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m @f’ A Study of the Dacompasition Mechanism of Ammoniuam Pcrchlou—t?%TA
For the perfod: _22 Feb, to 1,mu_1m_ |
g | This project hoe been underisken for the purpose of studying the
g S ‘:"J chemical reactions which constitute the decoxposition of ammonium pcrchloutq
% é e (heraincfter abbreviated AP) resulting from the application of heat., The | /'J
§ 8 order of these renctions and the snorgiss of activation will te sought
g 2 Q £irst, in ozdey that a possivle mechanism mey te postulated. In addition
§ the efifect: of catalytic sgents will be woasured on the activatiou encrgies
% ' ‘ of those reasctions, _1: is felt that, if a batter usdexstending of the
% rate contrelliing step in this decomposition can bs realized, then a more

judicious selsciion of catalysts are possible to achieve meximum realization
of the m::idizxng potaengial of this roaction,

2. CQurrent Lfforts

’

— —_
m Rackground information being essenzial bofore. an attack upon a problem,
" our efforts during this reporting pericd have consisted in an exhaustive
m literature survay on the subject of AP decomposition as wéli es on topics
‘i | of related {nterast, z2.g. the deconposition ¢f alkeli metal chlorates,
h . perchcrates, nitrates, nitrites and chromates, Some two hwndred and thirvty
reforences heve Lean checked end studiad en these tupics.
-

-_In oxder %hat cur resulzs ccuid be utilised by other laboratorics, we

were instsucted thet atandard, camercially aveilable equipnent eshould be

uced vathor then individurliy fabricetad pileces, Procursment of these

coprarcial ftans han proved To ts o slow process and has caused a sarious

delcy in the start of data coilesction, however, dalivery is now assured in
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the immasdiate futuro,
3. [Experimental Tucovy

Differential thermal analysis (DTA) will be employed to obtain the deta
necessary for tho cvalustion of reaction orders and activation energies,

DTA i the technique of measuring the heat effects associatsd with
chemical chenges thet occur when 2 substance ia subjected to a uniform
increcse in tem-peramra; This hent effect, which occurs during a chemical
change, 18 measured by a differentlsal wethod, A aﬁple holder, contcining
tvo symmetrically locatad and {denicel chmbets,v is placed in a furnace
eontrolied by a programer which cguses the temperature to incroase at a
constant and pressribed vate, Each charber cocutains an identical temperature

detection device 30 ccanected electricnlly that the difference in temperature

of the chawbars i3 racorded on the ¥ axzis of a recording plotter, which at

the sawe time, records time cn thz X axis, j.q. semple holder teupersture
since the rate of heoting isa constant:.' The sample being studied is
placéd in one chember and a ther&a.l.ly inert.aubstanca, or Tzferences, in
the other chamber, If the sample beccmes cooler or hotter than the
reference due to a chemical or physiccl change, a pask in a downward end
upvward direction respectively will be produced on the plot.' ‘

Sinca tha areca under the peaks is proportional to the heat change
involved, thon knowing the sample waight, a quantitative messurs of the
hoat of the resction is possibla.

This totsl haat of reaction AH can be expressed in the form of an

equation (Ref. 1 & 2)

)

aH = (3 k/m)f:AT'c(t

vhere g = geormetrical shape consctant for the furnsce, k = therasl
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conductivity of the sample, M = nnss of the reactive sample, AT = difference

of temperaturs at center of sample and referenca at some particular time,
dt = differentisl of tims and a and ¢ reprasent points on tha graphical
plot whera the thewwograph pesk starts and stops.

The usa of this exprossion s predicated upon certain assumptions,
Terws g and k are censtants, since they depend upon the furnace used,
Temperatura gradients within the sample are neglected and too the area
under the curva £s considered to be independent of the specific heat, »

To use DTA to obtzin information concarning the kinetics and reasction )
order of a simple decomposition reaction such as, solid —= solid + gas,
onc may Gescribe such a reaction Ly the following differential equation
(Ref. 3)

dxde = ACe™ FRT(=-x)"

(=

-

where dx/dt i the rate of the reaction, x 18 the fraction reacted, n is the

emparical oxdar of the reaction, A is tha frequance factor, R is the gas

constant and T is temperaturc in degrecs Kelvin, This exprecsion holds
true for any value of T, whether constant or variable, s> lorg as x and T
are measured at the same instant.

