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Measurements on carbon particle growth during £8érmal decomposition were carried out behind both in-
cident and reflected shock waves. Three kind of mixture compositions have been investigated: 4000 ppm
CCl, in argon; 200 to 4000 ppm Cglnd 200 to 8000 ppm Fe(C®in argon; 4000 ppmCgland 4000
ppm hydrogen in argon. The temperature range 1Z00<3200, pressure around 25 bar. Kinetics of the par-
ticle growth was detected via the attenuation of the laser beam (He-Ne laser, 632.8 nm).
The low temperature boundary for soot particles detection and magnitude of soot yield ipye@ysis is
the same as that for most of the hydrocarbons studied. The temperature change dusipyrGigsis is an
important factor for its kinetic interpretation. The first order rate constants of soot giqif@j are higher
than those for all hydrocarbons, including benzene under comparable conditiofis22@0 K the induction
timesting are close to those for hydrocarbons with respect to both, absolute values and activation energy. In
the middle temperature range studied, 22D8<2500, an “induction-less behaviour”of soot growth was ob-
served;ting at T>2500 K show a negative activation energy. Hydrogen additives significantly act on soot for-
mation characteristics depending on H/Cl-ratio.
Chemical reaction in mixtures CgFe(COy} was observed even at relatively low temperatures behind inci-
dent shock waves. However, iron additives only slightly change the soot yield as compared, foy@Gisis.
A qualitative interpretation of experimental findings observed is suggested based on the consideration of
the hierarchy of characteristic times in reacting systems followed by the growth of soot particles.

Introduction characterised by several features. Firstly, this process is

. . . limited by temperature boundaries which were determined
Chlorinated hydrocarbons are among the main ConSt't%'xtensively in shock waves and also in flames [4]. How-

ents of many industrial wastes and they may influenc ver, the data on these boundaries in some cases differ

soot formation in industrial incinerators [1]. Pecu'iaritiessignificantly, in particular depending on specificity of ex-

Fint tf fund tal Doint of Vi SBerimental techniques used to detect soot yield. As a con-

0 ISrl e(ﬂjres frf[)r:n a ur; fament'a pplnbp VIeW. " ft sequence, there is no generally accepted point of view on
udy ot the soot formation in binary mixiures ofteny,q physical meaning of these boundaries. Nevertheless,

can give additional insight into the interplay of dlfferentthe appearance temperature of sdp, is among the in-

factors n the course of soot growth. It was shown thEﬂeresting characteristics especially from a practical point
iron-bearing compounds are most effective metal add 5

i | ticular. the sianificant i i fb view. Secondly, time evolution of soot growth during
I;ve(s:.on par lcuta;, et_S|gn.| Ican promlo lon action 0 hydrocarbon pyrolysis behind shock waves shows some
e(COy on soot formation in gH, pyrolysis was re- general features: Induction period, selfacceleration stage

vealed ang e?hplaln(-:q as.tlnflufence otf iron t(;:uszterls_| V(\;hIC nd growth to steady state level.
may provide the active sites for soot growth [2]. Hydro- Soot formation in the pyrolysis of chlorinated methane,

gen additives significantly suppress the soot yield i[Pheir mixtures with methane, and chlorinated eth
; . , ylene was
CzHz pyrolysis [3]. The influence of bland Fe(CQyon g jieq in [5]. The amount of soot produced in the pyro-

soot formation for chlorinated substances was not y%;Sis of chlorinated hydrocarbons is larger than that

Suftd'.ed' I K that ‘i tion during hvd formed in normal hydrocarbons. The soot yield in ¢CI
IS well known that soot formation during hydrocar- rolysis observed in [5] was however small and shifted
bon combustion and pyrolysis behind shock waves can l?g rather high temperaturds2500 K. That was different
from the typical behaviour of other chlorinated methane’s.
However, these above mentioned data were obtained in
*) Corresponding Author: Tel.: 49-551-39-3112, mixtures with a high percentage of GGh the mixture
e-mail: jkupfer@gwdg.de. (9.6%) and nonisothermicity during pyrolysis could be
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Fig. 1
Absorption record during CCl, pyrolysis behind reflected shock
wave.4000ppm CCl, in agon, T=2260K, P=23.4bar

significant. Below we presentsome estimationsconfirm-
ing this point of view. On the otherhand,one may expect
that kinetically the CCl, pyrdysis is a rathe simple sys-
tem, at leastfor the early stagesof the reacton [6], and
shouldgive a goad chanceto find main kinetic conttibu-
tions leadingto carbonparticlegrowth.

