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Abstract

U s n F l h F " l c h e n r a r y - h t ' r ' . r " , t i n o r , * , . - , . r . n r i t , , . . . n s r t r v , r y A r , , . t , , . , , r r . . . , ,
tn 'ncJ wh( i  is  rhp der i !a t rvc ot  thc rat r  of .nccr ,s  ccnc.ht f , , t ro l  . t ,nrq i .  ! r l t ,  n{ t . ,d
lo lh .  ia tc  @f l ] ( rnt .  l  hr  d,mchront .ss, to[ .norhatr /nd, lu . . r  r t , "  , , , , , " .  - , " . , , .
Br t rvr ry  gradr .n l  iF t lc  r . r  io  nf  thc ,1rc ot  conr .nrrnt ron I  hJnE" ot  .F. r , .s  i  , t , , "  , "  , . t , .
henl,ary rca.l'ohJ rnd rhc nct rnrc of.on.cntratioh ch.n,jc ofsp{a:rcs i ,ltls rrsutt
trcvid€s a m.rhcm.licll basis a6r thc use otvarious for-r .l ,"u"ti,,n .n1,, uuoty*", ,u
thc study oacomplcx r.acrioh mcchahisms. Tle kincric i.forhrlion inhcr.nr ih rh.
rc l . r rvc  16c l inn  ru r .  h r inx  rs .x t ,J . l . J  t ,  nnn. r t i t  con t ,4nont  .n i l ys .s . , t . l r .  n r r , tF l
b  us .d  lo  an i l v r  rh .  h (hrnrem n t  h r l lh  ( .np^r r tu r .  f . ,m i t r t .h ) r r .  o r r t i t .o r  r - ,1
hrFh t .mp. ra lum nrnpJn.  pyro lys is .  n : .nkrnc  o f rhe  r tnhcnrory  re r ( r ron< r l to rv . , t  u  j  ! ,
r r ruce  r iFn i f i c .n rb  ihc  nn( ,nn t  m. rh :n ismi ,h , l  a  d r r i , t . i l  s ru , t )  o t rh r , rsu t t ( , , -
v.alcd lhc rcactnr structuros !nd rhe bnjo. rcaction D.rhs oaUrc;p.cies.

Introduction

Mathematical  models of react ion mechanisms ar-e usei l  mor.c anrl
more widely in-the Invpst igf l l ion of complcx chemical systnms. The
results derivFd^from such models depend considcrrbly on r i ro approprr.
arc seleclron ot lhe elcmentrry shns comprising thF rcict ion mechr-
nlsm and on thc ,nput dala. f i rst  of  al l  on th.  ,ccurocy of thc rr te
coemcients ofthe elementary reactions. Thus, it is ofcssintial impor_
tance to establ ish the rcla[ ionship bctw.cn thc motlc l  prcdicr ions and
thc valLes of k inet ic paramelers for givcn expcnmcnral .ondit ions. A
rrgorous ranking of thc elemcntary rFact lons provides a basis for
mcchanrsm r.cducLion, lhct is for sclcct ing thn rcrclrons which are

1On lc.ve f.om Eiilvais t{rlnd Unjversiry, Bldapcsl,, Itungiry.
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unimporlani under the given circumstances and may be eliminat€d
from the schene ivithout sisrificant lo$ of information.

Comparison of rates ofcompcting reactions was and is olten usod as
a means ofselecling impottant raactions for reactive species. Further-
Dror€, analysis of the "rate spectrum," i.e., tho sal of the logarithmic
rates ofail elementary reactions, was suggested as a possible method
for constructing a raduced reaction mechanism However, the rote of
the various elemcntary reaclions of a complex process may be very
diflctcnL in influencins lhc ovcrall kinel.ics or in dctcrmining ccrtnin
kinetic features of the reaction system. Thereforo, a simple compad-
son ofthe rates ofdiffarent typ€s ofreactions is naturally inadequate.

Progress has been made by comparing rates only within selected
groups of reactions. Thus Ddelson and Allara {rl caried out prelimi-
nary screening of a 500-step model of "low-temperature" alkane py-
rolysis by analyzing reactions in 6even categories: initiation, radical
decomposition and isomerization, hydrogen transfer, radical addition,
recombination and disproportionation. Any reaction which did not
contribute at least 0.1% of the flux within iis category was removed
from the scheme. Disadvantages occur in tbe mechanism reduction as
a result ofdisintegration ofthe kinetic scheme into separated reaction
catesories. This may cause loss of information if categorization sopa-
ratesetementary reactions which belong to a certain kinetic structure.
(The competitions between chain propagation and tetmination steps
or between propagation and idhibition reactions constitute for in-
stance such stru€tures.)

A study of the mechanism of high-tcmperature propane pvrclvsis
by Lifshitz and Frenkiach l2l considered thc reactions of five free
radicals. For each of these radicals, the rates of decomposition, atom
transfer, and recombination were compared and the reactions were
omitted which had small contributions io thc net disappearance rate
of lhe given free radical.

More sophisticated treatments of reaction rate analvsis consider
thc contributions from each individual clcmentary reaction to the
rate of p.oduction or to the rate of loss of tbe appropriate species.
Such treatments, refened to as rate-of-production analysis [3J, reac-
tion pa[h analysis, or screening analysis t4] were used expeditiouslv
in analyzing reaction mechanisrns and in revealing the pathwavs bv
which the various species are formed or consumed.

