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versions of the same basic method can be envisioned depending on burner design and
other process features for which many variations are possible. In general the method

20  involves the operation of a sooting flame at pressures less than atmospheric and other
conditions such as carbon/oxygen ratio, feed velocity, and concentration of inert diluent
gas chosen so as to be suitable for fullerenes production. Condensible material containing
fullerenes is collected from within the flame or from the effluent gas. Subsequent to the
original work on combustion synthesis of fullerenes, which involves the use of premixed

25  flames, the use of non-premixed or diffusion flames has also been found effective.

Methods for combustion synthesis of fullerenes known in the art use burner stabilized
flames suitable for laboratory scale studies. The conventional combustion method for
fullerene synthesis is typically carried out using low-pressure laminar premixed flame
30  burners in which the flame is stabilized on a water-cooled burner plate. The fuel and
oxidant are usually premixed upstream of the burner and fed through openings in the
drilled or sintered metal plate. In some cases the fuel and oxidant are fed separately
through alternating fuel/oxidant openings in the burner plate and mix together

immediately downstream of the exit of the plate, either prior to entering the flame and
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20  Inthese flames the fuel and oxidant are fed separately through different ducts or passage

ways in the burner, and they mix together in a flame zone stabilized between the two
streams. Both laminar and turbulent versions of these flames have been used to form
fullerenes. Although fullerenes can be found within the flame zone, they tend to be
destroyed by oxidation in flames where the fullerenes exit through the oxygen side of the
25  flame zone. In flames where the fullerenes exit through the fuel side of the flame zone,
they are formed in the presence of, and react with, large concentrations of soot and
polycyclic aromatic hydrocarbons. Thus neither of the nonpremixed or diffusion flame

types have proven interesting for practical fullerenes production.

30  There are many improvements possible to these types of flames for the efficient and
economical production of commercial quantities of fullerenes. Notably, conventional
fullerene forming flames have limited flow rates, the maximum flow rate being
determined by the flame speed for the given fuel/oxidant system and temperature, with

temperature being determined by heat losses from the flame. Control of reaction
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as defined in US Patent No. 5,985,232, columns 3 and 4, and (3) fullerenic soot consisting

20  of spheroids or spherules of carbon made up of curved carbon sheets or layers which have
substantial fullerenic character. The spherules have dimensions similar to conventional
carbon black and thermal black, that is, in the range of 5 nm to 1000 nm. Fullerenic
character is noted by the presence among six-member and sometimes seven-member
rings of five-member carbon rings which result in curved sheets of carbon.

25
Another important requirement for the commercial manufacture of fullerenes is an
increase in the yield of fullerenic product for a given quantity of carbon fed as fuel.
Currently, the highest reported yields are ~0.5% of total carbon fed. A combustion reactor
allowing a greater degree of control over the combustion reactions and better maintenance

30  of conditions that favor or promote larger fullerene yields would be preferable to

conventional systems.

Jet-stirred reactors which approximate a well-mixed combustion reactor have been used

extensively in experimental combustion work, beginning with Longwell (Ind. Eng.



allowing a greater degree of control over the conbustion reactions and
better mai ntenance 30 of conditions that favor or pronote |arger fullerene
yi el ds wowbd3loziops ef erable to conventional systens. Jet- ®Cirrusen278siact or s
whi ch approximate a well-m xed conbustion reactor have been used
extensively in eé}i)eri ment al conbustion work, beginning with Longwell (Ind.

Eng. 3 WO 0€henid7s1G3dT]12s0R barderenenkaye never beew synthesoasd jny a welkmixgdl| er enes

h b t hesi zed_i. i 1] i
(P oceed: ngeoim P S s 8o Eb ol S e, GG oh Syl 30 20 48T 9L,
al (J. Phys194%): &diDadat§ et alnT. PifYs. R6561.208rund 98620269, 11086 dre dashigdesigns.

Current jet-stirred reactors used in conbustion_ are designed f.or

at mpospher i EueRdelriiEreg reanters UFeHa cRmbHstionase fesigned dar #MEREPIEHE RISSHES| et s
and turhbule andit i Sl : . ofE 64l Vin
Mncreases ¢ g G EHLAT Rt bRl Bobl\fe 1o PR Bl Y ot S ence
enhanced n saooriTurbgence grémlyinéreasey thvattead diffilsicedandgbhus ¢nhancesamierca

vel | st ed ot L L et | elstl o eact ons B acLhenl Lo
significant I § r
found in | ow.pressy E%@?Miﬁéx@ﬁ@gﬁ%ﬁ%ﬁﬁ%@ ééag%ré.%éc)ﬁcal‘;]}%igm&ﬁ anfRnRI VI ous

jet-stirred reactor gns wou e I nadequate I n the “anmount of m Xxing
and r ecycl ecanbwstiph igsheatet) diuses bhve drdy bemphfobndvar lodeprsssuiresondittbns KEhe e

| ower Reynol d's nupbers_ at the.l ow pr.essure f fullerene.formati o and

ool o e hD fosh a Stkietsthe B ians o RER Hetiy Aot BUT RS e a ey el 6.