For immedicte purposes of simplification let us consider the order
n to be unity,

When the reaction rate is u mexicum, j.g. at the peak temperaturs,
Tye of the therwograph, thg derivetivo with respect to time is zero, so

solving the abtove 2quation (2) for d/dt(dz/de):

A/ (dX/dt)= dn/at(CE/RTSILTAdE])— A €™ 4T)
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and uct!.ng‘tho ieft hand side equal to zero, we get at temperaturs, T..

Ae BT = (E/RTA)dT/dt )
From this equation (4) the following expression is cobtainaed (Ref, #)
dUe ¢ /7:2) [ C1/7) = = E/R ¢s)

vhare (,6- dT/ét, the heating rate, oust be constant in & given experimant,

Although the above eguation (5) was dorivaed for a first order reaction
it {s now knowm to hold regardlesa of the reaction order (Raf. 4).

In DTA wctk Ty, for a given value of ¢ is determined by both A and E.
1f P, wiich depends only on E is changed, T, i8 changed, To f£ind the
varfation of T, &3 qbls altored then a plot of ln ¢ /‘]:,’ yso | / m
ghould give a strazipzht line of slopa (-) E/R. With E found then A can
also bs calculsted using aquation (4), .

The order of Zhe reaction, n, can be found !lton the shape of the DTA
curve p2gk. 46 n 15 decraaged tha pegk bacomes wmore Asymattic. Kigeinger
(Ref, 4) has Jdevelcped a “shapa indax" dofined as the absclute veluo of the
zatio of the slopz2s of the tangents to the curve at the inflection points |

of S = a/b, which is gllustrated as follows:

b Q

The oxder of the reaction {s given by
n = 1.26(5)%
In our evperirmcnts “nsun mazses of AP yill be heated at various,

conetant heating ratas and the DTA curves moasured, From those curves tha
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values ¢ » Tys € and b will ke obisined co the E, A and n =ay be calculsted.
The repaat of thesa datamminctions with variation {n such things as the
atmosphere and pressure on the sample, the presonce of catalytic agents

end particle size will give us an indication as to how thesc variables
influence the activaticn encrpy andlor the order of the AP decomnosition,

4, Mechanian of Ammonium Pauchlorats Decommesitien.

It §s expected that when one follows thae energy changes. by DTA as
80144 AP is heated from room temporatura to approximately 430° C. a complex
picture will unfold, for it {s evident that at least four different physical
and chemical changes may occur,

There ig the crystal tronsfornation £rom orthorhombic to cubic that
occurs at 240° C, Balew and above 350° C., the mechanism of decomposition
13 not tha sama. Such will be hereafter noted by the terns low and high

tesparature decompoaition, Sublimation slso £s observed to ctart at e

teuperatute of as low as 130°C. Thone constitute. the four pri_m' changes and

in soma cases thay may cecur concurrently.

Quite a number of factors alco secm to have a bearing on the rate and
nature of the decemposition, Thea2 parameters ars tha naturn. and pressure
of tha atmosphere atove the 52, particle 3ize of the AP, the presance of
fapurities and the previous history of the saxple of AP,

The experimental work on the AP isothormal decamposition xeactions
vecorded to thin tima for the most ot has involved the reconding'ot
pressure-tire charges. Such a mathod, though, cannot be used ahove 440° C,
for the rasction bseomas oo repid to be followed manomatrically, In |
this cas2 enly {nduciion pariods ware noted,