A di{Ierent approach to mechanism reduclion may be based on the
relationship between model predictions and values of the kinetic
parameters. Such relationships are detected by sensitivitv analvsis.
The conceniration sensitivity gradient defined tsl as the partial de'
rivative ofspecies concentration with respect to the kinetic parameter
is often;ntroduced in sensitivity analysis. Tbis $, = ;,crl,14 quantitv,
which will be ieferred to hereafter as the conccniration seGitivitv co-
e{ficient, is a measure of the response of the species concentration to
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the perlurbalion in thc parameter. Thus, the s, cocfl;cjcnrs afr corr
nected by definition to a time jnterval. However the srudy of Incch{
nist ic problcms should be bascd rather on locat sensit iv i r i . rn. tysis
using jnstantaneous scnsitivily coclllcients. In this artjclc wi: usc rh.
funct ional analysis approach and thc so cal led "elcmentary sonsit jv i ty
densities" t6l to show that a scnsitivity analysis Nhich nrects rhcs.
requirements is based on thc analysis of the reaction rarcs. ll.jDcifirl
compoDcnt analysis l7l  is thcn appl ied to cxtrarr lhc kiD{} l . ic iDnDnit
tion trom thc rclativc roitcl,ioD ratc matrix.

Concentration Sensitivity Analysis

Consider a spatially homogeneous isothermal chemical sysrem rcp-
resented by a E€t of ordinary kinetiq differentiat equarions,

= flt,!),

wh:re q(r) is the n-vector of species concentrations with !(t = 0) = c'
and k is the r)r-vcctor of kinetic parameters. In a usuat kincLic syi-
tem, the conccntration vector c at a given time rr can be obtaine.l as
the solution ofthe system of kinetic diffcrential equations n) for a set
of kinetic paramel,crs \'. When the kinetic paramercrs are chrnsod
from ! ' to \  at  t ime lr ,  this perturbat ion causes a chaDgc in rhe
solution at l, (where t, < t,). Thc basic quantity used in local concen,
tration sensitivity anatysis to express rhc effect of paramerer po.tur
bation is the sensitivity coefficienti

] .  |  12 \
t z t  s ,  l k " , . " , r r , r r )  =  - : r :

In the first order approximation, the concen;arion sansiriviry defined
by eq. (2) represents tho maglitude ofthe deviation in rhc concenrra-
tion otspecies i at time ,, causcd by thc lariarion ofthe paramerer of
rcactionj at time l, from valDe li to ii,.

The sensitivity coefficiant in the log-normalized form,

1 3 ,  s . . r k . . c . . r , . r . r  -  k ?  l c . l t ! )  -  1 t n . ' t 2 l
c, l l ) \  6h, Atn h

is shown [5] to measure the rclatile impo{ance of rcactionj in influ-
encrng the concentration ofspecies i.

Both s, and s, depend on the species concentrarions; they change in
an usual kinetic experiment as reacrion proceeds, thus sensitivit co,
emcients are functions of raaction time. Howevor, another time de-
pcndence is also inherent in the concentration sensiUvitics l)y viriuc
oftheir derivation, sjnce sensitivity cocmcients are obrained by inrc,
gration ofthe sensitivity equations from rr to t, (or by equivalcnt pro,

dt
dt
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cedures). Thus, the results dapend on the choice of time limits lr and

t (Nher€ r, < lr, and tr -= 0 or lr * 0). Consequentlv, the concent.a-
tion scnsitivity matrix S car.ies information on ihe relative impor-
tance of elementary reactions for a time period Ilr,l'l raiher than for
a single reaction time.

React ion nale AnalYsis

The kinctics of a complex chemical rea€lion at a eiven stage otthe
process is determined unequivocally by the kinetic siandard parame-
ters of the staie (i.e., by the rate coemcients and the actual species
concentrations). This fact should be taken into account when select'
ing a quantity for use in the investigation ofmechanistic problems lt
appears that a quant i ty which meets this requirement can be ob-
tained by adopting the functional analysis approach to sensitivitv
th.oty t8l and using the concept ofelementaiy sensitivitv densitv t6l.
The latter is given for the spatially homogenoous system described bv
€q. (  r) ,  as

t4t d tk ' . . " . t . t , t  !1- l-  a", l r  I

where 6c,(t?) represents a change in concenlraiion at time l, as a re-
sult of a small parameter perturbation 64(r') at time l'(r' < ,2) The
concentration sensilivity coeflicient is rslated to d, by thc relaiion

(5) s,(k',s",1', l ,)  =

Using the matrix nota[ion
l t ,

{ 6 r  S r L " , q " . l , , r / )  =  |  D r k " , . " , i . 1 , ) d r

Diferantiation of the kinetic €quations (1) with r€spect to the ki-
neiic parameters yields th€ sensitivity equations

ds,(L',q', r,, t?)

l'" d;i', e", t' , t"t dt'

(? )
dt

with the initial condilions s, = 0 ifrr = t. Inlroducing the matrices

l,ttx",c",t"ll,t=ff

lFt\ ' , f , ' ; , t=W

{8)

and

( 9 )



(12J

(10) - J(!" ,r ' ,  t , )S(! ' ,  ! ' ,1r,1,)  t  / | l ! ' . ! " . / r)

nrA.   o i \  nAtL . \N1rJSt . :

ona ca .  wr i te .q .  {7 )  in  the  conc ise  fo fm,

dS(! ' , ! ' ,  r , ,  r: ,)

iv i th  thc in i t ia i  condi t ion S = 0 i f r r  = t , .
A lone a 9(L ' ,q ' ,  t  )  t ra joctory cq.  (10)  is  a r inre var iabto l incaf  sys l rn,

and i ls  so lu l ron rs  grvon by

, f ,  s l k " , r . . / . . 1 , ,  ! "  c , t . , , , t - , u  . 9 . . , , , , ,

where G(l ' , t , )  is the Green's funct ion tgl .  for t ,  < t ,  ( i l t ' ,D = t ,
whereas for 4 = t' q sat;sfies the equarion

{$u = .rr5o.g'. r,rcrz ,r,r
with the initial condition
(13) G(t" t)  = I

Compaison ofeq. (6) and (11) shows that the sensir iv i iy dcnsir . ics rk
given by

(14) D(!",e,t ,t,) = c(r,, r,)a(!., q", t,)
The matrix Dft,p,t',1) provides a measure of reacrion sisnificances
over an inletval  [ t ' , t , ] ,  lvh€re l '  5 r , .  Since we arc looking nr.a locai
measure ofscnsitivil,y, it se€ms to be obviorls ro considcr the limitins
valuc ofD corcsponding to t'+ r,. Thus from eq. (13r flnd d4) ir ioi-

( 1 5 ,  l r m  D r k ' . ! " . r ' . / / ,  -  D , ! . , c . j  .  F r ! . ! . ,
Thc finat rcsult formulatcd in cq. (l5) indicates thar rhe r(t",!.,t,)

matrix defined by eq. ($) carries information on r,hc rctativc impoi-
tance ol the olementary reactions consriruLiDs rhe reacrion sysrcm.