Appakently, to avoid large temperaturechargesin the
courseof pyrolysis followed by subsequersootformaion
and relatedwith this uncetaintiesin the intempretation of
primary experinentaldatit is necessy to performexperi-
mentsat high pressirewith low percetageof sooing mol-
eculesin the mixture. In line with theseamgumentsthe
prindpal objectve of thiswork is two-fold. Firstly, to mea-
surethe tempeatureboundaies andkinetic paramegrsfor
carbonparticlegrowthduring CCl, decanposition with and
without additivesof H, andFe(CO). Secondy, to compare
theseexpeimentad findings with the existingdata for soot
growthduringthe pyrolysis of hydrocarbonsandther halo-
gended counterrts in order to estimatethe comnon
kinetic driving forcesleadirg to carba growth.

Experimental

The experimatal installation has been describedelse-
where [7], and only sone details are given here. The
main part of measuremerst were performel behind re-
flected shockwavesin 70 mm i.d. steelshod tube with
a 4.5 m long driver secton and 28 mm thick tube wall.
The shock wave velocity was measued by Kistler pres-
sure gauwges and shock wave gas parametrs were calai-
latedin the ordinary manne [7]. The mixturesbeingin-
vestigaed were prepaed manomérically and mixed by
convecion in stainless steelcylinders at least48 h before
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Fig. 2
Sootyield SY in arbitraryunits during CCl, pyrolysis; measurements

behinda reflectedshockwaveat 1 ms

use.Diluent gasargon (>99.998%MesserGrieshém) was
usedwithout further purification. Catbon tetrachloride and
iron pentacarbony(Fluka) weredistilled in a liquid nitro-
gen trap. The sampleswere frozen and then the middle
fraction was evaporagd in the mixture cylinder. Measue-
mentson carbonparticle growth during CCl, thermal de-
compasition were cariied out behindboth incidentandre-
flected shockwaves Threekind of mixture compositbns
havebeeninvestpated:

* 4000 ppm carbontetrachloide in agon;

e 200 to 4000 ppm carba tetrachloride and 200 to
8000ppmiron pentacarbnyl in amgon;

e 4000 ppm carbontetradloride and 4000 ppm hydro-
genin argon.

The temperture range was 1200</K<3200, pressue
arourd 25 bar Kinetics of the paricle growth was de-
tectedvia the attenation of the laserbeam(HeNe-Lase,
632.8nm). The light extindion traceswere convertel into
sootprofilesusirg Beers law (seee.g. [7]).

Experimental Results
Carbon Tetrachloride

Absarption tracesobserve during CCl, pyrolysis are
similar to that for hydrocarlon pyrolysiswith somepecu-
liarities which are descibed below Absarption tracesof
sootformaton during hydrocarba pyrolysis(seee.g. [7])
give in fact three paramegrs charaterising soot forma-
tion: Induction time t,g, soot growth rate ki and soot
yield SY.

In the middle temperaturerange studieq 2200<T/
K<2550, the sootparticle growth startsjust behindthe re-
flected shock front without promirent inducion period
(Fig. 1) and the absorpion curve may be well approxi-
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Temperaturelependencef inductiontimes of sootformationin dif-
ferentmixturesin argon O 4000 ppm CCl, and 400 ppm Fe(COj.
@ 4000ppm CCl, and4000ppm H,, Il 4000ppm CCly
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Fig. 4
Temperature dependenceof the soot formation constant k.
Points: experimentaldata, upperand lower points correspondo bi-
exponentialsoot growth, T 4000 ppm CCl,, J 4000 ppm CCl, and
400 ppm Fe(COy in agon. Lines: decompositiorrate constantsfor
C,Cl, andCCl, accountedor fall-off behaviour

mated by the usua growth profile of the soot volume
fraction £, (1) ~ (1 — e ") wherek; is the first orderrate
constam of sootgrowth. The temperaturedependeneis of
the above mentbned paramedrs are presergd in Figs.2
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Fig. 5
Absorption record in mixture 4000 ppm CCl,; and 4000 ppm H,
behindreflectedshockwave. T=2230K, P=25.5bar

