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Modelingofadiabaticdecompositionofammoniumnitrate

underpre88ureusingBatchCAD

MSurianarayanan''◆,Ybshiakilizukn',AtsumiMiyake2●●.AkihitoItoh州,andltru8higeOgawa''

AcceleratingRateCalorimeter(ARC)hasbeenemployedtoEStudythedecompositionor

ammoniumnitrllteunder0.1-3MP免heliumpressure.GCAndMSanalyF如 Orthe卯SeOu8

product8indicatedthatthedecompo如ionproceedsbytheSamemechanisticpfLthwayupto3

MPAAppliedpre88ure.KineticfittingortheARCdatah爪VebeendonetlSir帽73fLtChCAT)packnge.

ThereisagoodagreementbetweenthemodelpredictedEIndexperimentalvalue8.FortherlrSt

time,independentArrheniusparametersfortwoparallelreactionsforANdecornpo8itionare

reported.Thereactionmechanismfordecomposition,thetemperaturerange.ftndtheEAandA

vAluesareglVeninthepaperandtheresultsarediscuSSed.Thepref;entStudyi8therlrStreport

onthekineticmodelingofadiabaticdecompositiondatau8ingBatchCAD(BC)A8WellA8AN

adiabaticdecompositionunderpressure.

1.lNTRODUCTl0N

Ammonium nitrate(AbbreviatedaSAN,

here8rter)i8producedinbulk(globalproduction

caPaCitylIis82･58milliontonsin1997ofwhich

33.45miniontonsareusedaSfertili21er)andfinds

wideSpreadapplicationa88fertili2:er,explosive,

rcrrigerant,energeticoxidizer,halogenTree

propellant,gasgenemtingagent,despiteitshigh

hygro8COPicity,80Jid･8tatephasetransition

charaCteriStic8,lowenergy.lowreactivity.The

exp108ivepotentialor̂ NiSWellknOwnfromits

involvementinmFmymajoraccidents:fromthe

TexasCity(1947)incidenttotherecentoneatthe
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ToulouSe2'(France)duringSeptember2001,in

which29fatalities,morethan4500injuriesand

devastationortenthousandhomesrenderingI.400

familieshomeless.AllLhe馳int:identSprovebeyond

adoubtth8tANcanbeuBed舶adetonatingand

explo8ive叩ent.However,SuchAnexplosive

behaviorduringStorage.prOCe88ing,And

tran叩Ortationwillleadtothedevastationofplant.

property.andpersonnel.

Durinかhepastfivedecfld朗C｡nSiderableeffort

hLI8beenmELdetoStudythedecompositionor̂N:い.

川 .F,stimntionorreliablekineticsisimportantto

assessthethermalstabilityzlnddesignemergency

relief.qysLemS.SuchestimLIteBareprlmarily

concernedwiththetempemturedependenceorthe

refICtionrnLe.TheLemperlltureSensitivityorthe

reactionrateispredomin爪ntlydeterminedbythe

activationenergy.Therefore.reliableestimation

orthispammeterisessenLinltopredictthetrue

hazardpotentia).ThepreSenLStudyisAimed

towardsthisgoal.Thepresentinvestigationi8

thertr8tdettLiledStudynotonlyontheANadi8bAtic

decompositionbuta)sothekineticmodelingorthe

ARCdatausingBatChCAl)(AbbreviatedftSBC,

hereafter).
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2.SALIENTFEATURESOFTHEUTERATURESTUDIES

･ANthermaldecompositionkineticsand

reactionmechanismhasbeendeAlt3l'H)for

morethan丘vedecades,stilllotof8mbiguitieS

existduetocomplexnatureoftheprocess.

･ltisgenerallyagreedthattherlJ･StStepprlOr

totheexothermicdecompositioni8the

endothermicdissociationofANtoammonia

andnitricacid.

･Whilethemajorproducts0fdecompo8itionis

Nitrousoxideandwater,thereappear8tObe

adividedopinion9'10〉onthepathway80fthe

formationoftheseproducts

･ThedecompositionproceSSisionicat

temperaturesbelow2900Candabovethis

temperatureitshiftstowardsradical

mechamismM).

･Theheatreleasedduringthedecomposition

proce88iSduetotheintensiveexothermic

reactionbetweenammoniaandNO2.