The uystal transforestion., Rircumshaw and Nowran (Ref., 5) coneluded

that tha occuzrence of the cryctal transformation at 240°C. dous complicate

e e v .. e, . BT I N R T W pois 3 ol N g%'%'
’I.v"‘al‘



A it sy s A e £ o

| g R O, e
‘

the kinetic results Lut docs not alter the general picture of ths clectron
trensfer mechonism, The wore stablo nature of ths cubic form scmevhat
countertalances tha increased therwal rotation of the fons present. It
has been observod (Raf. 6) that the maximun xate of docc-pou.uonlin
vacuo decreases at 240° C. where this crystal change occurs and eontinues to
decreanc to 250°C. then ctarts to rise again. It 1s possible that the
rmoninum stabllity of the cudic ecryatal occurs at the latter tenperature,
howaver, it cculd be that tha transition 18 slow and 18 not complete until
that temparature is cttatned.

The heat of trzasition at 269° C. (Ref. 7) has boen reported to ba
2.3 £ 0.2 keal/mole, Thae computed density (Ref, 7) .of the cubic form is

«76 gilce a8 comperad £o 1,95 3/ce for the rhombic form, This means that

&8 the taspersture is rajsed through this trensformation theve will take
place enwugh of a volume incraszu to cpuse strains £nd distortions to occur
in the solid AP, This ¢s contrary to Bircumsher and Newmen (Ref. 5) who
raport that the lattice distancet are redured waen the cubic form ie
Tealized.

ihe soblimation proce3s. It i the cpinion of Inemi gk 4l (Ref, 8)
that the disscciation pressura of AD £s en iaportant parameter in the
analysis of the ccalustian nechanicm of solid propeliants based upon this

oxidizer, They neasured the dissociation pressure of AP in the tempevrature

. range of 247-347° C. by a tronspiration method., Their data indiceted that

AP sublines by the process of Do
MH4C104(3) = Nil3(g) + UC10,(R).

The heat of disrocierion van found to be 58 + 2 kcal/wole in fthis Zemperature

renga.  Bircumshon ond Phillips (Ref, 35) veport the cnergy of activation

for sudblimaticn to be 21,5 + 2.78 kiailsola,

. S
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1t was observed that both low tonparature dacocposition and sub-

1imation occur simultencously, howevar, no evidence of any effect of the
theresal decomposition on the sublimation was seen, Such confirms the
report of Bircumshaw and Newwmon (Ref, 6) that sublimotieon depends only
upon temperatur2 and to & certain cxient on prassure,

Some Nil;Cl was found in the sublimate, This must arise from the
reaction of Cl, formed in the therual decomposition with the Wij. lf
sublimation 45 txiecd in an atmoephere of Nij, only HE,CL is collecéed aa‘
no AP will sublime, since the Ni; cuppresses the parchloric ncid'vapog |
pressure to noavly zerov, |

Becausa of this tendency to sublime then {t 1s obvious that the
neture of cad the typa of atwmosphara in contact with AP will indee@ have
a bearing on its decoaposition process,

Ihe 1oy temporntura thewmn) decounosition. Below 350° C. (Ref, 6
and 9) the products of the thermal decomposition can Se accountéd for by
the resction ' |

2w, C10, —»- C1, + 3/? 05 +.4.820 +‘N20.
Bircumshew aﬁd Heiman (Ref, 6) dasonstrated that this lov temparature
reaction aiweys ceases after about 3C7 decomposition, leaving a residue
of NH,C104 which ie ideantical, chemically and physica}ly, with the
1 Mdecomposed product except in onc respoct (Ref, 9), The reaidsc had a
surfac2 erea corrasponding to blocks of watsrial of a size of the same
order a8 that of mosaic blocks in cvystals, Apparently the low temperature
reection involvaez cnly deconposition of strained materials in the inter-
oceic grain beunderies, Visusl observations of whola crystals (Ref, 6)
at varicus sroges of L Tesction shicw that nuclef are formed on thae
surface and thase grow three-dirensionally until & coherent interface ia‘

tuilt up which thien penetretes tha erystal. An snalysis of randon
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nuclestion at potentisl nuclevs forming sites, followed by three
dimansional growth, lazads to a kinetic equation which contafns two
constants, ona of which depends upon the energy of nucleation and the other
on the energy of linear grouth, These energies reéorted by Gelwey and