to4. It is well known tha the temperaturelependace of

SY values for hydrocarlen pyrolysis shows single bell

shapé curves (see e.g.[7]). However for the mixture

4000 ppm CCl, in amgon the pictureis more complicdaed

(Fig. 2) andwe candescrile the observe sootyields asa

superpsition of two sootbells with a local minimum at T

arourd 2300 K. The tempeature boundary for soot ap-
pearace is arourd 1600 K. Note that the postion of this

minimum for SY is the sameas that for the maximumof

k;, howeer for SY the minimum is more promirent. Ad-

ditional experimats in this tempeaturerangeare needed
to obtain more reliable dataon the tempeaturedepedent
ke. In experinentsat T<2200K and T>2550K the induc-
tion periods(Fig. 3) ti,g may be determinedin the ordi-

nary manner(seee.g. [7]), howe\er they could not be de-

termned asclearly asin hydrocarba pyralysis.

Influence of Hydrogen

Absarption tracesin mixtures containirg 4000 ppm
CCl, and 4000 ppm H, (Fig. 5) exhbits the same proper
ties as for CCl/Ar with more noticedle soot propensity
becausesoot growth was detectedalreag at lower tem-
peratues. As can be seenfrom Figs.3 and 6, hydrogen
additives affect sootformaion parametrsdrastially:

« Large shifting of the soot bell to lower temperatures.
Tap is around 1200 K and the maximum of increased
SYis at 1600 K.

¢ Thesecondsootbel disapparescompktely

¢ Indudion times are shorter as compaed to mixture
4000 ppm CCl, in agon (Fig. 3).

Moreover, the colour of the depsit on the walls and the
endplate of the shok tube after an experinent was softly
lemon yellow or sonetimeswith golden iridescent The
colour of the carba depositis depexdent on the H/CI-
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Soot yield SY in arbitrary units for mixture 4000 ppm CCl,; and
4000 ppm H, (points) correspondingo 1 ms reactiontime behind
the reflectedshockwave. Dotted curve: approximatiorof experimen-
tal datafor mixture of CCl/Ar

ratio. Further studiesof dependaciesof colour and other
soot formation paramedrs at a broad variatiln of the
H/Cl-ratio should be certainly interesting. Cortrary, com-
plete soot suppressin was observedfor larger additions
of H,. With 10% H, we did not obseve any soot forma-
tion.

Mixt uresof Carbon Tetrachloride
with Iron Pentacarbony

Absarptiontracesn CCly/Fe(CO} mixturesshowanini-
tial signalrelatedwith theiron clustercontribttion (Fig. 7),
becausehe Fe(QD)s thermaldecanposition followed by
iron vapor nucleaion is very fastunder the condiions ap-
plied [2]. Howeve, when the ratio of Fe/Clbecanessmad-
ler the initial absorpion behindthe incidentshockwawe is
very smdl compaed with the referere experimats with-
out CCl,. This observéion certanly shows that the nascent
iron-abms efficiently reactwith CCl, moleailes forming
probaly sone kind of iron chloridesand these reactons
compée with the iron nucleaion.

The result of the reacton betwea iron-bearingspeces
andCCl, is clearly seenfrom a comparisa of the absorp-
tion behind incident shok waves in different mixtures
(Fig. 8). The mixture of 4000 ppm Fe(COy in argon de-
monstrags the high reproducibility of the absorptio re-
cordsat 25 bar and gives a referace level of the steady
stateopticd absorbace reachd after Fe(CO)} decompo-
sition of D,=0.60+0.2. Additives of CCl,; diminish the
absorpion, depending on the CCl, contentand the tem-

peratue. The decay of the absorpion is about propor-
tional to the CCl, contert andis increaing with the rise
of temperature.Asympotically, the resulting decreaseof
the absorptio nearly ceasesat T<1250 K if the Fe/Cl-
ratio is around0.2<Fe/Ck0.5.