･Underhigh pre白8ureCOnditionB,ammonia,

HNO.,aSWellaStheproductsofdecomposed

HNO,reactClosertOtheSurface,therebythe

decompositionproce88i8enhanced,yielding

N20andH20asthepredominantprOducts6㌧

･Fluctuat,ionsintheheatbalanceoccursat.

differenttimesandtemperaturesfromthe

onsetofmeltingofAN totheendof

gasificationRI･

･Thedecompositionreactionsarenumerous

andintertwined,furthercomplicatedby

insidioussecondaryreaCtions13)･

･ReportedactivationenergleSVaryquite

sigmirlCantly3),mostofthemrepresentingonly

theendothermicgasificationprocess0rAN

ratherthanthetruedecompositionofAN(i.e.

leadingtothegenerationofnitrousoxideand

waterasthemajordecompositionproducts)･

3.Experimental

3.1ARCExperiments

TheARC仏cceleratingRateCalorimeter)used

inthisstudywasARC1000suppliedbyCSIor

AuStin,USA.Theworkingprincipleanddiagrams

0ftheARCarewellcitedintheliteratureISn6)･All

theARCmeaBurernentBWeremadeusinghaStalloy

bomb.Theinstrumentwasswitchedtostepmode

attheinitialtemperatureor1800Candawait

timeof15minuteswasSetpriortoenteringln
searchmode.AN(99%)wasobtainedbmKi8hida

chemica18,JapanAndusedwithoutfurther

purification.SinceANiBhighlyhygroscopic,About

1どofsamplewasloadedeachtimeindryboxunder

mowingheliumgas.Similarly,thesamplebomb

wasconnectedtoARCunderthenowofheliumto

avoidtheabsorptionofmoisturebyAN.ARCwas

openedforciblyandtheSamplebombwasquenched

withdryiceandmethanoltoarrestanyfurther

8elf･heatingat10-200Cintervalsfromtheonset

pointtocollect8ampleSforGCandMSAnalysis.

3.2GASChromatographicandMassSpectral

AnalySis

GCanaly8isofthega888mple80fANadiabatic

decompo8itioncollectedfromARCruneat10-20

0Cintervalsfrom210-260oC,wereperformed

usingShimadzuGasChromatographicanAly2:er,

modelGC･14A,rlttedwithAnSScolumnpacked

withmolecular8ieves.Theinitialcolumn,injector,
anddetectortemperaturesWereSettO60,80and

800Crespectively.ThecolumntemperatureWas

raisedfrom60to1200CatAheatingrateor30A/

min,afteraholdupperiodof14minuteSat60℃.

1mlofg88的mpleWABinjecteduBinggasinjection

8ynnge.Similarlythewaterextractoftheresidue

wasanalyzedusingthequadrapolema88

8peCtrOmeterSuppliedbyShimad2:u,modelGC-MS

QP-1000Abydirectinjection.Theidentitiesof

theBpeCieSWeremadebymatchingthemass

SpectraWiththatOftheStandardspectrum

availableintheMSlibrary.

3.3KineticAnalysisofANDecomposition

using8atOhCAD(BC)

BatchCADisasoftwaredevelopedbyBatchCAD

Ltd.,aSubsidiaryofGSESy8temSUKLtd.BC

forwindow8Versionof7.2hasbeenuSedforkinetic

rlttingofAN'sARCdata･InthekiTteticfitting

environment,themodeli8theSetOfdifferential

andalgebraicequations(massandenergybalances)

representingtheprocesschemistryunderthe

conditions0fmeasurementOfthedata.Afourth

orderRunge･KuttAintegmtorwithafixedstep81Ze

andBimplexalgorithmfittingmethodhasbeen
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Tab一eISummaryofthermokineticdataOfammoniumnitmte

He 0 To,nC AHr Reaction1 Rea
ction2Rxpt weight.Pressure. kcaUmol

Ea A Ea ANO ど MPa kJ/mol
miǹ1 kJ/mol min~ーI 0.992 0.I 5.597 210.63 Ilo.66 2

84.5 6.2JI9×1025 37.34 0.1112 I.0025 0.5 5.5464 210.47
41.63 284.9 6.604×1025 35.61 0.08343 I.0026 1.0 5.63

69 210.67 44.39 284.5 6.249×lO25 36.93 0.12384★ 0.999
1.5 5.6564 205.41 41.84 283.8 6.260×1025 36.60 0.12175★ 0.9975 2.0 5.6625 210.49 40.77 284,5 6.2JI9×1025 37.32