A et-stirgedunt'o?agikRs dnl3bcyeRhcBGEAIALE ShcaRSEHUAE Bruch toieerRicRsitiBagEd M Xi ng
ri

at | ow pressures, wthout 15°relyin marily on turbul ence enhanced
m cr o- m xi nherics lowerdReynolddsmyrPbess & Eﬁg@P@SSWWf@H@'Q@Q fosmatiens and ut e

22:323-332,,1988) describes a jet-stirred, reactar/pl.ug-flow.re .
system Thi E“l@%‘%cé A5 Resadgdate gést%g PHIKSY E’F%IPQ 0? g%(ﬁ{'lﬁ%’mg gt %g%ﬁ'eﬁ?? eét%{pnfrg% sure
studies of Rakbweitat ben Ak Iié}pade¥1dat@e@rybl@_r¢r dhck-mdbhg hloweireeired Owiisdulg
primarily ethylene as the fuel. Total residence tines in this systemwere

of the brderelyigg psimanily pretiredlenceienhanted aueroonixigis 18eded- i n t he pl ug-f1 ow
section. Due to the high flow rates and |low residence tines, flowin the
pl ug-fl ow section was turbul ent, and due to the |ow residence tines,

ext ernal hephinN@rov@sdingd of GRUCHABuStOn dastitne Z26R3-33NO8 8 duseribvasa jet-stirred
isothermal in the plug-flow section. _Such a coupled well-m xed/pl ug-fl ow
reactor systeamopBlugaoworeagiel mysisRy Hils | Birfom e¥asumaed B8y 2 Jlaberatary ek 1 nes

greater t haQtn?o%pﬁ@'ic ﬁ'&gsure studies of polycyclic aromatic hydrocarbon and soot formation
20  using primarily ethylene as the fuel. Total residence times in this system were of the order

5 ms in the jet-stirred reactor and 15 ms in the plug-flow section. Due to the high flow

rates and low residence times, flow in the plug-flow section was turbulent, and due to the

low residencektimes, external heating was not required to assume that temperature was

isothermal in the plug-flow section. Such a coupled well-mixed/plug-flow reactor system

25  has not been used at low pressures nor at residence times greater than 20 ms, and
fullerenes have never heretofore been synthesized using a well-stirred/plug-flow reactor

configuration.

SUMMARY OF THE INVENTION

30
The present invention relates to a mode of combustion and a multi-component reactor to
carry out this mode of combustion that overcomes the limitations of conventional
methods. The method of the present invention allows large-scale production of fullerenes

and may produce fullerenes in higher yield than conventional methods.
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and reacted with incoming carbon-containing fuel and oxidant and/or any newly formed
combustion products and/or unreacted residue, thereby forming a combustion mixture;
and introducing the combustion mixture into a secondary zone for collection or further

20  processing.

It is another object of the present invention to provide a method of producing fullerenes
by combustion, including introducing carbon-containing fuel and oxidant at an
introduction location into a primary zone so that the fuel and the oxidant react to produce
25 first combustion products, the first combustion products and unreacted residue being
mixed, and reacted with incoming carbon-containing fuel and oxidant and/or any newly
formed combustion products and/or unreacted residue, thereby forming a combustion
mixture; introducing the combustion mixture into a secondary zone; and allowing
constituents of the combustion mixture in the secondary zone to undergo reactions for a
30 residence time to produce a stream including second combustion products comprising
fullerenes and other material, wherein the stream flows through the secondary zone such
that mixing and reaction are minimized between material from different regions
corresponding to different residence times in the secondary zone, under conditions to

promote and/or favor fullerene production. Fuel and/or oxidant and/or additives may be
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i ncluding a chanmber having a first injection inlet for injecting a first

feed i ntdo tpremoiaatsker fana fulleresiopdoduchfosmation i nl et for injecting a second
feed into the chanber, the first injection inlet being 20 positioned so
that the first feed is directed so as to partially overlap the second feed

so that eaflid £furfiRsbEiedcs thd pRsdiifehi@in ©fprévige & e60PBestoEiRdlutins@scham@er
reacts wwth later residence tinme material of the first feed.
having a first injection inlet for injecting a first feed into the chamber and a second
injection inlet for injecting a second feed into the chamber, the first injection inlet being
20  positioned so that the first feed is directed so as to partially overlap the second feed so
that earlier residence time material of the second feed mixes and reacts with later

residence time material of the first feed.

It is another object of the present invention to provide a combustor including a chamber

25  having a first injection inlet for injecting a first feed into the chamber and a second
injection inlet for injecting a second feed into the chamber, the first injection inlet being
positioned with respect to the second injection inlet so that the first feed supplies early
residence time material to be entrained into later residence time material of the second
feed, later residence time material to be entrained into early residence time material of

30 second feed, and intermediate residence time material to be entrained into intermediate
residence time material of second feed. The first injection inlet may be further positioned
so that the amount of entrainment of the second feed is enhanced by the flow of the first
feed.



It is another object of the present invention to provide a conbustor

i ncluding a chanber 25 having a first injection inlet for injecting a
first feewoioapoiothe chanber and a second injection inletPCorUSKNEEEi Nng a
second feed into the chanber, the first injection inlet being positioned
with respect to the second injection inlet so that the first feed supplies
early resiBBHIEDESARIFAIQNIQH THE IRASANGS ned into | ater residence tine
material of the second feed, later residence tine material to be entrained
into early residence tine material of 30 second feed, and internediate

resi dence tFigBreedRWsal priBary@ofdtdacton ftleletbOmixihe bieebastich off fasi cbentastion ne
materi al of second feed. The first injection inlet may be further |
posi t i oned preducthéfrom B vethoensering fuel andiar ewislant, and/pryeevily domeeds comppustion

R e DesCH B B ol bR gE Ny ol IGH SRR PR RN SRR,
where the m xing and reaction of first conmbustion products (fromB) wth

entering fuel and/or oxidant, and/or newly formed conbustion. 5 prqducts,
and/ or unr eBgtEd egisRuRinay zane F%Cﬁéwgﬁxﬁlth%ﬂ’é’&%?n SRRy} %{;ﬁrs?‘g)é%sféoq oop.