Jacobs (Ref, 9) ave as follows:

Energy of formation Energy of
of mclei Growth

vhole crysta! eececwemes=3],7 keal,/mole -~~-7;16.9 keal./nole

pPOWdeT==nnna-n crevmesemac=3l,7 " emeee 22 W
pelleteceecccncencenceaan3l,? " ~eewe 30,1 %

The ineresse in the activation ensrgy for nucleus growth in the
sequence cryatal: powder: pellet, is s most striking feature of the
reaction, .

Tha rncture of the residue indicated that the low temperature reasction
is confined to intergranular material. The low temperature reaction will
occur only when the gosScous products formed are able to cxcepe and in
strained material vhere the activation energy for the rate deteramining
step i8 less than in a perfeoct crystal. This wmoons the reaction starts
at the junction of mosafc blecks (mucleus formation) and apreads through
intergranular netaerfal (growth) until this is all consumed Jeaving a miss
of loosely attachzd mosaic blocks vhich eve unreactive unless disturbed
or exposed o water vapor for cortain pericds of time,

Tha incceaee in easrgy of growth in tha series crystal: powdec:
pellet .uy ha ascribed to differences in physical nature of the materials.

A vholo exystal consists of coarea ineaic hlccks, saparated by cemparatively
large-angle rrain boundaries, wnoreas a nellet containg & lsrga number of
seallegngied arain boundarfes with less migsfit. The powder 18 intermediate

betwaen crystal and pellet,
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Above the tranaitlon point (240° C.) the changes in activation energy
are much smaller (25,3, 24.6, 29.9 keal./mole for crystal, powder and
pellets respectively), Apparently the phase chenge involves a reorganization
of the mosaic structura vhich gives a puch finer subdgrain net work,
Nucieation is followad Ly propogation of the reaction down this net work
in vhat is cssenticlly one-dirensional growth,

Galwey and Jatobs (Ref, 9) consider the dacowposition to involve first
the formition of the molecular cemplex, NH,C10,, f.9. an electron is
transferred from the Cl0, fon to the NH[,* ion, The reaction rust start
on the surfsce vhere there 16 an fmperfection which will allow this
electron and its coarresponding pesitive hole to be trapped long enough
for the moicculer counplex to dacompose, From the complex NH,C10, two
molecules of wstex eve removed thereby leaving a aitrogen atom and a
zolecule of C10,, 'This is folloved by the formation of N,, 512 and [0],

N, and [0] then can react to form N,0. |

The hirh temparagure decompesition. (Ref, 5, 6 and 10)., To study
the decomposition of AP above 350° 1t is necessary to introduce an inert
gas under pressure cover the sample, in order to minimize sublimation,
Between 380-450° C, the AP decomposition obeys the power law

p = kt?
where p = pressuve evolved in a constent volume system in time t, and k
and n are constants, n though wes noted to vary scaowhat irrsgularly with
temperature betveen the velues of 0.5 end 1.0, 7he reection wat deceleratory
throughout and, in contrast to the low-temperature decomposition, resultod
in complete deccupasition of the salt., 1t is notad that tha products glso
differ from the low temperature reaction 4n that NO tn_ctead of N,0 was

produced, The folluwwing equation Ls reprecentative:
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ZNHAC104 -—-7-. stiZO + 012 + 02 + Zlio,

Bacaura the two different venctions are oscuring in tho temperature
range 200-3%° &, reculis are ddfflenit to reprouca,

Docompositicos in this high teuperaturs zone probadly tekes place by
(1) the wansfow of a proten £rom the awwonium fom to ths perchlorate fon,
thavehy fovuing fiee emronie and perchloric acfd, then (2) the perchloric
acid decoxpnses evickly to forn witexr and 61207. .(3) Ngxt the 61207 yields
€1, and erygen, which, {0) oxidizns the apnvonia %o NO and water,

