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Robert L. Bishop, Cary Skidmore, Raymond .. Flesuer, Philip Dell'Orco, Terry
Spontarclli, John Kramer and David Bell

Sodium carbonate has been identified as a possible hydrolysis reagent for decomposing
HMX-based cxplosives o water soluble, non-encrgetic products. [n this study, the
reaction kinctics of sodium carbonate hydrolysis are ¢xamined and a ceactdon model is
developed. The mte of hydrolysis is reactlon-rate limited, opposed (o mass transfer
limited, up to 150°C. Greater than 994% of the explosive sol?c?s‘ in powder form are
destroyed in less thun 10 minutes at a temperature of 150°C, The primary products from
sodium carbonate hydrolysis are sodium nitrite, fonmalc, nitrate, acetate, glycolate,
hexamine, nitrogen gas, nitrous oxide, and dinmonia,

Intraduction

The Department of Defense and the Department of Energy must dispose of a large
volume of high explosive (HE) matcrial,' including unexploded ordnance al:c\l bulk
cxplasives recovered from aging munitions stockpiles. Traditionally, 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 hoth a fucl and an oxidizer which react violently with
small impact, thermal, or electrical stimulus. Duc to noise concems and the dispersion of
undesirable bumning products, OB/OL has recently fallen out of tavor with state and federal
reiulatory agencics, This has g;omp(cd the dovelopment of safc and cnvironmentally
hm‘ilﬂ:.disposal aliernatives, Ono high explosive disposal alicmative being developed in
paralicl by industry and Los Alamos National Luboratory is base hydrolysis.

Rasc hydrolysis is a method of breaking down high cxplastves to organic and
inorganic salts, soluble organic compounds, and benign nitrogen gases (primarily nitrous
oxide, nitrogen and smmonia). The process aperates at relatively low pressures and
wmperatures compared to OB/OD, is ¢asy w0 conwol and implement, and is a ciosed
system. Depending on the high explosive treawed, the agueous products are still considered
harardous waste thut require further veaunent. Several pupers have boen writien with
ruscarch being performed by both privaw and go verament laborstories.”

Currently, un ammonia-based hydrolysis process is operational at Thiokol w treat
CYH rocket propeltunt.’ A large-scale unit is scheduled for implementaton later this year
at both Bglin Air Force Basoe and the Puntex Plant in Amarillo, Texas., In addition,
Chemicul Syswms Division, a propellant manufacwrer in northern Califomnia, is using base
hydrolysis 10 destroy wasto encrgetc materiuls.® [t hus beon dewnnined that base
hydrolysiy using sodiui hydroxide at cither 90°C or 150°C is un effectivo method foe dw
disposul of many explosives. Furthermons, the hydrolysls reaction using sodium
hydroxide is muas wansfer limited above a temperature of 70°C.°

The buse used most often in this provess is sodivm hydeoxide, The lensibility of
uying sodivim curbonute uy an nlernutive buse (0 sodivu hydroxide way investigated, To
better understand Wi etfectiveness of sudivm cucdomie us an ugeat (o the hydrolysis of
HMX, and PBX 9404 (94% HMX, 3% nitrocellulose, 3% chlora-cthyl phosphute, and
0.1% diphenylumunw), kinetic studies were perfurmed. PHX 9404 iy u plustic bonded
explosive devolped by Los Alamos Nutionnd Lubormtory snd used i DO aanitdons, ‘The
TIMX used tn our expecinrents was in n coumrse powder, which had an avecage particle
dlmater of 125 microns, For the PBX 9404 expariuents, molding powder was wsd,
except for one expeciment in which a consolidated plece was wsed, The consotldited grlece
wil i cube approximately 1.8 inches per side, and welghed 127 gamas,  Moldlg powdes
consisted of simall partletes or pleces of plastie-covered explosive up to 0.8-1 et
dlameter, The eansolidaed plece was maifactured by pressing motding powder wa lugh



pressure hydrostatic press at an clevated temperature. Kinetic studies are 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 carhonate at clevawd pressure, The
fraction of the solids converted to soluble compounds, and the experimental time-
temperature profile was used to deteemine the rate. The averall rawe was determined and a
first order rate cquation was developed with an Arrhenius rate constant,