Figure 2 s i . r i i f
1 7ot conbulr s W BRing 38 LOREH Bl B o A AR BROURATMS et y
formed conbaglVéramreucreduetidye isancbnaplishet pantely bygsi cimiringeraRronglyizehe frst

rimarily by jet entrainment. Prjmary zone first 10 .conpusti.o rooduct s
1? rom C Hi/x %ﬂ*i’lél?‘}SE%Pr uP‘ig%@‘i‘? Qrmlr’fgfmf%%ar“ &’h@/eapen&%i r?flg}é)?f Oﬂdﬁlﬁ&&) A\Aﬁéh new y
formed combiygh gRPlooile bomBiol B ARELSAqTARLEAE rdladdar B Jure 3 shows a

primary zone react’or ere the mxing and reaction of first conbustion
products with entering fuel and/or oxidant, and/or newy forned conbustion

product s, 5 and/.or unreacted residue.is acconplished pri i .arge
scal e recycﬁ‘é f}l?r“ﬁsa PIEpiTy7oe TRQr |hP’_'sett %Hﬂ’gggf'?%ﬁeaﬁﬁ%@@% %/%%SEO% Xes
and reacts fﬁ‘oﬁﬁ'ct@ QLB nRGin U] BB/ B%idamrX hetBod neva €érefed@WbyisticH preducts,
conbusti on products, and/ or unreacted residue conponents at A 20 Figure 4

shows al%r i an/yr unaerstadgasider iswheareplished piisprily tanlgrgessele resyclspatping

conbusti on roducts W th entering.fuel and/ or oxi . nmed
conbust i on Product® Fﬁyﬁﬁaﬁg’ Stb%%rg@fci%h?lgy ngyéesiaédg%%%gn% I gé}gén%ﬁl%n%ﬁ/ﬁ/ by
i nt er sect i ngkiligt, dddaiSnewly td¥Biel comBigiohi preduce:) Bikl6H irBadied@sidhs crpunetks

m xes and rea:&:ts with entering fuel and/or oxidant,
at A.

20  Figure 4 shows a primary zone reactor where the mixing and reaction of first combustion
products with entering fuel and/or oxidant, and/or newly formed combustion products,
and/or unreacted residue is accomplished primarily by intersecting jet flows. Primary
zone first combustion products from B mixes and reacts with entering fuel and/or oxidant,
and/or newly formed combustion products, and/or unreacted residue components at A.

25
Figure 5 shows a primary zone reactor where the mixing and reaction of first combustion
products with entering fuel and/or oxidant, and/or newly formed combustion products,
and/or unreacted residue is accomplished by jet entrainment, large scale recycle patterns,
and intersecting jet flows. Primary zone first combustion products from B mixes and

30 reacts with entering components at A.

Figure 6 shows a primary zone reactor where the mixing and reaction of first combustion
products with entering fuel and/or oxidant, and/or newly formed combustion products,

and/or unreacted residue is accomplished primarily by intersecting non-jet flows. Primary



and/or newmy formed conbustion products, and/or unreacted residue
conponents at A 25 Figure 5 shows a primary zone reactor where the m xing
and reactwore3ofiofis r st conbustion products with entering fPaglusareisss

oxi dant, and/or newy forned conmbustion products, and/or unreacted residue
is acconplished by jet entrai nnent, |arge scale recycle patterns, and

i nt er sect i ngopefirst camsustipn prasugts feme Bfixss ansbighets withrentaring deel end/op axidant xes

and 30 reacts,wWth enteri onponent,s .at Fi qur.e.6 shows a pri ry zone
Coactor whortdPhass ToRhed et RRa Skt anor FhitBhEd SRl BaBoRI RIAL 7D
entering fuel and/or oxidant, and/or newy formed conbustion products,

and/ or unreacted residue is acconplished primarily by intersecting non jet
flows. Pri miigue7 Wpwsk pimenszopeTsadty 2y ersths niging anf reaction ablisst Fombytioduct s

f B m i I terl f i w
SRR S e R S L
Fi gure 7 shaws/opumehdied sesidas s deceanplishedpaftrilyney Mtetkdtting fed floeactvithn of

first conbustion 5 products with entering fuel and/or oxidant, and/ar, newy
formed conmbs@ticht pitisianey o thahhgcyeled segions A areas phgks ong op ashHRicsREables

primarily by,d %ﬁa%ﬁﬁﬁ{ey&ﬂsﬁht, QU at Wakiy OWﬁ#éﬂeﬁb 160t 5@ EREY pzéfgfaﬁﬂzt

the circled regrons are areas ere one or e state vari abl'es
appr oxi mat elayleasii39tant the sotal minearptzohevdtiméd Pfimapyebeas fitst yombudtieaprodidty nost
pr ef eragly at | east 80% of the total i y zgne vol.une. Primry zone