The enervgy of activation for this reection hes bzen evaluated at
40 keal./mole,

J. Pouling ond Swith (Ref, 11) studying the suzrfoce tomperaturae of ' .
wumning AP have eoncluded that th- surfoea temperatura of tha AP 18 only
of incidertal fmportance at wmadernis prassuves and that the gas phase
reaztinr bewricen the smaonfa and prickloric acid control the rate of
ceasunption of tho cxidizer,

The therral cmslosien of swinnius perchlorate. Atove - 0° €, the

rezation 18 Lod font to ba followad by tha seme exparimental techniques
usz2ad for the othete temperature vangas, HRere only the induction paried
couid ba nuazurad (ef, 12}, After Chis iaduction period there Is & sudden

large pressure chonge whish i8¢ offien acconpanicd by a flesh of light,

J P

Rasules indicate thet the low Lemperature process, despite its lower

activaticn enecpy, still ocesrs naes Tepidly then rhe highar tcaperature

procaess in this case, baing 9%% cemplete fa less tims than rrquired for

the mpicsion, o thab it cannet pecount for tha explosion, Exﬁlosion

gilmns thoy et e swalosiou econrs when the vesidua from the intergranular
(lowstarperatuvs) rowstion in about /3 decowposed, -The activation enargy

nessured to b2 rbhowt 2.5 keal, fusle and o3 such supports this conclusion,
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Ihe influence of cntalvsts on the acmonium parchlorate decowposifion.

Mony materials have boan tried as positive catalysts to speed up the rate

of thermal decouposition of AP, The following is a partisl list of

compounds, which have been used with parchlorate salts,®

Substanes ncad Reforence

Mglsmmcmnmcancacven cnecmueseaascnons (25)
CuD-canmcanccsencorunnncmcmecannuees (13) & (i)
Cit0emnmamnmcmmenccnnnans remmenenas (13)
Cu BOltEmecvocacacnnoccacncsancenanll6)
CiOgemvemnnnn conemunscacaveananaeeaf{13) & (17)
CrO,Clomunnnan e veceenee(l?)
Z60mecenccees canonse ceevecemccannaa(18) & (19)
CdOeencnmenann crmene cecenmmnsenaas(33)

. }‘“io-‘-'- ....... soevwsann -‘---0-0'-.-(3:0)

: Nizost.-—..----u-—-n---.--.n-----.- (17)

Fey0gemnmramacanancans cetereeeenena(20) & (21) & ()
MgOeeuevenmmencammnnemummaaneananas (17)
€00 mmmemamansannnsnecanonanaeecn(17)
€030 remrmmnnmunnnnns cennvonacneen(17)

¢

MnOy & othet Mn 0xidesemeeeseenneas(17) & (16) & (23) & (27) & (28) & (6) .
xyno,'.,--.--.-.-,-~.----------—---~,-(16) & (22) -

Rhenius COTPOUNAS.eccaccecsanses-na(22)
c&f.'.‘on--------o--------..-,-.-.---.(24)
A12°3~--¢---~-~~-----.----90¢--'--~(23) & (6’

C.,‘lo.-..aoa.----oo.------v--—o—-..--- (6)

'

s Wote-Rafarences 29, 20, 31 end 32 desl with catalysts used with l:(:m2
decomposilion. Sowme 75 catalyst systims ave listed in those four referencas.




L M AT S PR

12 .

The wost extonsive effort scems to have been directed toward the use
of rﬂsoz. and the vork of Galwey and Jacobs (Ref, 23) ssems to reprasent
ona of the wost conplete and authorative studies on this phase of the
problea,

Using miztures of 10% ¥rl, exnd 90% AP their tima-pressure measurenents
clearly pointcd up the fact that in the tewperature, iangc of 200-220° C, the
reaction occurs in two distinet stages., There 435 &gn initial fast reaction
which 15 followed by a m:ch slowor reaction that is deceleratory throughout,
Both by analyseis of tae prephical plots and the collection of the products
it was evident that the second reaction {2 indepandent of the }1;102.