Now the time behaiour of the absorpion in CCly/

Fe(CO) mixtures shall be considered At low and high
tempeaturesstudied clearly two parts of absorpion re-
cordswere observedFig. 9) sotha the sootvolumefrac-
tion 1, (¢) growth may be appraimatedasthe sum of two
terns.
Jowy = A1 =) 4 Ay(1 —e*e) (1)
wherekq; and k, are the soot growth ratesfor first and
secoml stage, respectively Therebre, the processingof
such absorption traces in accoréncewith the procelure
descriled [7] leadsto two valuesof the “first-order soot
rates”. At midde temperatures2200<T/K<2300, the two
exponats neary mege in a single exponetial profile
andthe absorpion recordslook like the yield of a simple
quasifirst orderreacton. This featureis evidently differ-
ent from the typical tracesduring hydrocarbonpyroysis
which exhibit clearly expressedinduction kinetics fol-
lowed by a S-shapedselfaccéeration stageand then the
final part with single first order rate for soot growth.
Temporarycharactéstics of absaption tracesdepend on
tempeatureand Fe/Cl-rato. Single exponetial betaviour
is mostly evident in the middle temperaturerange
2200<T/K<2500. The biexponetial behaviour was ob-
servedat high temperéures2500<1/K<3000 and lessevi-
dentat low tempeaturesT<2200 K.

Fig. 9 illustrates the detemination of soot growth rates
fr, andfy, asslopes of the apprriate partsof the whole
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Steadystatelevel of the absorbanc®, behindincidentshockwaves
in different mixtures of CCl; with 4000 ppm Fe(CO} in argon.
Dotted line correspondso iron clustersabsorptionwithout CCl,. @
4000ppm, W 1600ppm, A 800 ppmand v 400 ppm CCl,

curve (see Fig.4). If the inducion period tyq is deer
minedasthe duraion betweerzerotime andthe intercep-
tion of straight lines with initial absaption level we can
seein fact someuncertaintiesin this case.For the first
stagering is shortand closeto the time resolutio, taking
into accaunt schlieen spike and noise level. For the sec-
ond stager;ng is more prominentbut it may be considered
as a consequece of the two stag behaviour of soot
growth. Therefore, when the differencebetveenthe time
charateristics of the two stagebehaviouris quite large
(e.g. first part of exponetial growth is rathe slow) the
absorpion traces may be easiyy used for conventimal
treatmat to find incubationtimes in the ordinary manne.
The appopriateresuls are presergd in Fig. 3. At middle
tempeatures the range of inductioriess behaviour is
shown by a horizontl bar The negative tempeature de-
pendege of the inductiontime at T>2500K is compkte-
ly unusualfor sootformaion in hydrocarbons

Note that at tempeaturesarourd 250<T/K<2800 the
Fe(COy additives(400 ppm) produce certainly highe ks
valuesas compare to mixturesof 4000 ppm CCl, in ar
gon (Fig.4). Accordimgly, the sootyield SY observe in
the same mixtures shows a slight increaseat the sane
tempeatureregion (Fig.10). As can be seenalso, in the
tempeature range of the first soot bell the influence of
400 ppm Fe(COy is small. That is in cortrast to the
Fe(CO} promotionactionon sootgrowth during ethylene
decanposition[2]. In mixtureswith relativdy high con-
tent of F(CO) the expeimental points of SY are shifted
to highertemperaturesis compaed to the referere mix-
ture 4000 ppm CCl, in agon
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time, s

Fig. 9

Semilogarithmigplot of the absorptionrecord(Fig. 7) illustrating bi-
exponentialbehaviorof soot growth. Mixture: 4000 ppm CCl, and
400 ppm Fe(COy, Ts=2686 K, Ps=22.9 bar (Seetext aboutdeter
minationof time durationof inductionperiod)

Discusson

The first systenatic study of soot formafon during
shocktube pyrolysis of chloringed hydrocarbas wasun-
dertakenin [5]. The high sooting propensity of chlori-
natedhydrocarbonshasbeenattributedto a weakerC—ClI
bond comparedto a C-H bond. The weakerC—-CI bond
leadsto a relatively high Cl-atom concentratio in sooting
reacton systen. Same tentative mechanism was sug-
gestel to expain an observéionsin [5] of higher sooting
tendery of methyl chloride compard to methane due to
chlorine catdysed formation of C,H; and C,H,. To ex-
plain the higher sootingtendeng of dichlormethae com-
paredto that of methyichloride, the highe cone@ntrations
of Cl-atoms and as a corsequencethe higher rate of
chlorine catalysedproducton of C,H,, C,H and C,Hs in
the former casewas assuned [5]. Further, the important
role of CHCI radicd leadirg to C3H3 through reacton