0.12006★ 1.0015 3.0 5.6489 210.58 38.48 284.5 6.249×102

5 33.88 0.0827～Reactionterminatedat250

0psipre88ureReaction2●●
NHINO .1 1･ N･zO+2H20 +2

5.197kcal/moIA=6.2±0.4x】025min●I,Ea

=285kJ/moIReaCtion3●●NHIN

0., - 0.5N2+NO+2H20 +23.122kcal/moIA=0.12±

0.04min●■,Ea=36.28kJ/mol'''HeatofRea

ctioncalcuhtedusingCHETAH17)usedtosolvethe

modelequ8tion8.Heatofreaction仏Hr)andtherm

alinertiafactor(0)fromtheARCdatahavebeen

calculatedu8ingtheconventionalequationswellcite

dintheliteratureln. KineticrIttingusingBCyi

eldsaSuperiorandreliabledataoversevera

lcurve-rittingmethods,aStheformermethodrepresentsthephysicalphenomena

andunderlyingchemicalp

rocessestogetherwhilematchingthe

experimentaldata.4.RESULTSANDDISCUSSJO

N4.1ARCStudiesofANDecol叩OSitionThetime,

temperaturepre88ureandsel一heatrateprorll

esofANdecompositionundervariousappliedHe

pre8Sure8aregiveninFi卵.J･2andtheresultsare

SummarizedinTablel.ItcanbeSeenfro

mFig.1thatthe8elfheatingdecompositionpr

oces80rAN on8et6generallyat2100Cirrespectiv

eortheAppliedpressureandendsaround320I330

巾C･Upto1MPaappliedpre88uretheFinaltemper

atureofthedecompositionproce$8variedbetween

324-333巾CduetoSliFhtchfmge8inthei

nitialweightofAN.tncaseOreXperimentsabove

IMPaappliedpreSSureS.theARCi8terminateda8

GoonaStheprcSSureriseexceedstheset]imit8 0fma ximumobservablepr essureri汚e

of2500pSi(J7.0068MP8).Themaximum 価
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trendsofheatrate,pre88ure,(Fig.I)and

temperature(Fig.2)remaintheSame,for

experimentsdonellptO3MPaappliedpre88ure.

ThisClearlyindicAte8th8日hereisnochangein

thedecompositionpatternOfANupto3MPa

appliedpre88ure.Thediscontinuityrecordedin

theheatratesCurvesbeyond300oCindicate8the

explosivebehaviororAN(Fig.1).IrLFig.1,the

decreaseinheatr8teSAftertheonset,beforeits

Steadyraiseagainindicate8thatthedecomposition

processproceedsviamultiplepathways0f

Bimult8neOu8eXOthermicAndendothermic

procesSeS･Earlierworker8仙 16)havereported

similarObservationwhileStudyingthethermolysiS

ofAN.Theauthor8日 ･]6)alsoObserved(8881$O

SeenintheFig.Ibetween210to225oC)thtat

temperaturesnear200℃therate8WereCapnCIOuS

and爪uctuationsintheheatbalanceoccurred.They

haveattributedtothevariationofhighly

innuentialaciditytotheproce88.TheARCdata

thusClearlyindicatesthevigorandvulnerability

ofANtoundergothermaldecompositionaboveits

meltingpoint(169.5oC).

4.2GCandMassSpectralAnalysisofthe

DecornpositionProductsofAN

ThegaS･Chromatographicanaly8i8dataorthe

gaseou8prOduct80fthedecompositionofAN

collectedbyquenchingtheARCbombatdifferent

temperaturesunder0.1and1.0MPaapplied

presBureSAreglVeninFigs.3and4.Atall

decompositiontemperaturesandappliedpressures

theobservedg88eOuSdecompositionproductsWere

N2,NH｡,N20,NO,andNO2.Amongthese

products.N2andN20werepredominantwhile

negligiblequantities0fNOandNO 2havebeen

observed.MSanAlySi80ftheresidueextracted

withwaterindicatedthepresenceOfammoniaand

HNO."whichmaybeduetotheammomiumnitrate

aerO801.WecouldnoteBtimatctheconcentration

orwateraSWeextractedtheresiduewithwater.