All obsarvations tendad to findicate that the catalytic activity 1a
the result of physical contoct betwcgn the M;\Oz and the AP, The degres of
compression of the sample always produced an effect on the kinetic results,
The first reaction stops then whan the particles no longer present. s '
salt/oxide {nterface,

Those compounds which heva been observed to give any positive
catalytic effect contain metals ihet can demonstrate variable valence or
ozidetion states, Not only different axidation states, but these states
mest be of about equél tendency to form, This was most clesrly demonstrated
in the work (Ref. 22) of Brewn and Uoods comparing manganese and rhenium
compounds as catalytic azents in the AP decomposition. Wheress manganese
cospounds ware always found in mixed valence gtates at the conclusion of a
reaction regardlecs of the starting valence condition, the fheniu- always
eaded up in the vary stoble perrhennate state, Low valence rhenium compounds
ahowed infilal cetalytic activity but this coased as soon &s the stable
pexrrhennote condition prevailced. Manganoze on the other hand showed
continuing catalytic esetivity.

Calwey and Jacobs (Ref, 23) found little change in the activation
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energy of AP deccmposition on odding the catalyst, This is apparently due
to the f:.act that the catalyst has nothing to do with the {nitial and lntgc'lt
enargj consuxing step which is the transfer of the electron from the per-
chlorate fon to tha smmonfuvw ion and the formation of a positive hole,

The role of the catalyst 1s to increcss the life of the molecular complex
thereby diminishing its tendency to revert to the fons, The presence of
the Ma(IV) must do this by helping to dslocslize the molecular electron
otrbital, '

The mechanism propesed can e rapresented as:

N+ 10, + b s Wit + M0+ Cl04
m2* e N, - M N,
NE, + C10, —= 1/2 N, + cio2 + ,2320

In the uncatalyzed teaction mch more. 0, is noted to be set free as
coampared to the cetalyzed one, Such‘ 0, must originate from the decomposition
Qf the c'xoz. In the eatalyzed reecction the reaction temperature baing lower
nigﬁt account for lecs dzcomposition 9£ the C-102.

‘Jacobs &g 5zl (Ref, 15) in studying the ef'fec: of buzo on the AP
decoxposition still noted the come acstivation energy value, and proposed
a similar mechaniam as noted before tmt in thu. case felt t%mt the éuzo
taking on oxygen night account for part of the effact,

Cnc of tha wmost iInterasting crases of a metal oxide that is Quite
effoctive 4n promoting the thermal decomposition of AP and which involves a
non-varisble valencg wetal s ZnO (Ref, 18). In eoma caces the reaction
was so fast that explocion resulted, From the fact that small amcunts of
A1203 increased tha offeciivencss of the Zuo! while i:zo decreaged its
eifect, thn authors concludad that the rololphyed by the Zn0O £s ono of an

electron connector,
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One case of a negative catalvat for a sinilar reaction has been
reported (Raf, 25). Lithjun perchlorate decomposition is slowved down by
cdding ailver nitvat: in 5-15% anounts. The authors advanced the idea that
the retardation was dus to tha silver ions removing chloride ions as
insoluble ailvar chleride. This idea vas based upon the rate decreass
being a function of the silver ton concentration ond also that the effect
tended to disgppesr when the temparature reecched the melting point of the
silver chloride, .
Dezoingrition of other pefal panchlavates. Many studies have been
reported on the therwal decomposition of other matal perchlorates and
chlovater, both with and without ¢ ..talytic agents present, In ‘thnsc cases
the stghility of the cation and the vesulting stabdbility of the metal
haiide lattice means that a diffecent mechanism m:l:‘ukdy will prevail.
Nothing was fournd that seened to have a particulsr béari.ng on this {omcdiate
p?:oblgi of AR decouspasiction, The foct that the cation of AF is sul:ject
to oxidation by the srion or products of the snion decomposition makes this
& raluer ypiqua .caae.
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