CHCI1 + C,H, = C3H5 + (1 (2)
was suggested.Rapd formaion of C;Hj initiatesan effi-
cient pathway to soot, becausethe propamy! radical re-
combhation is consideredo be a dominant way to first
aromatic ring formaion. These aguments may explain
the outstandig sooting propensiy of dichlormethae.
Sincethe authorsof [5] observe the sootyield in CCl,
pyrolysis shiftedto temperaturehigherthan24Q K, they
assured the existerte of anothermecharsm for sootfor-
mation at high tempeatures. This mechaism was as-
sumedto proceed through C, addition, whose formation
is thermodynamically favourable at high temperatures.
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Temperaturedependenceof soot yield in different mixtures of
4000ppm CCl,; with Fe(COj. Reactiontime behindreflectedshock
waves correspondd€o 1 ms. Dotted line correspondgo soot yield
without Fe(COy. O 400 ppm, [J 3000 ppm and A 4000 ppm
Fe(COy

Conerningthe SY in CCl, pyrolysis we haveto stae
the difference of our resultswith dataof [5]. Firstly, we
measired “two-bell” soot yield profile as a function of
tempeature behind reflected shock waves (Fig. 2). Sec-
ondly, the disposition of the first bell on the tempeature
axis and the magnitudeof SY arein fact the sane asthat
for most hydrocarbas being investgated. This is quite
evident from the low temperatureboundaryof soot ap-
pearage under various conditiors and for differentsoot
ing molealles.On the otherhard, in [5] the sootyield in
CCl, pyrolysis becamemeasurableat T>2300 K and is
smalle thanthat for anaher chlorinatedhydrocarbonsby
aboutoneorde of magnitue.

Our explangion of that difference is relatel modly
with nonisohermal effects under the experimentalcondi-
tionsin [5]. Indeel, a high percemage of CCl, (9.3%) in
mixture with argon may leadto signficant cooling of the
gasbelind the shok wave due to fast decanposition of
CCl, andeven its fragments. As a resultof this effect the
sootformaion in the abovemixturesoccured at tempera-
tures significanty lower than those calalated from a
shockvelocity measired assunng no reacton behind the
shock wave. To estimatethe magntude of cooling we
needto take into accant the heatof the decanposition
reactons and the charactdstic reacton times. The com-
paris;m betweenCCl, and C,Cl, decanpositionrate con-
stantsand soot growth rates (Fig.4) shows cleary that
the forme processesare muchfaster

According to our estimaions the temperaturaelecayin
expeiments[5] with mixture 9.3% CCl, in agon may be
about500 K if the first stageof relativdy fast reactons

goesinto the transiet productsaccordng to the follow-
ing overall scheme

CCly — 0.25 C,Cly +0.25 C,Cl, 4+ 1.25 Cl, (3)

The reacton enthalpieis (AH=146 kJ/md). If we as-
sumethat the ratio of concentationsCI/Cl,~0.25 the es-
timated temperaturedrops even more, around 600 K. If
we take into corsideraion thesecorrectons the dat [5]
agreewell with our measuremerst of T, Anyway, the
correctsimulation of experinentaldata[5] concernig SY
in CCl, pyrdysis wasto considernonisothernal situation
behindthe shockwave.

Note in this comection that experimats with partly
chloiinated hydrocarbonsfor which heatlosses in disso-
ciation of parert molecules were compenatedby heatre-
leasein exothermg stepswith HCI producton give more
realistic value for soot appe@rancetempeatures(see[5])
despiteof the fact that the measuementswere performed
in mixtureswith high perceitageof reactats. In particu-
lar, similar estimatims for decompogion of CHCl; ac-
cording to the overallscheme

2 CHCl; — C,Cly + 2 HCI (4)

give in fact a thermoreutral (AH=10 kJ/mol) result

Turning to measuremeistof the apparancetemperature
for sootformaton behindshockwaves,it is necessy to
notetha the experimats at high pressire with highly di-
luted mixtures are a reliable apprach to obtan the cor
rectvaluesfor T, Comparsonof existirg datain flames
and shockwavesshowsthéa Ty, is around1600K for all
hydrocarlons and chlorinatedhydrocarlons being invest-
gatedand probably may be corsideredas a relevantover
all parametr correponding to the critical condition for
beginnng of sootinceptionin shockwavesexpgiments.
Finaly, we needto enphasisethe necessityto take care
whenwe use suchparametr as T,, Appaently, this val-
ueis in relevant connectionwith the residecetime t,s of
gas patrticlesin the reactionzone.Oncethe charateristic
scaleof t,es is appraimately equall ms for experimats
in shok wawes and hasthe sameorder of magntude for
flame experimats [4], this circumstancemay explainthe
reasonble corsistencyof T, datafor both methals. In
expgimentswith highe tes €.9. flow or static reactors,
lower valuesof T,, may be found.