Howeverwecouldachieveamassbalancegreater

than90% fromthequantitativeanaly8i80f

differentproducts.

ThepresenceOfN20aBthemajordecomposition

帥8eOu8productsSuggeStSthatthemain

decompositionreactionunderourconditionsOf
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Y.℃Fig.4Decompositionproducts0rAN umder

l.0MphHepre$SureStudyiStheuniver8

811yaccepteddecompositionreaction2.Ithas

alsobeenreportedthatN2isproducedatallstages

0fANdecompositionbydifferentpathways(react

ion315).Negligiblequantities0fNOand

NO 2recordedclearlyirLdicatesthattheywerefur

therinvolvedinoxidationofammoniai.e.,accelerat

ingtheprlnClpaldecompositionreactionaBnote

dbyearlierworkersfromtheir)'L7-6)'tu8tu

dieSandimmediateanalyBi8usingFTIR8peCtrOSCOpy

l伽 )･InFigure83and4,thecurvesgolngthroug

h everyplottedpointineachseriesindicatestlmt

everyinnectionhasitsinherentmeaning.Howeverdi8Cu88ion/rea80nlng

foreachinflectionpointwasnotpossibl

eduetocomplexityofthede

compositionprocess.5.KINETICMODELINGUSI
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Tlrne.mhFig.5ScenArioofthermal
decompositionofANunderadi8baticconditio

nsunderadi8baticconditioniSgiveninFig.5

.FromtheGCandMSdata.aswell88fromthe

reportedinformation.thedecompositionofANunderour

experimentalconditionsiSthough日oproceedvi

afourdistinctzones,thefir

st20neiStheendothermicdissociatio

nintoammoniaandnitricacidi.egasificationre

action210ne.NH.NOn一NH,+HNO3‥...(reaction

1)ltisJ188umedthatfurtherreactionE3takepl

acebothinthegasphaseandinthemelt.Initiatio

nReactionZone2:Underthisreactionzone2,t

heAcidinthemeltinitiate8thepnncipleexother

micdecompositionofAN収eaCtion2).However.thefa

llintheinitialheatratesaredueto8imul

taneouSo∝ urrenceofexothermicandendothermicr

eaction,&tonepointoftimei.e..Around215.C,

theendothermicitydominatesandpullsdown

therateoftheongolngpnnCipleexothermicreaction

.TheendotbermicreactioncouldbeanyOne

Orthefollowinga).GASirlCAtionofAN,b).

DecompositionofnitricacidtoproduceNO2 (H

NO,一 2NO2+H20+0.502).ASthetemperatureri8eB,th

eprincipleexothermicdecompositionreactioni8accelerated(exothermicaccelerationreact

ionZDne).bythegenerationorNO2fromthede

compositionofHNOn.NO…reactsWithN

HntOproducethedecompositionprod

uctsN20andwater,andthisdominatesuptOthere

actionzone3.NH.NO 3一N20+2H20.….(reaction2

)Atandabovereactionzone3,thereactionoc

curspredominantlyinthegasPhase,aSallammorLium

nitrateWOuldhavegasirled.Duringthereaction

zone4,thermalexplosionoccurs(explosive

reactionZiOne)88i8eVidencedfromtheSuddenand

Sharpriseinheatrate,pre88ureAndtemper

ature.Duringthereaction00ne2-4nitrogeni8pr

oducedcontinuouslyfromreaction

3ELndotherBidereactionB.Whichmaybee

itherionicorradicalABobservedbyearl

ierworker8'OMJNH.No.,一0.5N2+NO+2H,

0..…(reaction3)HNO2+NH.,.+N2+2H20"..(

reaction4)NO+.NH2一NH2NO一N,+H20.....(托aCtio

n5)TheheatliberationduringANdecompositi

onispredominantlyduetotheo∝urrenceofr

eaction2And3.ThisiSfurtherconrlrmed88

CanbeSeenfrom theTableI.thatther

eisanexcellentAgr

eementbetweentheheatorreactionvaluesca

lculatedu8ingCHETAH川andARCdata.5.2BatchCA

DFittingTheARCdataOrANdecompositionunder

0.1-3MPaappliedHepreSBurehvebeenSubjectedto

kineticmodelingusingBC.Reaction2

And3havebeenconsidered88themaJOrreacti

onsCOntrit)utingtotheheatlibemtionduringA

diabaticdecompositionofANaccordingtotheSc

enariopresentedAbove.Kineticfittinghaveb

eendoneu81ngtheheatofreactionv81ue8Obtainedfro

mARCdata.Sincethereactions3and4proceed8imultaneOuSIy,iti8difrICulttodeterminetheratio

