using the same cquation, the
6% of the mass of PBX 9404 that was nitrocellulose and chloro-ethyl-phosphate had to be
1aken into account. The analysis of the PBX 9404 data was performed under the following
assumptions; The 6% of the mass that was not HMX did nit affect the HMX -carbonate
rcaction rate, and the non-HMX components cither reacted quickly or were completely
soluble immediately afier the reaction stared. The niraceliulose in the PBX 9404 was also
assumed to react quickly, causing the PBX 9404 to fall apart into small cles with size
distribution similar to that for HMX, Thesc assumptions allowed for 6% of the mass of
PBX 94(M 10 he destroyed immediately, with no effect on the remaining HHMX. ‘The
amount of carbonate ion consumed by the nitracellulose was taken into account.

Table 4 lists the Arrhenius parameters for the HMX and PBX 9404 experiments.
These data were tuken for a scries of experiments, and 95% confidence bounds are given in
the table. The data show that there is no statistucal difference between the paramerers for
the HMX experiments and those fur the PBX 9404 cxperiments. This confirms thut the
assumptions used in the analysis of the PBX 9404 compounds are consistent with the
resulis,

The maode! can be used in the design of reactors and in scale-up o production.
Since the difference in the reactor size did not seem to have an cffect on the rate, the kinetic
equation can be applicd to any size reactor. The use of a first order model also climinated
the immediate need to uy to evaluate the solubility propenties of HMX in base solutons at
high wmperatures, Table 4

able

Arrhenius CoetYiclents for HMX-Carbonate Regetion

- Explostve (295¢ Activation Energy Natural Log of the
confidence) (KJ-mol™ Pre-Exponential Factor
E (In sec')
‘ InA
HMX 02.420.7 20.820.8
PBX_ 9404 91.5+0.% 22.140.5

Predictions tor differcnt reaction canditions were carried out based on the nudel
developed from the experimental results, Figuro 2 shows the effect that the [uitial base
concentration and! the temperatng have on the cde. The data represent a theoretical
isuthernad run using difTerent sumlng curbonute comeentrations. The plak shows that the
etfect of temperature on the venction is quite substantial, ‘The tine antil total destruction of
the explosive varies from conghly 8 iduates at 150°C o 37 inbuntes at 130°C for a stating
carbonate concentratlon of 1.SM. ‘The initial carbonate concentratlon can alsa greatly attect
the mte, The total destruction thue clianges trom coughly 12 minates for a 2.5M solutian at
140°C to almost 24 minwes for a 1M solution at the same tomperntue,

Howaver, the temporature protile does not need to be Isathernal for thy madel © be
uselul, Figure 4 shaws predictions based on an oxperimental teinpecatueg prafite, The
Nuctuation in the wmperature at s sotpolag Is due to s cantral sysiem used in twe Puer
reactor. The model was used to predict the hydroxide lon conccntration, the carbonute fon
concontration, and the HMX fractian wemalulng. The tgure shows that the hydraxide lon
cancentratlon lncreascs with the wmperatiee until the peak wmperature 15 weached, and then
the concentration falls, ‘1T inercuse §s due to tho ottiect thut te winperature hos ou the
cquitlbritm cansunt (Clausiu/Clapeyron Kquation).”. The graph shows the efteet is very
alzable, Tho subsequent decrease in the hydeoxido ion concentration is duo ta the change in
the equilibrivin (equatdons 2. 4) fram the consumption of the hydroxide lon In the reaction.
As hydroxide lon I$ consumned, sa {s the carbonats fon (see Reactdon 1 and 3), This is alsa
shown on the graph. The HMX tractlan remaluing also shaws the etteet that the
whinperature s on tho reaotion raw, with virally no reaction wking plice at temperaiaes



below 100° C and rapid destruction at 150°C, The agreement between the predicted and
experimental results for the experiment used 0 generate Figure 4 was £1.2%.

Figure 3:
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In the experhient n which the PBX 9404 was in the toam o a consolidated puece
instcad of malding pawder, atter reacting for ten minutes at 150°C uslng 3IM Na (O, anty
43.9% of the total sturting mass hud reacted. “The reaction rate Himbwd model predicts tha
75.6% of the tal mass should have reacted. It appears that in consolidated picces, mass
teangfer rosisancs beging to compete with rection kinctics thorshy rendering the kinetic
wodel fess accurate, The majorty of the wenaintng solid was stll in one picee, with 1IMX
‘)owdor surrounding it. The &mscncu al bath a laege cenwal plece, and a farge amount ot
IMX powder suggests that the reaction 18 occurring in a trunsitional eeginw. Whon NaOH
is used on a large piece. the vemainlug mass Is ln oae plece, with Uule or no HMX powdee
present.  The reaction model developed 1s only valid a2 lang as the reaction stays ln the
reacdon rtw Himited wglhne.