Experimental

Two reactors were used to perform the kinete 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 neactor was
heated to 4 sctpoint temperature and held there for several minutes, then rapidly 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 stainjess sweel Parr reactor was used as the second reactor, The reactor was heated with
clectrical coil heawers thie were in contact with the walls of the reactor, and cooled by un
inwermal cooling coil that used tap water as the coolant The electric heaters and cooling
water were controlled by a Watlow series 945 conuoller. Similar to the 100 mi reactor, the
pressure and wmperature were recorded every {ive seconds using a LabView daia
acquisition program. The reactor way agitated by & stirver shaft with two flat impellers, und
the rotutional £pecd of the strrer was recorded every (ive seconds. A gas sampling/vent
port and a lguid sumpling port were both uvailable, ullowing fur tiquid und guy sumples o
be tuken during experiments. The temperaturs control system on the Pary reactor was
capuble of controlling the heat generated from the reaction by intemal cooling, whereas, the
100 ml renctor did not have this feaare. The coolant feature provided better temperature
control in the Pare reuctor. Roth reuctors were batch louded and sealed ubr tight before the
beginning of cach experiment. At the end of cach oxpetinwent, the liquid was fillered using
u Biml:‘“:lcr funnel with 1.2 micron paper Gilier, und the remaining solids were dried aud
welghed,

In some experitments, gas and liquid sumples were taken.  Sumples were tuken ad
the completion of the experitments in the 100 il renctor, while lntetmedinte sunples were
(uken dn the 2L Pare ceuctor experiments. The gus sumples weee analyzed by gas
chromutogenphy. The liguid samples wene mnu‘lyml (or pH, ivn content, und tutsl organiv
and inorganle cachon,

Sindlur experiments were grouped (o dutu anulysis purposes, The critetion used
fur geouping was bused on slintlae sotids loading, buse concentration, und ceactor siee. An
Archenlus type model was used (o predict thie final solids mauyg using the expedneatad
nperatnnd profile, The same Acehenius paineters were used for all the experiments
within éach gronp. The ditferences between tha experiinenta] nuss iemalndng and the
predicwd toass was than minhndzed to find the optimum Avehenlus parunetes to use, T
cocfticients for each group waere thew conpaed and w mcan wis determined along with an
Curor i, The erear tenm represents u two-tailed, 3% confidence inteval,

Results and Discussion

Lxpedments were pertonmned varving the initial sodinm cacbonate coneentreation, the
setpolnt wmperatuie, the tine the solution was fertat the setpomt, the explosive solid
loading, and the sizg of the wcactor, By virying these tactons, te major pacameters that
could attect the reaction were studied. In 1o experiments, the otational speed of the



sticcer was varied, A sununary of the range over which these parameters were varied is
shown in Table 1.

Table 1:
Experimental Sutnmary
Parameter HMX Exﬁerimems PBX 94031§xﬁerlmems
'i'empernture . -142.67C.
|~ 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 3-18 min 4-H) min

Over 60 oxperiments weee performed. At a temperature of 150°C, a base
concentration of' 1.5M and a solids loading of 0.1 grams explosive per mi of Uqgald, over
W% of the explosive: was dostroyed aftes only tivo minutes.  Significant destruction
cfticicncy was abscrved for experiments done at temperatures as low as 1 M°C, with the
reaction rate helng more than double at 150°C than at 13(PC. The pressure in the reactor
duo to the accumulation ot gaseous X.rnducm was as high as X psig in the 100m! reactor
and 70 psig in the 21. Parr rcactor.  Although the pressure effect on the rate was not
determined, no major change was obsce when the pressure was varied by cither venting
or by having a larger fraction of head space in the 2 L reactor.