pr i
first cétbudiombh prewindsactyw &me@n&f%één"%aoa‘ gy djgriievdhiasmiehg £ uel
and/or ox! dkbudfii BEqRALNY bR COBISLLARREAMAL S, and/or unreact ed

resi due conponents at A. Figure 8 shows a prinary zone reactor in
conjunction with a secondary zone reactor. In the primary zone reactor,

the m xing and reaction of first combusti an products vvit@ 15 entering fuel
and/ or  oxi dAHUre S SRS & REE 9D FRRF d SR RS E O S andah AP e v e ed
residue is Mim&&%ﬁéfé%&,%e gitih@bdRAbtiod St ®EMuSHEEEYEh@s Raht er ns,

and intersecting jet flows. Primary zone first conbustion products fromB
m xes, ahd ep&ung fuel ehd/enexidimgpndbiymgwhelormed combudtion poedvcts awshon uneeastadmar y

zone enters_th secondar% zone where con ustei 0 F_)er 0 léCt 8 from Dntdo ot m X
or react wi TGOS USRSt St I3gesPy Feeglepatiang A eRetiey | ne
ol e fracti g fRfvs BAMEAI zdnBiREtTBMbALERS PrEdSHSTéME mixes, and reacts with entering
components at A. Effluent from the primary zone enters the secondary zone where
combustion products from D do not mix or react with entering components at C.
20
Figure 9 is a graph showing the mole fraction of radical intermediates versus the

residence time according to a conventional method and a method of the present invention.

Figure 10 is graph showing the mole fraction of fullerene intermediates versus the

25  residence time according to a conventional method and a method of the present invention.

Figure 11 is graph showing the mole fraction of Cg fullerene versus the residence time

according to a conventional method and a method of the present invention.

30  Figure 12 is graph showing the mole fraction of Cg fullerene versus the residence time

according to a conventional method and a method described in Example 2.

Figure 13 shows a primary zone reactor that has two sets of injection tubes at two axial
positions, A-A/A’-A’ and B-B/B’-B’. The tubes in section A-A/A’-A’ each make an



resi dence tinme according to a conventional nethod and a nethod of the
present invention. Figure 10 is graph show ng the nole fraction of

ful | erenewODnB@O2IOER]i at es versus the 25 residence tine accolPdirnigol/z7sas
conventional nethod and a nethod of the present invention. Figure 11 is
graph showing the nole fraction of C60 fullerene versus the residence tine
accor di ng t angle of ab@n B0 degleeswithadadindofthereylivaldr add arhangbs eSabout 4 hdegnedson.

30 Figure 12 s aph show n e le fraction of, C60 fuyll erene versus the
esi dence t R BTG e of BEUBHEY GRS B T e RS AN SER Fed
in Exanpl e 2A/AFIAQYE Sppboded RRVSH@t B thEBded e?rﬁ:'ﬂ%n &A61 BE titedln fRbod BOBAPLE, Of
i njection tubes at two axial positions, A- '-A" and B-B/B -B' . The tubes

in section AAA/A -A each make an 8 WD 03/021018 PCT/ US02/27838 angl e of

about 30_de 1 i i and an angl e of about 45
degr ees 2 i ﬁﬁ@éﬁ%ﬂﬁ?ﬁﬁﬁ@gﬁtﬁﬁﬁ&@ﬂm nder. The feed energing from
the tubes in section A- AIA -A is opposed and offset to the feed energing
fromthe tubes in section B-BB' -B' . 5 DETAILED DESCRI PTI ON OF THE | NVENTI ON
Sone terns $ovy temmstused irethe degeripton of the aventior atei dsfined s WdpPWaed as fol | ows:

"First conmbustion products” as used herein neans internedi ates of oxidation
such as CO, 10 C2, H2O, 0, OH, and other |ight stable and radical gas

speci es, suchirgsofdtthstidapdduct€243ised didin rhehing intéiddiatésooxidatioh stdtdhs CL2H,
HCCO, C3H3, C3H2 s well as other small hydrocarbon and

CH2CO, C4H3, C5H5 a .
oxygen- é8nt &0 HgOr QaPEhpad aiher Bghistable andiradical@as speciesi Bch AHCHad T
| tyl P, = ~5y T i i h
e Gare. ” oot B Y R st () oty O g 70, IR SR o B

as i ndene, aphthaklne othehanabhidreceborf dndorsggeiensainapdadiaslgend stable

species as well as radicals of these and rel afed species, _and soot and soot
precur sor s; Mqlpces; ﬁé‘ﬁ%@'&ﬁ%ﬂﬁcaﬂ)?@dﬁ‘ﬁg%ﬁsérﬂ’ﬁ By 41 P> ‘gongﬁ%‘{i on of

either a fU'&&ﬁ%ﬁﬁs@%&éé@d&ﬂfngFGHgO’C(;HE,%J}EEE %%flﬁtg}ﬁé}ﬁ%dc% S&H@raﬂact ed

resi due" as use rern refers unreact é unreacted frrst or early
conbust ilfn pohdudics sactdasiyderes aadhtiralane, prntithteny, fnoygeheateeshdipreoszbbon

products prodyced fromthe fuel or fromfirst or earl onmbustion
broduct s UAPetreraTatieds ofthysq mdreied BrtishPal PRt FePIRURAE: frm
those of theohugliAModddes drb Uit pradktER doynbusBPsdithena RlREHEISrnkidg bl BHer

nol ecul ar wei ght al i'phatic, aromatic, polyaromatic, and
fullerene-forming fuel.