Turning againto the two-bell SY curve and the tem-
peratue dependace of ki we needto compmarealsothera-
tio of chemcal ratesfor somespecieswhich may be con-
sideredas rate controlling for soot formaion. The repre-
sentdive picture of the hierarchy of severaldominantki-
netic processesnay be seenfrom Fig. 4 which showsthat
at the beginnng of soot formaion evenat the low tem-
peratue boundary (160 K) the paren CCl,; moleales
are “completely” corvertedto C,Cl, andits thermalde-
compaition plausibly gives a limiting step for the soot
embyo producton at leastat lower temperaturanear Ty,
Consideing the two-bel shapeof SY curve observd in
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CCl, pyrolysis, we assune that the secondbel is related
to the reactionbehindthe incident shockwave' whenthe
mixture compositon entering in front of the reflected
shockwavesigrificantly differsfrom theinitial CCl, mix-
ture being enriched(or may be replaced)y suchcompe
nents as C,Cl, and C,Cl, molecules, radicds as C,Cls
andC,Cl, andCl-atoms.

Charateristictimesfor CCl, pyrolysis are2 to 3 orders
of magntude shorte than thosefor mog of the sooting
pyrolytic systemsunder comparale conditions. There-
fore, it allows to considerthe overall reactionprocesding
in two stages. The first one (relatively fast period) with
the estallishmentof partial equilibrium within the radical
pool and molealles with double and triple C—C-konds,
i.e., CoCly, CCly. The secoml one (slowe) is in fact rate
limiting for carban particle growth when the sootbuilding
materi# is producedin reactons betweenthe abovemen-
tionedradicalsand molealles.

As can be seenfrom Fig. 4 the normalizedk/[C] val-
uesfor soot([C] is the total carba concentation) forma-
tion during carba tetrachloride pyrolysis is rather high,
arourd 5-1¢ cm® mol™* s at T=2000K. It is interesting
to comparethe absolué magnituas of k; with thatfor an-
other molealles under comparale conditions behnd
shockwaves.A compehensiveset of appropiate datais
presergd in [8, 9]. The maximum valuesof k/[C] areas
follows: 5-1¢ cm® mol™ s for C;Hg, 2-10° cm® mol™
st for CgHg, 6-1¢ cm® molt s for C,H, and 410°
cm® mol* s for C,H, at temperéure arourd 1900 K.
Thus, k/[C] for soot formafon during carbontetratlor-
ide pyrolysis is among the highest as compaed with
other moleculs being studed under comparake condi-
tions. Note that similar large values of k/[C] were ob-
servedin soot formation during ethylene pyrdysis cata-
lysedby Fe(CO} addtives [2].

The temperaturedependencef the first order sootrate
shows the typical bell shapedcurve for the basemixture
of 4000 ppm CCl, in argon, though at high tempeature
Fe(COy addtives exhbit certanly higher ki/[C] values.
Action of hydrogen additives is apparatly relatel with
the effective formation of H-atams and further reactions.
Indeed,thereaction

Cl+H, = HCl+H (5)

givesfastgeneation of H-atomswhich in turn reactvia
(6)

Othemvise, the smdl additive con@ntratians of H, act as
promoting facta through the binding of two Cl-atons
and increaing of C/Cl-raio to more favourablemagnt
tude. The above mentoned formaion of CHCl radicals
may also be respoible for a promdion effect provided

H + C,Cl, = HCl + C,Cl,_,

1 This is confirmed by recentmeasurementsf Tanke and Tsuboi,
which show that for soot formation from CCl, after incident shock
wavesthe second'SY bell” is not observed

that the ratio of H, and CCl, is optimal. For large hydro-
gen corcentrations,[H]>[CI], the obsenable soot sup-
presing effect may be explainedas follows. If H, is in
excessthe formaion of soot precusors canrot compete
with fasterreactonsleadinge.g. to formaiton of CHy, via
thereactons:

CCl+H =CH-+Cl

CH+H, =CH,;+H
CH, +H, = CH; +H

CH, +H, = CHy4+H (10)

As aresulta significant part of carbonconvers to CHs
and CH, during the residerce time for the experinents
behind shock waves (around 1 ms). In other words, at
given temperaturesthere is not enoughreactiontime for
soot growth. Thesequalitative aguments will be verified
by further numercal modeling