In order to rcformulato our conclosion in a dimcnsionlcss form, the
Iog-norrnalizod mat x i' will be appljed:

-  t '  1 'I  16) lFrk".r.. / , ,1,, - . : : ! t ' I t  )
llt )\ ,,h,

Ir this definr'tjon, ,he right hand sides ofthc ki netic differcntial equa-
tions occur which arc given by

(1?) f(k,o = :,r& = >,,ijr(o,
vhere nr = t/t(s) and i(q) are the reaction rate and the producr ofre,
actant concentrations for reaction J, respectively, and !, designates
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(2o) Q(") = (^")'i'?A"),

( 2 1 ) 6rtr = i ^,ra.v,r

where Q(a) = Q(!!, s) in the neishborhood ofs.. Information on reac,
l ion sigr i f icanccs snd react ion structures is obra,ncd hv oerforminp
"iccnvalue erSenve.tor decomposit ion ofrhe marr ix FrF'

Let U denote the matix of normatized eisenvectors g, ofFrF such
that \ ' ! r  = 1 for eachj ( j  = 1,2,. . . ,p).  Inrroduct ion i"  r l "*  ." i  " i
parameters, y = U'q, called principal components, rcduces eq. (20)
to the canonical form

th. s loirhiom.l  c cormciont for specics i  in rccct ion./ .  Thcrcfore. rhc
,f  matnx clements, d, , , ,  may be expressed as

, r 8 , , r i , , r ! . r r .  l / : , ! . s r l . ,  . ! ' 1$ -  
r " n , ( L ' s )  - ! ' !_ _ - . .  

t , th. . t  ^ht 
! , , ,o, ,g,r ,  

f ,

According to eq. (18), the matrix element,i,,, which can bc considered
as a certain kind ol a rate sensitivity coefficient* is the raiio of the
rate offormation or consumption ofspecies i in reactionj and the net
rare ofroncentrot ion change of species i .  ,1, .  mry have r.posi t ive or
ncgal ive lalue less than or grearer than unriy.  Tle vatue ot j , , ,  is O rf
species i.is neither a reactant nor a product ofreactionj. [u is tb some
extent similar to the quantity used in other rreatmenrs of rea€rion
rate analysis as for instance in rate-of-producrion analysis [g], reac-
tton path analysis, or screening analysis [4], whiih consider the con-
tribution of reaction j to the net rate of producrion or net rate of
consumption of species i. However, this contiibution is by definition
always posit ive and =1.

Derivation of (inetic Infornation

Krnet ic;nformotion wi l l  be obtained from marrrr  F by pr incipal
component analysis t7,1r1. The basic concept in principal component
analysis is a response function which is formulated here in our reac,
tion rate considerations as

(19) otr,s) = j 
lAg.{:ns?]"

where Qtg.qt is a mcasure of lhe change in rccct ion rares brought
about by a paraheler perturbst ion, d/  = i r* ,  and oi  -  f r i r" .  In a wsy
analoseous to that used b€fore t?1, th; objecii\a fu'i*ion e'can be ap-
proximatcd by the simple quadrat ic exprcssion

t I lqan8 l l0 lhasnrboduccdrhc lc rm .aLescns i t i l i t ydcmcjen l , ,howeve. , l rcusd



y|: ,1^^:I  -  Qrao aNLr, .  ̂ /  .  ̂ ,  dFnor.  rr ,e .r6, .nvi tu, . ,  ! r
/"r .  l l  we move from a'r long rn eig.nvcctor u. in lhp sr, , ,c. ,  |  . l ,c
L n r n s f o r m c d . c o o r d i n a r e s ' t , ,  t h . n  A , t i  -  0  t u r  t  ,  1 .  t . h u . , ,  r 2 , , t . ,
I , rA. l , . r  and hence , \ .  m"asuros Lhr sicnrn€ncc of.c i"r  i .n.  - . , , , .  ng
rn_rne pnncrpat component ' t . ,  Thus, rmportanl rer. l inr,q,r , .  1, .  i , t , .n-
t ' l red as the,signi f icant pi6envrclor elements of rcr.rron suL!r"rrr*
cnaractcf l  zect by targe eigenvatucs.