20  “Unreacted residue” as used herein refers to unreacted fuel, unreacted first or early
combustion products and hydrocarbon or partially oxygenated hydrocarbon products
produced from the fuel or from first or early combustion products. Unreacted residues
may include molecular weights ranging from those of the fuel and the first and early
combustion products to higher molecular weight aliphatic, aromatic, polyaromatic, and

25  oxygenated molecular and particulate material.

“Newly formed combustion products” can be any or all of the compounds mentioned
above in the definition of first combustion products, but in the concentrations and
proportions corresponding to an earlier residence time of combustion than the first

30  combustion products.

“Oxidant” as it is used here refers to the oxidizing agent fed to the combustor. Once in the
combustor the oxidant can be assumed either to participate directly, i.e., as a reactant, in

oxidation reactions or it may be converted to other oxidizing species which in turn



25 oxygenated nol ecul ar and particulate material. "Newy forned conbustion
products” can be any or all of the conpounds nentioned above in the

defi ni ti owomB/otionst combusti on products, but in the concemcraisopvos3and
proportions corresponding to an earlier residence tinme of conbustion than
the first 30 conmbustion products. "Oxidant" as it is used here refers to
t he oxi di zi pgrimgeie asfreactags irhexidaivinusaations. Ohlsempst préferre@onﬂdawtin fultemenes

oxi dant can be asst)J med i her to

g I’tl CI ate dir C%P%é! (fe react ant
in  oxidati oWPES o7 is melecylar GiETROE O VS 3 b B 255 e
which in tupsd rﬁ%(@%’cﬁ%ﬁ@ bBnitelinbi®@Gdéed 7838,-ciRhbd Gir PALS: REtiAIRAEp M Bofl N

oxi dation reactions. The nost preferred oxidant in fullerenes synthesis by
conbustion it Oﬁﬁlr?@l:mltr@gemwgew mugureewﬁh@rOmyy srave adthe oxjslipieg Gzctaafsmm r,

ggr t0 |2alml §eg§é§ éeotnfbgﬂ%fr o trH% orei cgol ni te ?%1 eggtoeﬁgﬁl @P ﬁ@?aﬁ&’t Bs)! o Otﬂ% 02

may serve asxyfm- wﬂtaimzlg @gecﬁ@acmalmn tufh &ﬁ!dﬂ& 1 SITAS Ille@JtldntremnM)ther
converted to sonme extent to OH, 0, HO2, H20 CO2, or other

oxygen- cont &KilaRt of seier deigpl wKer gerian gondions antredetos e dhilerenes syRthess i on

foads for aPhffutelie BOBoeR bR (Al Fohe (A IndRHARL PRI WR IR 85,
ozone (02), gamdqdﬁd)v(dnercﬁsn@é of tiespesits OHAO, HO3J H,0,000,, dh dihef ogp@n@ontiigg Of

t he speci.es O . C02, or other oxygen- containing 10 radicals
or stabf@ %@&?%S%?H} &hlsse- f or i ng fuel" is defined as fuel which

produces conbi ned yields of fullerenes C60 and C70 of at |east 0.00001% of
the fuel carbon under conbustion conditions known fromthe literature to
be suit abl e “Folleréngd-foeméngeiieF’ds definedras iﬁnelfvﬂnkni‘emodm Icembh]edfyiﬂia‘m offull&refigsel s

i ncl ude arommtic nd (0] h a rocarb uch as, but not
limited to,-% et Uquﬁi\ig’ﬁﬂo @Hi‘y tﬁeﬂ%ﬂ L@H on %&ﬁ‘é‘g{’uﬁ%ﬁ figpsknown
bi phenyl,  phepatei&a€ire toa&téai@&e@&mﬂyfeﬁé&efoﬁﬁﬂlcﬁﬁlhqrm&b rfam%réﬂer}g 'hgrmt i cs

and pol ycycl ic aromatics; conpounds wth five-nmenbered rings eit al one,
as in cy&l opesis mdlugln eyonaatic andwdireihighly omsatirathd By drocarboreuel as, |b|ugsotdfm1|tad

|ndene acena ene Iuore quo ant he | o ta nant hr ene,
etc. conpoﬁ?igg @X@Wﬂg‘i Ao Pfuﬁ’é?xﬁ%! XD i Wﬂﬁ@a@&% ﬁ}%’;@ n]bel?g?@f e; oxygen
cont ai ni g ah@RRLAE  pyrehe @hy beResiapk-R atamatiod &1&3@1 ?rc]ﬁk%r)éﬁﬁﬁ@s dogdtindd =
2, 3, 4...... 2; any of the foregorng fuels with i onal groups or
additi onal with five-membered rings either alone, as in cyclopentadlene or in combination with six-
membered rings as in indene, acenaphthyene, fluorene, fluoranthene,
20  cyclopentaphenanthrene, etc.; compounds containing four-membered rings such as
biphenylene; oxygen containing aromatics, acetylene and polyacetylenes or polyynes
(CiHa,n =2, 3, 4,.....); any of the foregoing fuels with functional groups or additional
functional groups such as methyl, vinyl, ethynyl, propargyl, phenyl, naphthyl, etc.; heavy
petroleum, kerogen, bitumen, coal and other fossil fuels with considerable aromatics
25  content; light oils, intermediate oils, heavy oils or tars, chars, cokes, carbon blacks, and

soots derived from fossil fuels and biomass fuels; and products including stable species

and radicals of hydrocarbons pyrolysis and partial or incomplete combustion.