The first indicatin on inducion-lesssoot formationin
C,H, pyrdysis with Fe(CO} additiveswas shown in [2]
and was treaked as carbon particle growth on the iron
clustersurface.Here,in addition to a similar phenomean
in binary mixtures CCl,/Fe(CO}, presumaly also con-
nectedwith microhderogeneos iron clustercontibution,
we observe indudion-less biexpamential carbon forma-
tion in CCl, pyrolysis, tha is not connectedwith iron
clustes and mug be explaned by anotherrea®n. Experi-
menta findings and qualitative consideationson sootfor-
matian during CCl, pyrolysis and its mixtures with
Fe(COy and H, arethe baclgroundfor computer modd-
ling which areunderway.

Let us discussshortly the findings relatedwith Fe(COy
additives. As was demorstratedearlia, the absorpion re-
cordsin binary mixtures CCly/Fe(Q0)s manifestchemcal
interaction betwe@ these componets. Presumaly, this
effect is relatel with reactionsof iron-abmswhich appear
due to fast Fe(QD)s demmposition. The rate constant of
Fe(CO} themal decompodion is much highe than that
for CCly. Nas@nt iron-atomsmay easily reactwith CCl,
in accadancewith the schemdn Tablel. For the thermo-
chemtal data see e.g. [10]. Reations included in this
schemeare exothemic or slightly endotlermic. That per
mits to sugges reasonkly fast occurrere of thesereac-
tions at T>1600K. The averagd heateffect for the over
all reacton

2Fe + 3CCly = 2FeCl; + 3CCl, (11)
is equad to -555 kJ/md. Howeve, boiling points for
FeChL and FeCls areratherdifferentand equal to 1300 K
and around590 K, respectively[11]. Therebre, it is rea-
sonableto expect tha nascentFeCL molealles may nu-
cleateat T<1300K. Observablecharactastics of absorp-
tion behind incident shock waves agreewell with this
suggeson.
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Tablel

Reactionschemeof iron-atomswith CCl,

Reaction ArHogg
[kd/mol]

Fe +CCl, = FeCl +CCl; +13

Fe +CCl; = FeCl +CCl, -80

FeCl + CCl, = FeChL+CCl; -217

FeCl + CCl; = FeChL+CCl, -310

FeCh + CCl; = FeCk+CCl; +66

FeChL + CCl; = FeCk+CCl, =27

Concluding Remarks

The mog distinct pecdiarities of soot formaion in
CCl; pyrolysis and mixtures of CCl, with H, and
Fe(CO} areasfollows:

» The lower temperatureboundaryfor soot particles de-
tection and the magntude of sootyield in CCl, pyro-

tions betwe@ radicalsand radical-moleule reactions.A

significant part of the reacton flow goesto C,Cl, forma-
tion. Concurrentlysootenbryo formationoccursfollowed
by the sequential growth of soot paricles via incorpora-
tion of C,Cl, speces into the carbon matrix. Radcals
C,Cl and C,Cl; may be considerd as the most plausilte
building blocks for soot growth during CCl, pyraysis.
Exhaus of building materialof the abovementonedradi-
cal pod leadsto a decreasig sootformafon rateand SY
in the first stage. The secondstage is comectedwith sig-
nificantly slower dissaiation of intermedige C,Cl, mole-
cules and delayed formaion of soot building materi&

This stagemay be resposible for the seconl stageof the
sootgrowth and secom sootbell positionon the tempera-
ture axis.
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lysis arethe sameasthat for mostof the hydrocarbons  Rreferences

studied

* A comparson of soot formaion charactéstics for
highly and slightly diluted mixturesof CCl/Ar shows
that the temperéure charges during CCl, pyraysis is
animportantfactorfor kinetic simulation.

» The first order ratesof soot growth ki/[C] is higher
than that for all hydrocarbas, includng benzeneun-
der comparale conditions.

* At T<2200K theinducfon timesarecloseto thosefor
hydrocarlonswith respecto both, absdute valuesand
activaton enegy. In the middle temperature range
studied 2200<T/K<2500 inducfion-less behaviour of
soot growth was obseved. tj,qg at T>2500 K shows a
negdive activaion enegy.

» Hydrogen additives significantly act on sootformaton
charateristicsdependingon the ratio of H and Cl.

e« Chemtal reacton in mixture CCly/Fe(Q)s was
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time history of soot formation kinetics and the two-bell
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