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

imited above 70°C.* A changes in the mixing Reynolds numbcer from 75 to &K),
corresponded to 4 doubling of the reaction rate. The sodium carbonate sysiem appears 0
he kinctically lmited due w the lower hydroxide loa concentradon when compared (©
sudium hydroxide hydrolysis.

Table 2 shows the average aqueous and gascous roacton products formed. Ol the
remaining carbon, 33.5% is fonmate, 7% 19 ucerate, and 60% was not idendlied by cither
ion or gus chromatagraphy. The 60% unknown for the towd carbon is inost likely in the
form of hexamine and other organic carbon specics. The 35% unknown for the total
nitrogen is most likely made up of hexunine, aimmonia gay, and other wnites,

Figune 2;
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Reactlon Rute Modeling,

Onee b way confiemed thut the reactdon wiy Rinetdendly Bmited, o fiest order model
in hydroxicke lon was used o fie dwe oxperimental data, Previous esearchers huve indicawed
thit the I\J/dmlysls of HMX I8 ticby a second ovder overnd] rue equadon, thst ovder ln
HMX aud tlescorder in OH concentadon” M U second order rate constant is thea (it by



using an Arrhenius equation. The following chernical equilibrivin equations and data weee
used Lo determine the hydroxide iun concentration in the caw luw. Hydroxide ion is fomaed

by two reactions with water.,

_|OH™1-|HCOT ]

wa K — A} _— K
) K .. _[oH_|-{HyC04)
3 HCOy +H20—> 0~ + 20O ) [HCOy |
Table 2:
Hydrolysate Products

Concentration (ppm)

% Tolal Curbon or Nitrogen
in Explosive Processed

Curbon Feanui Species

(Not detected by 1C or (GC)

Inorganic Carhon 4, 7() 24.5
ganic Carhon 14,500 13.5
[<ormate 2414 ~33.!
Acelae ~7.4
Carbon ~3Y
(Not detected by IC or GC)
[lMitrogen Bearing Species
lenilc 21069 17
{  Nitrao trage tnwce
Nitrogen gus ~ 1735 ~3.0
' Nu'trousd'xiilc ~39487 ~43
(ther ~354

The concentration of the hydroxide ion in these equations was caleulatead as o
tunction of temperature using a known cquilibrium constant, K., and compensating tor
the temperature cffect using standard (hemodynamic eelationships.'? ‘the vatues of the
heat of reaction and the equitibrium constant, K., arc tisted in Tablc 3,4

Tuble 3:

Heat of Reaction and Yquilibdum Constants tor

Hivdroxide Reactons

Reactlon LY Al
ﬂlumlez
1 2.083. 10
2 29410 | 82958

The solubility of HMX iy alfected by temperature and e otier spediey present in
sodution, Ty efiectively deserilne the HMX aguecus comncentiation, all these factons mast e
token into necount, For these results e asswaption was inade thid the sgucons HMX
concentiation wik elilier celatively constant foe the lempeentinie vunge studied, oe that It
canld Iny abisoehed Tinto e ceaction rate constant, sty this assumption, u pood estimate
couldl e obtained by using & Hest order el with wespect o hydroxide, "The resulis show
(hat this madel does give i gaod estine,



In order 1o model both the HMX and the PBX 9404 using the same cquation, the
6% of the mass of PBX 9404 that was nitrocellulose and chioro-ethyl-phosphate had to he
taken 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 not affect the HMX -carbonate
reaction rate, and the non-HMX components cither reacted quickly or were completcly
soluble immediately after the reaction started. The nitrocellulose 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 deswroyed immediately, with no eftect on the remaining HMX, The
amount of carbonate ion consumed by the nitracellulose was taken into account.