“Non-fullerene-forming fuel” is defined as fuel which produces combined yields of

30  fullerenes C60 and C70 less than 0.00001% of the fuel carbon under combustion
conditions know from the literature to be suitable for fullerenes formation in flames.
Non-fullerene-forming fuels include, but are not limited to, saturated, partially
unsaturated and nonaromatic hydrocarbons such as methane, ethane, propane, ethylene,

etc.)

10



functional groups such as nethyl, vinyl, ethynyl, propargyl, phenyl,

napht hyl, etc.; heavy petroleum kerogen, bitunmen, coal and other fossi
fuel s w twomsnsioger abl e aromatics 25 content; |ight oils, PCRttSoneEssat e
oils, heavy oils or tars, chars, cokes, carbon blacks, and soots derived
fromfossil fuels and biomass fuels; and products including stable species
and radi cal s of hydrocarbons pyrolysis and partial or inconplete

nbusti on. ..." Non-ful | - f i | ", is defi.ned as.f uel i ch produces
ool ned_yi AHPE R SreNAE TRetaf af evgurBe s 5y SOOI | ho fue

car bon undenngedRy ﬁiﬂd&ﬂcin@@ﬂfﬁohic@ﬂﬁitﬁ%ﬁei ROt bt &PIBbEIGiohQodiiof Hithabl e
for fullerenes formation I'n fl anes. n-full erene-form ng fuels include,

but are not anriargdonoso dat the fnedend grraxidant yeaciin paeduce fied cambusionagrodsts,

hydr ocar bons, spch as t hane t hane ropange, et hyl en etc.) 10 WO
01 095018 peas b S aEan ket a8 Mo RO B pelnb s RAE bod Rkl i
produci ng f ghdoprief esboy-coaRitst fueNand dXGdand hitbor AHy R Fdtehed AbRBAStEANT @ Ni ng

fuel and oxidant at an introduction |ocation into a prinmary zone so that
the fuel andredvstsewRilamnreaetgd residrepthetphy domming & cowhbiion mxtpe.dgtiedwingthe he

(113 CorouS PR AR OR8PS ST OB

conmbusti on npikogkett the 3eudhddry wohE ACiRIdrdoashdisns fdrhaestishct aihte thpraduesabust i on
m xture; introduging the conbustion mxture into a secondary zone; and

al | owi ng0corf&ean fshidingsecond comhptionipspructs comprising fullerencs aad qthsr rassiab t o
g . . . . . !
under go reaciy.phs tﬂe%rgglg:fgo%ésgtﬁn%ﬁlgg}t%%@?{)ﬁqag}? 9&%%&1?3&@@%@5%@ fe@&ji(’fhddr@g

second conbustion pro enes an erial,

wher ei n t he nsihineiaed bdtorasn tatediabfromhiiffeenioredidny catssposding td different disidgnend
reaction are, m.nim zed between npterial fromdifferent regions

cor r espondi fgasdn Herseeqndary 2aus; wler éondt?ﬁlﬂ’ééo PFPORGHE AsParductignduclinder

condi tions @4/ f 8¥RAS dnbldr SHGREPMAIHE I Q0ed JrU8bcatiBR M B sLXIndBR! 20RBH OF

additives may be 1njected at a Tocatl on’in t%fe secon%ry zonea{;’z) 15 pronote
and/ or flavomprdméteendioi tavpr Gdlerdnid produdtifomatianyAcammnppwppiiscomacedbed at a

poi nt downstre of .the secondary zone to majntain a essure | ower than
bt mospher | ¢ POFARVRSSRE G U8 Resopdard s odpAisL? DSy ojer{Ban A0S RASES.
first conbustion products with fuel and/or oxidant, and/or newy fornmed
conmbusti on products, and/or unreacted residue 20 of a single or nultiple
simlar fl ovde pomaryyonsfdande us¢dtordithien() any andeeatt fingt esfimbusfipn products with

fuel and/or oxidant, and/or newly formed combustion products, and/or unreacted residue
20  of asingle or multiple similar flows, or (2) effect the mixing and reaction of a first
combustion product of one type (for example the intermediate products of combustion of
a non-fullerene-forming fuel) with fuel and/or oxidant, and/or newly formed combustion
products, and/or unreacted residue of another type, such as a fullerene-forming fuel, or
vice versa. Different incoming streams may be unreacted fuels of either fullerene-forming
25  fuels or non-fullerene-forming fuels, or intermediates of combustion, such as the effluent

of another combustor.