- ,  
N a l u r a l l y . , w h a t  i s  r r , , p o r t a n l  o r  u n r m p o r , r n r  i n  r  s r u d y , l ^ t ( . n  * , , .

the arms ot the invesrigar ion. ConsnquFntly.  one stro td torm;t j , r , ,  rh, .
r .sponse 'unclron Q jn accordance wuh rhF objF.t ives in order ,o oLrrrnthe ap?ropriate ranking of the reactions cons'dcrcd in rhc nrccha-
nism. In Ihe.def inr l ion of rhe objeoive funcuon tJy eq ,1C,,  t t r .  r ._sponses tor al l  spec' 's wcrp taken Into account rnd thp sJme lrrr"rrc i .has been obeyed in rhe discussions of the reac ons presenred in rhisart ic le.  Such.a def ini l ran comprises rhe requiremeni rhcr orrr  mnrlc lsnourd descDbe equatty wel l  the concenLratron chrngps ot r l l  stA i .spresenl in ihe system. Howover.  the objecr iv.  runc, io;  .ay be f ; .u-iated. by cons'dering only sFlFcrcd speciFs , for instsnc. I l ,oq. mcr.
:y*:  

, r  ""  cxperimenr).  Def ini iety,  rhe analysrs of such obj^(r  iv^Iuncuons.an provido usefut k iner ic info.marion. but th.  pro;cdrrr"
miy indi .atc $mc b.sic rpact ions as rnsisnincant ones. Lr is occurswnen thF changc ot thc ralc coeffrcient of  a fundrmentat rcJcuon,e.9., a chain propagation step, does not direc y influence the rates oiconcentrat ion changps of rhF sr lccrcJ sr. . ips l

Anothcr mothod of,hr iv inb, k in. t ic rnformll t ion f .orn r tr , .  . tcnsir ivrrv
maLflx rs provrded by lh.  usc ofoverr 

 

s.nsrt i \ r rres ?l . . tn"sn,anLc
oeDned In reacLion rate analvsis bv

REACTION RATI) ANALYSIS ii9

t22t 4 = jr,i,,rr,s,r'= i[-+b^",,-l'

Comparison of Rate Analysis and Concentration
Sensit iv i ty Anatysis

Bclow we compare-rhe conclusrons on rea.r ion rmportances whrch
can De d.nved trom f matr ix and from S matrr j r  analysis.  For sim-plicity we usc the overall sensitivities or the Duclidean norra of the

According to-Lhrs dcf inir ion. r  _ F,.{ , .  wlcre F. is rh{ I . th .otumn oftne marrrx 0l  normnl iz. ' l  r r ln scnsir ivrtrcs. Sinc. t r  ( f lF) ' '  d". .ignates the Euct idgan norm of rhe F, vector.  t r ,"  * .r l r r  , . "" i , ' * i ry nis the square of l t , l .  Thc overal t  s;nsi t iv i ry B, rs a convcnicnr injsrmprF measure ot the si tnrf icance of reacl  innj .  Rl lnkinr. j  of . t , ,m,.ntary reactions br$d on B may be somewhar drrc.ent f,.om ;l,ar d*r\.;Dy^pdnclpal comfoDcnt analysis,  howcver.  rhe rpact ions idpntrf icd ajoeDnrrely unrmporrant ones by lhe t lvo merhods are thc sime.
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column vector of the sensitivitv rnatrix as a measurc of the reaci)on

"TlJL',Xiin., 
[n',," ,' rr'll :- t tor arr 0.' / : i' For the rinear svs-

' . - ,u..,  , f ,*" "- 'u consrant , ' t t  and p suctr rhat ' |cr l  t ' � r l |  -  M cxprPl)

i i ' ' i i - . ' .  i .  n i i .  ,^: 'ctorv d! '  r '  r) lcads to on assvmptotrc' l lv

stable equilibrium state' then p < 0 and

(23)
M.

l lS,G",q",r,)ll = 
?texpriJ') 

-11

llqG'.q',r,rl l = M€t

{ s . = i s , * F ' ,

I f  the trqcclory crL'  c".1,  rs slxblc but does not convergc lo an as-

"t.p.il"'^rfv "Lur" "q'ihbrium strte then p - 0 and

{24)

for all O = , = ,1- We csn concluile that any reaction which is unim-

.".ir.i.*"rar'" , *action rate considerations proves to be unim-

;ortant rlso in concentration seDsitrvity analys
''ri. 

i'ft" ",ft"r. hand, ii appears that a rcaclion shown to be rmpor'

," ; ' ; ;  ih; ; i l ; ;  ^"" ivr;"  'n,v st i rr-prove r 'o be unimporlan( in

iliri""'"v: l^;j;rin:,T:H:;f'T:,Jf i:"".'"i'?ll ;"' i*x',ri:
' ir i,," 

"il i ' l "v"t"*',rL' rizr' ruirtrelmo^re eq (12) is an intesral
;'+i:r;:lti:'J: ijt-l'H, lil:ll, rial::;:l["',i" "q*,ion "'."n
r"':-". i,f[ "t"*." ri:t iro*"'"i. rt ' is 'o*lusion is onlv va]id for

;ir;t,; ;;.; ; i  ;;;J"n r ime srnc" ti^ acc-dan'e with eq { r0rl

(251

ind;cares lhat a large lF, i  imples a fasl  chansF ot lsrr '  r -vrth I ime which

ni*:,it"^liu ,L.i'ir l:ns,,T:, i ;"1':* Ji:l J*:i "llHi
il*l*::l;i{'*;itiff ili'"Til'"#:*l:l'f ti""FH"il':i:'"'
"'of,1iii",l'";"*"".'"""" 

or concentration and rate sensitivities can be

*;i;;;i;"i".-*s "q (25) into the equivalont integral equation:

,26 '  S,r t r .q ' . t , , t , r  -  
Jnj ,u.4. ,  

'S, ,u.r"  'a '  1" ,F, 'u t "  t 'a '