Table 4 tists the Arrhenius parameters for the HMX and PBX 9404 experiments.
Thess data were wken for a series of experiments, and 95% confidence bounds are given in
the table. The data show that there is no statisucal difference between the paramerers for
the HMX experiments and those {or the PBX 9404 cxperiments. This confirms that the
assumptions used in the analysis of the PBX 9404 compounds are consistent with the
results,

The model 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 ry to evaluate the solubility propenices of HMX in base solutions at
high wmperatures., Table 4

able

Arthenius CoefTiclents for HMX-Carbonate Reacuon

- Explostve (295¢ Activation Energy Natural Log of the
confidence) (KJ-mol™) Pre-Exponential Factor
E (In sec'")
‘ InA
HMX 02,4207 20.820.8
PBX_ 9404 91.5+0.% 22.140.5

Predictions tor different reaction condithons were carried out based on tha madel
developed from the experimental results, Figuro 2 shows the effect that the initial base
concentration and! the tenvperature have on the ete. The data cepreset a theoretical
isotherrnal run using different starting carbonate concentrations. The plot shows that the
elfect of temperature on the reacdon is quite substantial, ‘The: thne until Wtal destruction of
e explosive varies from roughly 8 minates ot 150°C w0 37 sninutes at 130°C for a stanting
carbonate concentiation of 1.5M. ‘The initlal carbonate concentrntlon can also greatly atfect
the rte, The total destruction time clnges from coughly 12 minutes tor a 2.5M solwtion gt
140°C to almost 24 mlnutes for a 1M solution at tke same tomperatne,

Howgver, the temporatirne profite does not nead to e sothermal fov tho madet 1o be
useful, Figure 4 shows predictions based o an oxperimental tanpecaturg profite, e
Nuctuation in the wmperature at s sotpobing is due o e control sysiem used in the Parr
reaetor, The model was used to predict the hydraxide lon concentration, the carbonabe lon
concontration, and the HMX fraction wmalning. The tlgure shows that the hydroxide on
congentration increases with the wmperature until the peak wmperature 15 reachied, and twea
the concentration falls, ‘The nereuse §s due to tho otfect that the wmperature hos on the
cquillbrium consunt (Clausiu/Clupeyron quation).". ‘The graph shows the eftect is very
atzable, Tho subsequent decreass in the hydeoxido lon concentration is due to the change in
the equilibriut (equations 2, 4) from the consumption of the hiydeoxide on in the reaction.
As hydroxide fon Is consumed, o 18 the carbonats jon (see Reacton | and 3). This is also
shown on the graph, The HMX fraction remalning also shaws the eftect that the
whinperatwie hay on the reacdon raw, with virually no reaction wking pluce at temperaes



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

Figure 3:
Isothermal Plots
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Figur 3: kothemal Plol of Sollds Destruciion of HMX
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Figure 4.
Model Predictions using Experimental Tempecature Profile
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In the experhnent in which the PRX 9404 was in the toem ot a consolidated pece
instead of molding powder, atler reacting tor e minutes at 150°C uslng 3IM Na,CQO), anly
43.9% of tho total sturting mass hud reacted, The reaction rute Hmiwd model predicts that
15.6% of the total mass should have reacted. It aptcm that in consolidated picces, mass
teanster rosisancs beging to compete with renction kincticy thershy rendering the kinctic
model less aceurate, The majority of the remaining solid was stibl in one Piccc. with | IMX
‘)owdor surrounding it The prosenco of boath a large cenwal plece, and a large amount of
IMX powder suggests that the reaction {8 occurring in a trunsitional ceginw. Whon NaOH
is used on a large piece, the remaintug mass is fn ons pleco, with tule or no HMX powdee
present,  The reaction model developed Is only valld us long as the reactlon stays in the
reacdon nw Himited toghne.