An essential aspect of the primary zone is that a proportion of the carbon in a fullerene-
forming fuel either in the primary zone or elsewhere, which may proceed via oxidation to
30 combustion and fullerene intermediates and thence fullerenes, is allowed to proceed via a
more direct route to fullerene intermediates and thence fullerenes by the fullerene-
forming fuels or its products being allowed to mix and react with intermediates of
combustion, these intermediates having been formed by either the same fullerene-forming

fuel, another fullerene-forming fuel stream, or a non-fullerene-forming fuel stream.
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conbustion product of one type (for exanple the intermedi ate products of
conbustion of a non-fullerene-formng fuel) with fuel and/or oxidant,
and/ or newby3fzroned conbustion products, and/ or unreact e®Crasnziems3of

anot her type, such as a fullerene-formng fuel, or vice versa. Different
i ncom ng streans may be unreacted fuels of either fullerene-formng 25
fuel s or norArfoihdressensalfaspent o theyeinsry oone inthat addieatresfoohingdiblusay b, such

as the effluent f anot her canbust.or.. An_essential aspec f the primary
Zone st hattavgg B Fstiepst POt PR oreR B B i BPCT her
in the pri MefiycigMyesods t6 hBSWIST BoreWdhibl JTRY tHRIsebaeMtivh of @xiffiald tibubR 30
conbustion and fullerene internedi ates and thence fullerenes, is allowed to

proceed vi a canfiolraveythediel oxadation zend. (hisedlens fonr kiehedlearee ot dlametstabilés and

mx and Peactole o e RRRLOET ol iR it Sy BN Bu R B g

been for ned veyd fir fill&srerib prodidtEsyhthehier soie ad BurAtm@abilizédlor napAE Bk flames.
fullerene-form ng fuel stream or a non-fullerene-formng fuel stream 11

WD 03/ 021018 PCT/ US02/ 27838 Anot her essential aspect of the primary zone
is that a f < ] A0, 0,1 I th
conbusti on :ﬂr?{ %ﬁegﬁ?gzﬁ?@gb Gegl}%ﬁg)gg radélz) ?g’l C%é%%\éﬁgcs&l arlrét;grgée ﬁggfe{agi?}g%t%a%édso as
to al | ow f orwhith proawitnd aral/ordfwesr fulleresicboduc foimeatiorofin thiesdnke ne ptdmiaegh
control §ver he fuel, K oxj dati on %one. This allows for_ a higher degree of

flame stlbi |f|ﬂ§%relaﬁar®uat ogmatiensielers fry ineisass g Al tets oftformpttonof dulésrenig nt

than wth c f it | iS5 f 11 i :

synt hesi s, uéé(ﬁﬁgfso %{rl(r)lﬁéraﬂg?%gdxﬁ 1gjeﬁgreor nggﬁzﬁqgoﬁ%/é%éﬁ? %gﬂr?g(s). eq%gl%lro gé)tf le)?,
cont rol ovemradvet axdbydptodocts fametion oateliot fatess can al so be nore easily
attained which pronote and/or favor fullerenic product formation. In this
sense, to pronote 10 fullerenic product formation refers to an increase in
the rate of ffig reﬁa»&ihg Rtr@4md 16 th€ pARaky zddk At Be dBEMRbiRRed 8ichnisorifBUAhnd
fullerenic product formation refers to thé reduction of by- product or

by- pr oddét s okislantas¢mate fned and oxidawstreahs opdifaréntiduads eigempra-wmixdderpri mary

zone may be eithe r.es m.xed .streans.of. fuel d 5, oxi t, separate fuel
2nd o, dant “GvasRaE Vi SuRhEReR o Permefef aad T e SR BRIRFy
added, W t h pexi dsiBe We@; dISL Pre0hix e Rathanglof tRAVEIhndl R ktidadt dtkéams Dr dded
additives may also be used, either pre-m xed with any of the fuel and/or

oxi dant st r sepasately. added separately.

20  Additives effective for soot suppression are of interest for the enhancement of fullerenes
formation in combustion. Examples of additives of this type are compounds which

contain the metals manganese, iron, or barium.

Some compounds containing these metals, such as for example iron pentacarbonyl, both

25  retard soot formation and promote the formation of polycyclic aromatic hydrocarbon
structures which may serve as fullerene precursors. More generally, metals from groups I
and II of the Periodic Table as well as transition metals are of interest as fullerene-

formation enhancement additives.

30  Additives containing metals of low ionization potential, such as alkali metals and alkaline
earth metals are of interest for addition in the secondary zone. use of these additives
provides a means for increasing the ionization, and decreasing the coagulation, of soot

precursors and soot particles, thereby allowing more time for some of the carbon that
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20 Additives effective for soot suppression are of interest for the
enhancenent of fullerenes formation in conbustion. Exanples of additives
of this typesaewigonpounds which contain the netal s mang®oedsp2/2186%, or
barium Sonme conpounds containing these netals, such as for exanple iron
pentacarbonyl, both 25 retard soot formation and pronote the formation of
pol ycyclic M@ﬁépthcr\wwb@cmsmd irssqot) feroratien whinsteadregntseute ¢o Hidlefanks er ene
precur sors. beag generally, netals fromgroups | and Il of the Periodic
Tabl e as wel'P™ & %ransition metals are of interest as fullerene- formation
enhancenment additives. 30 Additives containing netals of |ow ionization
potential, such as alkali netals and alkaline wearth netals are of interest

for additi orf\natheriglass @f:%fiddfa‘feﬁ of @ﬁ@resttfgleth@ﬁnhame@@e@dxf ifullererses fomestionds a

nmeans fok i n%} oni.zat a .coa Iat

soot précu?goreg%%n S00 bﬁgr &hggbuttrhog %dg?ﬁg;\ﬂg%ﬁé]&olis@ bc?fldsorre of
t he carbon tHakiged-2oMEIndd E2dbL8dSPBedBRAuR ﬁ&f‘lﬁmté@w @X)QI e l’%heﬁf@ xbrey ¢onsuned
in soot formation to_ instead contribute to fullerenes fornmation. Another