Tho two terms in eq (26) rcpresent the direct and indirect efiects of

"..".i"' n"'*.s"ii"" The second t'crm sives tho direct change in

G.'; ;il;;;;;;" a resurt or.parameterp?l:l'"il:i#lliii;
hrst tcrm cxpresses the addit iona) concen

ir ' " 'o i l rn*v "r ,"^s" in componenL concenlratrons This complex na'

i.."'"i S, .i*4, im*s whl the conc€ntration sensrtivities are not
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complctely adequate for. tho study oflocal mechanisric or kiDcric t,i,l)
lerns. Assume that stepj is important oler thc inrerval l0,t..l. but. {locs
prJr l i .a l ly not conlnbuto ro conc.nlrrLion .hrnacs rr  i  .  , , . .  N,.r" .
theless, S(!', !', t) may be large at I > t" as a resutt oathc conirilnrtion
of lhe f i rst  lerm rn cq. r26' .  As rr  his l ,cpn porn(.d out In F.t  l l l  l ,  l t r i . j' 'memory ef lect in conc.nlrat ion srnsir ivrty inrtvsr" rs a d"f i , ,  r i r"
drawback when studying mechanisms, for jnsrance the react ioD
mechanism of an oscj l lat ingreacrion. On the other hand, ,r , /  rnrt
relativc reaction rate matrix F depend only on the kincric stan(lard
param€ters of the state, i .e. ,  on k and ! ,  and are hercby ospccial ly
suitable for obtaining iocal reacrion importances attached to a pai-
ticular point of the parameter,concentratjon space_

Mat. jx S belonss to a t ime inrerval t r1,r2l ,  hence an impl ic i t  as-
sumption of time-independentprinciljal component structurc is inher,
ont in thc de.ivation ofkinetic information. No similar aDDfoximarion
is usod in the principal componenr analysis of ttre !'! matrx, st,rce
the reaciion rate sensitivities depend only on the kinctic standard pa-
rameterc ofthe state corresponding to a certain reacrion tjme.

Both the S and- the a matrices can supply infornarion on quasi_
steady-state and fast equilibrium rotations In the S marrix an;lvsis
auch rPacl ion strucLures are idcnri f ied by prrncrpat comtonpnls bc-
longing to relatively smalt eigenvalues I7l, while ;n F matrix anaty_
sis these appear in eigenvectors related to the targest eigenvaluei.
Thus, principal components characterizcd by sma 

 

eigcnv-alucs play
only minor or no rolc at all in rhe dcrivarion of kjnetic informarion
from cross-product matrix ft?F and rhererore possibte numerical un-
certaidties do not significantly influence the conctusions.

Kinetic Analysis of Two Complex Reaction M€chanisnrs

-  I I c r F m a f r . r  w e  r n ! . s ' l g a i n  r h e  m " c h a n r . m s  o f  h r c h - t . m t c r J t u r c
I o r m a r d e h y d e  o x ' d d t i o n  n n d  h i g h _ r c m p e r a t u r e  p r o p a n .  t y f o l y 5 i s .rnncrpal fompnn,,nl  anal)sis ofrhe r. l r r ivc roacr ion rdr.  m,r l rrcc5
will be shown to allow a significant reducrion ofthe oriejnal schemas
and to reveal th.  mojor r .actron pr lhs tor rh" spp. ies

Analrs is of H ighaenlpercturc Formatdahrde Oridation M echanisn

Th€ mechanism of hjgh-temperarure formaldehyde oxidation in the
pr€sence ofcarbon monoxyde reported by Vardanyan et al. l14l and
eproduced in T.rble I, has been anatyzed at tho foltowinq reaction

c o n d i t i o n s :  9 5 2 f i ,  c H , O l ,  -  r . t 2 8  .  l 0  .  m o l  d m  . .  1 O , 1 , :  Z . t t Z
l 0  ' m o l  d m  ' ,  t C O ) .  =  4 . 7 ' 1 7  x  l 0 - 3  m o i  d m  t r .  a n d  t M l  -
1 . 1 8 2  r  l 0  z  m o l  d m  "  T h e / r m a t r i x  h a s  b e e n  c o n s r r u c r e ( l  a r s o v e n
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Mo.hnrGnr oahish.remp€rdllr. otidu[ion of to'n'ldchvde ih rhe presence

6.

! l ( i o r  o r - _ H o ? + c o
| l o ,  1 c l r r o - * l l l o r + l l c o
l l r o ? r M - - - - - 2 o l l  + 1 1
olt + Cll?O__. H:O + llCO
OI{  +  H)Or-+  H,O +  HO,
Il/O2 !- products

I IO|  +  I lOr -  t l ,o ,  +  o :
O H + C O + C O r + H
I I O j + C O - C O , + O H
tl + cflro----- H2 + IICO
I l + o , . . . + o H + o
H + O ? + M - + H O , + M
H O r + M - + H + O 2 + M
o + H r - + O H + t l
O + CII?O+ OH + IICO
lI + H,O,- HO! + tl,
I I  +  I l :o , - . -  H ,o  +  oH
o 4  l t :o , -  o I I  +  I lO,
l lCO-- - - - l t+CO
o H + H , - H r o + H
CH2O + O, -  HCO + HOr
H +  HOr+ 2OH
H + H O . - - - - - H , O + O
t t + l { O r - l l , + o :

1.00 u-13
5.?0 I ' .14
6.66 It.18
1.60 E-10
5.10 a-r2
1.05 E 02
r . 0 5  8 0 1
3,00 tt.t2
3.30 E-r3
1.20 E-15
2.10 E. tz
5.51 ll-r4
I.00 E-32
4.?0 0.19
3 02 E.r3
1.00 E-10
r .30 D-12
5.90 E.t2
1.00 ItJ3
4.G0 tt-12
1.00 D-rr
2.90 E-20
5.00 E-12
5.00 E-11
,L50 D,ll

7 .

10.

't2.

13.

Ii
1 7 ,

20.

22.
23.
21.
25.

reAct ion t imes bet een 1 x l0 3 s (0.01% CI{?O conversion) and
5 x t0-r s (1.23% CII,O conveNion).-Eigenvalue'eigonvector decom'
Dosition of thc cross-pioducL msirix FrF has heen parformed at each
i imo. es an example, the largesl eigenvalues'  together wi lh the sig '
nificant elementst ofthe corresponding €igenvectors for reaction time
I x ro-5 s are qivon in Table II.