(]



Sodium Carbonate as a Hydrolysis Agent
There arc three chief advantages of using sodium carbonate for basc hydrolysis.
The first is the significandy lower pH value when compared to sodium hydroxide. The
lower pH allows for casier handling. In sodium hydroxide hydrolysis. the product stcam
has an averuge pH of 13." whereas for sodium carbonaw the pH ts around 9.5 or lower.
Second. the cost of sodium carbonate is less than NaOH. The cost of NaOH is $HXVton
for a 50% by weight solution in water."” The cos! of sodium carbonate is only $106/ton,"
a cost savings of 28% when compared to sodium hydroxide at a solid loading ot 0.1 grams
explosive per ml of solution and a base concentration of 1.5M. Finally, sodium carbonate
has a simpler reaction products than the sodium hydroxide In the sodium
curbonate process very few aqueous products are made, with the majority heing carbonate,
formate, nitrate, ..itriwe, and hexamine, A Carbon |3 NMR scan of the products from 1.5M
sodium curbonate and i.5M sodium hydroxide hydrolysis of HMX are presented below in
figures S,
Figure §:
Sodium Carbonate Hydrotysis(liMX) NMR, Sodwm Hydroxide Hydrolysis(HIMX) NMR
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Conclusions

The veaction kinetics of HMX and PBX 9404 hase hydrolysls using sadinm
varbonate weee tnvestigated, Several experiments wene pcrfmchl aslng ditferent size
reuction vessels, and difterent concentrations of bath base and explosive, The reactions
waere cirred ont in sealed vessels and pevformied in the tempecatire range hetween G°C
and 180°C,

The nse of sadlvin carhomte for base bydrolysts of HMX or PBX 94014 is o viable
mothod At a tempemtine of 150°C, a lnse cancentration of £ SM, and w10 mass ratio of
explusive ta base salution, 1% percent o adl the sallds am destroyed n less thin ien
winutes, Furtheemare, the products from the reaction contaln fewer campuines than
when sodhn hydvaxide is used as the hydrolysis ngent, and the solutian has o tinal pli
helaw the RORA carrastve level, The availubility of sodhi caebonnte as a cheap salid can
lave a cost saving aver sodium hydroxide, Sodiun carhonate (8 a asetul and jractical
alternutive o sodium hydroxide,

‘The hydrolysis of 1HIMX and 1'BX 9404 using s carbanate can be aadelisd
using a tirst order rate equation in hydroxide lon, Bath PBX 9404 and HMX hydrolyas
follow the same rate law, This fact cauld cnable sodium carbanate to be used ottectively w
other plastic bonded explosives where the majority of the compound Is HMX. The tact that
the reaction can be maodeled eftectively ignoring the concentration af HMX in solutan leads
to the conclusion thut the solubllity cither changes slightly over thie emperatute range
studied, or that the salubllity can be tmken o uccount using the Antienluy parametees in
tho rate luw, The kunwledge of the kinctics of this reaction will help in madeling and
designing o prodhction seale operation ln the near tutue,
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Base Hydrolysis/Hydrothermal
Processing Technology Summary

_ Base Hydrolysis  (Non-explosive,
Explosive :>_ water soluble
products

Add water, heat to
400-600"C, pressurize
to 5000-15,000 psi

Products: CO,,
N,;, N0, 11,0



Introdﬁction, Base Hydrolysis

+ Reactions with NaOH NH, “de-energize™
 d solubilize many explosive materials

¢ Typical operating temperatures - 80 to
150°C

+ Base Hydrolysis Implementation:

~ Large Rocket Motor Demil Program (General
Atomics, Thiokol, Tyndall AFB)

- Eglin AFB (High Explosives Research and
Development Facility)

- DOE (Pantex)

PBX 9404 definition

¢ DOE Plastic-Bonded Explosive

¢ 94% HMX, 3% Nitrocellulose (binder), 3%
Tris (2-chloro ethyl) phosphate (plasticizer,
0.1% Diphenylamine (stabilizer for NC)
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MMX S NS
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Lab Scale Base Hydrolysis

¢ 2 Liter Parr reactor, 100 cc reactor
e Temperatures up to 150°C
+ NaOH, NH,OH, Na,CO,, 1-3 M
¢ Characterize rate of reaction
- Kinetics and/or mass transfer limitations
¢ Reaction mechanisms
¢ Product analysis

2 Liter Parr Reactor

Hewtlny Co 41




Lab-Scale Experiments

+ Over 60 experiments performed on PBX
9404 molding powder, pressed pieces, and
HMX powder

¢ Na,CO;at1 Mto25M

+ 93 to 150°C, 14 to 300 psi, 3 to 30 minutes
time, different mixing intensities
- Re mixing range: 75 to 600

Lab Scale Expts.: Reaction
Products

¢ Aqueous Casbon Products: Sodium
Acctate, Formate, Glycolate, Carbonate,
Methylamine

+ Aqueous Nitrogen Products: Sodium
Nitrite, Nitrate, Ammonia, Methylamine

o Cias Products: N,O, N, , NH,, Trace CO



Kinetics vs Mass Transfer

Destruction Percentage versus Reynolds
Number

100
80
60
40 4
20

BRe «75.23
BAs =601.9

NaOH Na2CO3
Roynotds Miting Number

Kinetic modecl

+ Literature: ist order in [HMX ] and [OH')
for homogeneous reaction
e Our assumption for heterogencous reaction:
= Overall reaction rate: pseudo 1st order, {O1)
only
~ {HMX] does not change or is included in
reaction constant ut chaaging Temp



Kinetic Modcl Results

Explosive {195% | Acivation Energy |  Nataral log of the
confidence) (K-mot¥) | Pre-Exponental Faclor
" (ta sec’)
{nA
HMX P.440.7 08408
PBY 9404 915108 2145

Model Predictions




Sodium Carbonate NMR

Cearonate
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Summary

¢ Sodium Carbonate - viable ullernative to
NaOH

- Cheaper, cleaner products, lower (inal pH

- Slower, not amenable to hydrothenmnal
processing

¢ Heterogeneous Kinetic model:
— Arrheniug rate constant coeffs detennined
¢ Rate relatively fast at 150°C

(}]
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