(]



Sodium Carbonate as a Hydrolysis Agent

There are three chief advantages of using sodium carbonate for base hydrolysis.
The first is the significandy lower pH value when compared to sodium hydroxide. The
lower pH allows for casicr handling. In sodium hydroxide hydrolysis. the product stcam
has an averuge pH of 13,' whereas for sodium carbonaw the pH is around 9.5 or lower.
Second. the cost of sodium carbonate is less than NaOH. The cost of NaOH is $3XVton
for a 50% by weight solution in water."” The cost of sodium carbonate is only $106/ton,"
a cost savings of 28% when compared to sodium hydroxide at a solid loading of 0.1 grams
explosive per ml of solution and a basc concentration of 1.SM. Finaily, sodium carbonate
hus 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 13 NMR scan of the products from 1.5M
.!s‘_odium gurbonnlc and 1.5M sodium hydroxide hydrolysis of HMX are presented below in

igures S,

Figure §:
Sodium Carbonate Hydrolysis(1IMX) NMR, Sodiem Hydroxide Hydrolysis($iMX) NMR
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Conclusions

The reaction kinetics of HMX and PBX 9404 base hydrolysis using sodium
ciachonate weee investigated,  Several expeciments were pcrfmchI using ditfenem size
reaction vessels, and difterent concentrations of both hase and explosive. The reactions
ware cirred out in sealed vessels and perfomied in the tempecatire range hetween (!
and 180°C,

The use of sodivm carbonate for base hydralysis of HMX or PBX 94U is a viable
methad  ALa emperatie of 150°C, a base concentration of' § SM, and a 110 mass ratio of
explosive to base solution, TG percent of all the solids am déatroyed i less than wen
minutes. Furthermore, the products from (he reaction contain fewer components than
when sodinm hydroxide is used as the hydrolysis ngent, and the solution has a tinal pli
helow the RCRA carrosive levael, The availabitity of sodivm cachonate as a cheap solid can
have a cost saving aver sodium hydroxide. Sodium cachonate is a usetul and pracical
alternutive to sodivm hydroxide,

‘The hydrolysis of {IMX and 1'BX 9404 using sodium carbonate can be madeled
using a tirst order rate equation in hydroxide ion, Both PBX 9404 and HMX hydrolysis
follow the same rate law, This fact could cnable sadium carbonate to be used ettectively w
other plastic bonded explosives where the majority of the compound s HMX. ‘The tact that
the reaction can be modeled ettectively ignoring the concentration of HMX In solution leads
to the conelusion thut e solubility cither changes stightly over tie temperatuie range
studicd, or that the solubility can be tken fnto uccount using the Archienius parameters in
tho rte luw, The knowledge of the kinetices of this reaction will help in maodeling and
designing o production seale operntion fu the near future,
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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,,
Ny, N,O, 11,0



Introdﬁction, Base Hydrolysis

+ Reactions with NaOH NH; “de-energize™
i “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 Rescarch 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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Lab Scale Base Hydrolysis

e 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

Heuting 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 Carbon Products: Sodium
Acctate, Formate, Glycolatc, Carbonate,
Methylamine

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

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



Kinetics vs Mass Transfer

Destruction Percentage versus Reynolds
Number
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Kinetic modecl

+ Literature: ist order in [HMX ] and [OH")
for homogeneous reaction
¢ Our assumption for heterogencous reaction:
= Ovecall reaction rate: pseudo 1st order, {O11)
only
~ {HMX] does not change or is included in
reaction constant ut changing Temp



Kinetic Modcl Results

Explosive {195% | Acivation Energy |  Nataral log of the
confidenct) | (kg porY) | Pre-Exponential Facor
" (ta sec’)
InA
HMX 14407 08408
PBX $40d 91.5408 21405

Model Predictions




Sodium Carbonate NMR
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Summary

¢ Sodium Carbonate - viable allernative to
NaOH

- Cheaper, cleaner products, lower final pH

- Slower, not amenable to hydrothermal
processing

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