Selecling th; important reactions (as the signilicant eigenvector
€lcments of the principal components chardcterized by larger eigen'
values) at the veiy early stage ofo 019. convorsion, we can reduce the

uriginal  25-slpp schem. to a l0-stcp mechanism
Analysis at a somewhat laticr stage (i c., at 1.237' conversron) re'

vealsthatthree further rerctions (reactions (3), (6), and (8) of hvdrogen
peroxidc) become increasingly important as the oxidation proceeds

ihus, one can suggest on the basis of reaction rat€ analvsis a simple
l3-step reaction scheme for formaldehyde oxidation in the presence of

l Dilcnvnlucs :: lo r ond.igcnvecto. clcmcnts : o.l nrc considerud ro tE sisnifica'l
'fhi6;oice ofth.liniL is orbilrdrv, bu! it i3 well supPorL{ bv €rp'rien'€
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T^n r  L  l l .  l t , qoavo l Joc  . , hd  "u ! f voc  . r  . t , T ,  r ' r  . r . r i

o x i da l i oh  a l  l ,  10  ! s  ( 0 .01 t1  conve rsbn )

l r l r

r hc  r . r t v s i s  oa  { , , r  t r r , r  ! t ! . 1 , r ! t !

No.

2 .

1 .
5 .
6 .
7 .
8 .
L

|  ?5  t i  r , l
3 6 5  I t i t l
1 .47  l ,+  I
1 . 1 7  U + l
!.04 D 0
r .00 E 0
9. t? D - r
8 ? 2  E - r
4.10 E -4

9(0 .91) ,  l l /  0 .3?) ,  131 0  t? i

2 (1 .00)
41 0 .?1) ,  I01-0  66) ,  I  t1  0  23) ,  1 I  | |  09r
1( -0  90 , ,  9 ( -0  35) ,  4 l0  19) ,  10(0 . t51
l3 (0 .93) ,910.18)

'Figxr$ b€fo.e lhe br.clcLe r€f$ to the re.ction nhbering.s indicirdl rn,t.rl,t,, I.
Nhilc the eisenveclo. elements are given in rha bracters.

T^0LE IIL Comp.rison ofproduct co.ccnrrariohr.atcul.r.,l n.om rhd oriainrtrn,l r{l
duccd model ol h ishicmpefuhrrc forhaldchydc oridaljon

Pbdlcts CII,O I t .

1 .115 D.4

0 002

6 556 Il-7

l 7

5.?01 t.? 6 450 D.?

t . 9 1.6

CO which consists of react ions: (1),  (2),  (3),  (a),  (6),  (8),  (9),  (1O],  ( t l ) ,
(12), (13), (16), and (22). Kinetic differentiat equations of the t3-step
and the orisinal 2s-step modcl were sotved for the abovc civen jnitial
condi l ions. The conccntral ions calculared at 5 * t0 s for C 

 

O and
the stable r . ic l . ion products l rom th,.  reduccd in, t  rh.  f , , l t ' rnoJct
rgr"e within 2 perccnUsec TJble t t t ,  Thn Eood Jsrn,,m,.ur rD,tr(urrF
lhaL the react ion kinct ics is very w.t l  descrrberJ by rhp reduc.J rerc-

Apart from ranking the elem€ntary reactions accordinq to thoir ki,
netic significancc, the prcsent mcthod ofrate flnatysis cin suppty atl-
ditional mechanistic information, too.

Principal component {,, jn Tabte II contains two enrdes Nhich refer
to reactions (10) and (4). These ara rhe major routes ofOH radical for-
mation and consumptior, respectively, aL very low conversion. llorv-
ever, ae the process proceeds, reaction (3) increasingly contributes to
OH radical formation as indicated by the appearancc of reacrion (J)
in the pdncipal componeDt \l,r at hisher conversion. I,.urrhermore il.
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can be saen easi ly lhal  pr incipal componentsr l ' , ,  r l ' j ,  \ l ' { ,  1 l ' i ,  andl l '6
idenl;fy the tnajor form.rtion and consumption reflctions ofthe highly
rcrcl ive specics O, I ICO, I IO,,  and I I ,O?, r .specl ivcly.  Final ly,  pr inci-
pal conrponcnts ,l'? flnd ,l's conlain thc dominant reactions oftNo rcac'
l ivc species, lhose ofOII  (s leps (41 and t l0))  rnd I l  (stops (11) and (9)).
Those two spocics are closcly couplcd by reaction (9) which converls
0ll radicals into II t'toms. Thus, it is not surprisine that the reaction
of trvo species appea' in the same principal componeni.

Sensitivity analysis based on the S malrix has been car.ied out re'
cent ly l7l  for tho s:rmc formaldehyde oxidat ion mochanism invest i-
gated in the present study. The reduced mecbanisms of 13 important
clementary reactions defived from the S and a matrices were the
same, though the ranking of reaction importance sligh-tly differed.
More characteristic diferences were found between the f'and S ma-
lrix results in the study ofreaction structures and charac[erisLic reac-
tion groups. The physical meaning and inlerpretation of the reaction
groups identified by the significant eigenvector elements belonging to
larger eigenvalues are not so straightforward in case ofconcentration
sensitiviiies then in the analysis ofth€ rate matrix. Furthermore, the
dist iD. l ion bcl .wccn "smal1" and " large" eigcnv. lucs, which fol lows
naturally in case of rate sensitivity considerations, is less clear for
the analysis of concentr^tion sensitivitias.