oftheirheat
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lTlinFig.6KineticmodelingofANdecompos
ition:compari80nOrmodeledandexperi

mentaladiabatictempemturer

iseofthetotalheatforthereactions2and3ga

vethebestfit.Arlr8tOrderrateexpreSSionwithr

especttoANw88meCeSSarytOObtainanacceptable

matchovertheentirereg10nOrtheadiabatictempe

ratureriseCurve.There8ultSarepresentedinF

ig.6.Thedatacouldbefittednicetyupto300oC,

i.euptothedi8COntinuityexplosiveregionofadi

abatictemperaturerisewithaCOnBiBtentArr

heniu8parameter8rOrboththereactions.TheAnr

heniuBparametersArelistedinTable1.Thusiti8f

orthefirsttime,ArrheniuSparametersinvolvi

ngtwoparallelreactionsforANdecompositionhv

ebeenreportedratherthanalumped-up

value.ValidationoftheANkineticrtttinghav

ebeendonebycalculatingheatrates(i.e.,thefirst

orderderivativeoftheadiAbatictemperaturerise

)fromtherltteddataOfadiabatictemperatureri

seandmatchingwiththeexperimentallydetermine

dheatratecurve.TheresultsarepresentedinF

ig.7.Fig.7KineticmodelingofANdecomposition:

compari80n Ofcalculated andexperimentalheatrates Thedeviationintheinitialportiono

ftheheatratecurveinthetemperaturer

angeof210-225℃,thoughnotveryclear,

couldbeattributedtothecomplexcompetitivebe

haviori.e.,totheoccurrenceofcompetetiveex

othermicandendothermicprocesSeS･Thefalling

ratei8duetothedominanceoftheendothermicpro

cessesovertheexothermicprocess(listedinthepreviou

ssection)duringthistemperaturerange.Thefitti

nginFig.6i8betterthanthatinFig.7,aBthe

ctlZIVeSinFig.7arethefirstorderderivative

curvesofFig.6,inwhichtheSmallvariat

ionsareenhancedandSeenClearly,Andsointhis

casethefittingappearspoorbutapproximatelye
quivalent.Kineticrlttingu8ingBCthus

adequatelyexplainstheadiabaticANdecomposit

ionscenariopresentedinthisinvestigation.6.

ConclLJSionsANundergoes8elf･heAtingdecomposition

underadiabaticconditions.Thestudieshaveled

totheconclusionthatduringtheimitialstages

i.e.arollnd210･225oC,endothermicandexoth

ermicreactionsoccursimultaneously.Theadiabat

ictemperatureri阜eduringANdecompo8itioniBd

uetothetwopredominantparallelreactionsyie

ldingN20,H20andN2aSthemajordecomposition

products.Theprocessbecomesexplosivena

turebeyond300oC,whichaccompanieslargehea

tratesandpressurerise.Upto3MPAapplie

dHepressure,thedecompositionproceedsbyth

esamemechanisticpathway.Withthebuilt･upreac

tion占Cenario,kineticmodelingcouldbedoneto

areasonableaccuracyofconsistentvalues.Thus

forthefirsttime,independentvaluesOfAm henius

parametersinvolvingtwoparallelreactionsfor

ANhasbeenreported,ratherthanalumpedupval

ue.Theheatliberate

dduringANadiabaticdecompositioncanbedescribedbythefollowingreactionschemesAn

dkineticexpresBionS.(1)NH.NOつJ
N20+ZH20+25.197血冴UJWOJeK=6.2_+0.4xlO2SmL'LZ'texp(1

285hJ/mo畑 T(2)N71.NO,う0.5N2+NO+2H20+23.122血

舶K=0.I2土0.04n7)'n'Iexp(I36.28肋 oJjvRTAcknoyr
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