Andlrsis of High-tempemture PropAe Pyrotlsis Mechdnism

Thc mechanism selccted for analysis was based on the scheme pub-
lished by Ilautman €t al. lrsl which involved 13 chemicat species and
consisled of32 revemible clementary reaciions. This mechanism lvas
supplamcntcd by two furthe. reactions lsleps (65) and (66)l claimed to
be important by J.N. Bradley t161. The invcstigatcd 66-step mecha-
nism and the kinetic parameters taken from the citcd literature are
shown in Table IV. Reaction rate anaiysis has been carried out at the
followins reaction conditions: 1250 K temperature, {C'Hsl, = 3.849 x
l0 s moi dm-3 concentration, and at four difterent reactioD times cor-
rcsponding to propane consumption frorn 0.00057. up to 38% conv_cr:
Eion. The results of the eigenvalue-eigenvector decomposition of F'F
for on .ar ly stagc of the react ion r l  l0 's.  0. l l ' ,  conversionr are
presented in Table V. Analysi6 revealed only 11 principal componcnts
characterized by laree eigenvalues. Eigenvalue I,, was almost eight
orders of magnitude smaller than Ir'. ln Table VI, we have indicated
lhe elementary steps which proved to be important in the analyses
ca.ried out at differant conversions.

At the early stase and at mediurn conversion, initiation by propane
dccomposition lstep (1)l and reac[ion chains involvins propyl radicals
are ofimportance. These chains consist ofpropyl radical formation by



' l ^ r r n  
M l . . l ' r f  i sn , . l  l ' i ( l r  r j n t d r t ! r c  D ,o tn r .  t t r r ,  r ! .

i , i

l{

.t.
5 .

7 .

1 2
13.
14 .
15 .

I t .
I3 .
19 .
,0 .

22.
23
24.
25.
26.
27 .
24.
29

3 1 .
32.

3,1.
35 .
36 .

38 .
39
40.

42 .
43,

45

48.
49
50.
5 I .

(  l l .  ,  ( i l r ,  I  a r l t .
( l l l  r  ( : : l l  . - '  C , l l r
( i | ,  I  c r l t .  -+  ( i  i  I  i - c r l l .
c H ,  r . c , r i r - . _ - c l l . L ,  (  I l i
c } t ,  r c , l l .  . c  4  r , ( j ' U ,
C l l ,  I  r -C , l l . - - - - .  CH,  +  C, l l -
H  +  Cr l l " -  r l?  +  r .CrHr
I I :  I  i ( ]L I { I - *  I I  I  C ,L I I "
I I  +  C t l l N -  l l !  I  r . C , l l -
t l r + x C , l J ' + l l + C r l l N
c : I i .  +  c iHr+  c lHr  +  t .c r l l -
qH,  +  !C. ,L l r  - *  C , l l .  +  C! ! t r
C l l "  +  C,H"*  Cr l l r  +  n -C" l l -
CJ{1  +  n  C, l { ; - - - - -  C" IJ ,  +  C" l lN
( l rH5+Crr lN- - ' -C : l l ,  I  I  C , l l
c? I I , i  +  i , c , l l r -  c?Hr  +  cL t r \
CJ l r  +  C.HN-  C) l l .  +  r .C . l l l
C , l l , ,+  nC,H, -_-  CrH,  +  ( , t { *
CJ15 +  C" l I , -  C . l16  r  i -C ,H,
C, ! l i  +  i .C ,H"  -  C . t t .  +  C,H"
cJ15 +  C] IL -  C.J r i i  |  , . c r  ,
c . f l6  +  r .C . l l r - - - - - -  C .H.  +  C. r l ,
,  cJ l ,  r  C , l l , -_ .  n .c . l l ,  +  ( r , l l ,
, 'CJ I ,  +  C. ,Ur_-  r .CrH.  +  C, I l ^
i .CrH ' - - - - -H+Cr l l ! ,
H  +  C. l l6+  i ' c r t l
! C , l l ? - - - - . C I I . + c . H .
c l lL  +  c l t t r  - ,  r .L i ,  ,

i l  +  C, l l , ,  - .  r .CJ I ,
,  C J l r  - +  ( l l !  l  C , l l l
( ;Hr  I  C   r  - - -_ , , .C , t l
c : l l1 -_  c -  l  r  t {

H + C J l i - C t l l r H !
c , H . + l l : - - - - - H + C r l l ,
Cr l ,  +  C, l l . - -_  CH,  +  C.LH, ,
C I I , + o r l l . - - - - . a H , r ( r l l ,
l l  r  C r t t , i  , ' t r  I  c _  ,
l l?  +  c? l l ,  , I I  +  c r l l , i
c I I , + C , H !  , C r I . + C r l l .
crtr I crl.-----. cllr + c,rt,i
C I l r  +  H_-  Ct t "  +  H:
cH. + llr - ClJr r ll

H + Cta _ CH4
c l l , - H + c  .
C J i . - C ? H : + l l r

I ? 7  l | O r l

I 7t l.l l0

I rit It r,J

t 1ll ti 0rl

t 0 5  l t 0 $
2 2 U  l i  l 0

J 5 {  D 0 3
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53
51.

{ i t .
62.
63

66.

c,l{, --- clllr + H
c ? H r + l l _ ' c , H r
H + C , H . - . . - H r + C , H .
tli + C:llr----- Il + Czlll
2(rilI.---_ c-ll. + c,ll.
c:I|t I c?[, ------ 2(]r[.

Cl l "  + c : l l ,_ '  c , l { r  + C,H.
c l l :  +  CJI . -_ c : t r r  + c , r r1
C r U . + l l _ - C r l l ? + I t !
c , H : + H , - C ? H 3 + H

CHr + Crtl6- C?Hr + C?Hr

2.36 E 06
1.72  E 0
r.99 D 14
l I 0 E 0 9
1.81 D 0a
1.00  I t  t0
3.(it [,01

9 .90  D t2
3.99 E 06
2.6? E 06
r.33 E 09
1.70 8,02
3 6 1  D 0 3
2.14 It 06

T^rri V Eisenvalues and eisenvcctor cleh.nrs &om rhc.nalysis of high.remD.rarure
Droptn pyrolrsrs,l I x l0 's (0.11% conv.6ioh).

t�
2
3

5 .

8.
9 .

9 (0 .74) ,3 ( -0 .6?)
'  33(  0 .71) .1 (0 .71)

59( -0 .?6) ,60(065)
251-0 .? t ) ,7 (0?0)
1(0 .55) .33(0 .55) ,31( -04?r ,  9 (  0 .42)
. !71-1 .00)
35(1 .00)
5( -0 .991,5?(0 . r0 )
3 l (0 .53) ,  9 (0 .13) ,  l (0  41) ,  33(0 .10) ,
710.29), 25(0.231
7(0.62), 25(0.5r), 2910.24), 3l(-0.2,1),
9 ( -0 .18) ,  l (  0 . la ) ,  33( -0 ,181.33(  0 .18) ,  6 (010)
5(  0 .?9) ,3 ( -0  t i6 ) ,  44(  0 .241,7(0 .10)

'l istrrG b€fo.c thc brackets refcr ra tlrc reicrion numtuing rs iDdicarcd in Tablc Iy
wl)ile th€ eig€nvetor el€nrcnts lre given rhe Uraclers.

H-atom abstraction from propane and propyl radical decompositions.
Our analysis reveals that H-atom abstraction by i-CrH? and ,r-C.H,
radicals in reactions (23) and (24) is not important at all and abstrac-
tion by C,H5 radicals throur;h reactions (15) and (17) is only signifi-
cant in the very early stage ofthe pyrolysis. Propyl radicat formarion
in methyl radical reactions (3) aDd (5) is important ar moderately low

?.65  D+?
6.84  D+?
?.47  E+6
3.53  E+5
1 . 1 5  D + l
9.95 U t
9.91 It I
8 .32  D-  1
8 . 1 ?  E , r

4 .35  E, l

3.93 D I



rtE/\cTton* R/\Tl AN/\l,t,sts

c lenren tary  ro rc tDns^  ua  h i !1 ,

!4ill

( l 7 1
t25l

(29)

(31)
{33)
(35)

(5 l i

(59)

(65)

(29)

1 3 1 )
r33)

(5t  )

15?)
(59)

rJ3)

{ 5 t )

(60)

' 1h r  f i gu res  A j r en  i h  r hc1 .n l , t c  r . f . r  ! o  r enc t i oD  numhcnns  L  i n r t i c r l  t i n , t i r r j t o tV

ifuji*:ii*!**{riit;tii.}"i,1":"}",i:J:t:"i:fi l[T,::;
H;'fi t,1:5i'*t5,;T''Jl"l;:xl6';";.;;;; jll*tl;::;l:
'mportant throushour thc wh,, tc p;oc;s

ln genc.al reaorions of producls become signjficant only at hish{rrc o n v c r s i n n  r s  p r o d u c t s  c c c u m u t r t c . ' l , h r s

;:"* a:n:; f :* ;r,ll l:,"t'"'*ij:i : ifi :il,',:: Jlilj :il;
,"a .ur r--u' - i" ,"".i;;;;r';l ;;:;:""1",1i:J;j;ji ii:,_il,,,;
_.. l_n:tal le 

conclu.sjo:  rr , i r  c in b,.  rormurared on th. b. j r  af  thc rc

;:it: ::THi,:ij,,; ff ?i";''j,i::,"::::ii"",'"'"'r.r"; ;;;,H,
li:i';*nih"?"i[i+;*:'ff ]r1"n,"};ii,t{ry;['
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direct trsnsformation ofC,H. to C,H, in step (51) is seen to be signili'
cant throughout the whote process. lnterconversion of the olefins via
C,llx radicals is also contributing in any stages ofthe reaction Vinvl
radicals are formed at very small conveision through eihvl radical de-
composition a€cording to step (65) which is graduallv replaced bv re-
act ions (57) and (60) with increasing conversion The major C,Hj
consuming rcaction is 6tep (59) which is supplomented bv step (54) at
hisher conversion.

On the basis ofthe results ofthe rate anatvsis a 23-step mochanism
can be suggested for a wide range of conditions This reduced mecha'
nism consists ofr€actions (l), (3), (5), (?), (9), (r5)' (17)' (25)' (26)' (30)'
(3r) ,  {33),  (35),  (39),  (44),  (47),  (51),  (54),  (5?),  (59) '  (60) '  and (65).  l t
can be seen from Table vII that the kinetics ofpvrolvsis mav be well
described by the 23-step scheme; the calculated product concentra-
tions at about 37. propane conveGion agree within 1% with the r€-
sutts derived trom the full mechanism

Our reduced mechanism has been compared with other mecha-
nisms used to inl,orpret high-tempcrature propane pv.olvsis results.
Onc of thesc is thc well known mechanism reported bv Lifshitz and
Frenklach l2l. We lind rhat this mechdnism leads to serious underes'
timaiion of the rate of product formation as indicated bv the data
siven in the tast column of Table Vll Considering the steps of the
Lifshitz-Frenklach (l,F) scherne and of the reduced mechanism one
finds that the inadequacy of th€ LF scheme comes from tho negtect of
somc olefine r€actions.

No/ei A program package of reaction rate analvsis and conccn-
tration sersitivity analysis is availablo for IBM PC and compatible
computors. Thosc who are intercsted in tcceiving thc pfograms are
requeslod to send an empty 5 1/4" noppy disk to the first author.

'lAnr.t: vll. CohD.rkon ofD.oducl conccnlrntions cnlcul.ted froh vnrious nodels.a
I'tah:t"-',"."1,t

CHr

cr ,
C,Ho

C,H"

r .175 D.G
2.304 E-7
5.?D E-?
1.52A E-1
5.626 D,8
8.083 E-7
,t.t93 E-?

0.4?
0.38
0.30

-0.6?
0.05

L i0

30.51
?9.51

- t1.04

-12.75
-45,.r8
-41.29
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