class of addifliXsea a8t 4mevbekk Fs 6k Bris Ichhrsp aadather ﬂiﬂmP inhilkifasnats of drteigst on
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ful | eredlls M¥aHaskasanbdesiropingfalerersdianationdnteyne AP 0TEOB okéiese £ | ame

propagati on récﬁgel gi’ﬁd(ﬁ (79} &ﬁﬁl{x}%@ﬁﬂ e%egl'%gﬁ% {) dicals retard fullerenes

formation tac i ng and destroyi ‘erene fornmation
i nt er medi at es so renoval of these radi cal s by additives enhances

full t St th | ddi fi t t
hidi 11 ves: whHRSHERERS eaddRiRhaL PETeDRe Atither shicharapiedht Srratanpl es
are cyclic él’ﬁlq)éf@ﬁd Sre@fibdls anmdnéies cy@rﬂc%rﬁa&%&i@mﬁ@andésﬁv&eﬁ h QB e

five-menbered ri ngs in polycyclic aromatic structurés of the type needed in
full eredés ff@lmﬁélton@iﬁ fivesnenabaredrangs in adlicy¢licesomaiihstastwebaf the tipeowedaddn
ni ckel are @n@ﬂ en ance the formation of other fullerenic products
(defined el g18y° 1°Guai ng single-walled carbon 20 nanotubes. These
additives are of interest here since not only fullerenes but al so other

Certain metal additives such as cobalt, iron and nickel are known to enhance the
formation of other fullerenic products (defined elsewhere) including single-walled carbon
20  nanotubes. These additives are of interest here since not only fullerenes but also other

valuable fullerenic products can be produced by the method of this invention.

Fullerenic product or fullerenic product intermediates may be formed in the primary zone,
the fullerenic product being later collected (as with a method described in U. S.

25  Provisional Application No. 60/393,494, incorporated herein by reference) or the
fullerenic product and/or fullerenic product intermediates being processed in another
reactor for further reaction under the same or different conditions, such as another
primary zone operating at a different temperature or pressure or residence time, or another
type of reactor zone. Alternatively, a non-fullerene forming fuel could be used in a

30  primary zone to produce intermediates useful in forming fullerenes, these intermediates
then being mixed and reacted with a fullerene-forming fuel in a region after the primary
zone that forms the above-mentioned fullerene intermediates. Alternatively, a
conventional flame system could be used to provide combustion intermediates to the

primary zone, where a fullerene-forming fuel is added and mixed and reacted with the
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val uabl e fullerenic products can be produced by the nethod of this

i nvention. Fullerenic product or fullerenic product internedi ates may be
formed i rwohg/oprismary zone, the fullerenic product bei ngPCatuso2/2884$ ect ed
(as with a nethod described in U S. 25 Provisional Application No.
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speed whi ch desifable tafnbapeedhe amf that ¢s sperbin the Bilersne pathyiay ratherghan
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sty o A pHISIGARRE Mixhe dilin EICEBE of (e Bnlbing #f1 AB0r bERGH anltBebdl
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internediates, it .is sirable tp. enhance the anount of fuel that is spent
in the full @fl@/ﬁé%ﬂkmﬁg@ﬂm%ﬁmﬁ%ﬂe flfﬁé ORI gHP { agcranss fegeisn of |
reaction of (h&ie feNk&ld Remhtits] pARTAR el dRMhe BR-afGING hploBhEteaciBADUST i on

products and un-reacted residue w'th i nternedi ates of conbustion and/or
fullerene formation found in the first conbustion product may increase the

rates of 't ﬁeﬁ% ol LBER e HOMIRY S o2 iPALBYEY S Vi Bl N ariiGes A QF L 48! on and
by- product reattihy” p y g ction ot a non-

20  fullerene-forming fuel with a fullerene-forming fuel, the primary zone acts as a flame
stabilization and mixing chamber, whereby the fullerene-forming fuel can be added to
reactive combustion intermediates and conserved for fullerene formation pathways, with
less loss of the fuel to maintain the combustive mixture, with resultant loss of the
fullerene-forming fuel to products of oxidation such as H, OH, O, etc., which are

25  necessary to stabilize the flame.

It is desirable but not necessary to fall within the scope of this invention to mix and react
first combustion products with fuel and/or oxidant, and/or newly formed combustion
products, and/or unreacted residue such that there are regions within the primary zone, of
30  atleast 10% of the total primary zone volume, which have one or more state variables
approximately constant, so that at least 10% of the primary zone approximates a well-
stirred reactor. State variables include but are not limited to: species concentrations,
temperature and pressure. A well-stirred reactor is an often used approximation in

chemical engineering, and refers to an ideal zero dimensional reactor, i.e., a reactor in
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In the case where the primary zone is used to provide m xing and reaction
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reactor (such as described in Figure 1). In the primary zone shown in
Fi gure 1, t Héis typepf ragx¢ld agactordwhere antering fust and/pieexidaidily inixed apd renctedtwith

ocet ons 100 B IR e bR B e T R

20  in the art that the well-stirred reactor is an ideal mathematical construct which is not

perfectly realized in any physical embodiment. And, it is not necessary that the state
variables in the regions described here approach constancy to a high precision, but only to

the extent where roughly practical or useful.

25  To gain further advantages, it is desirable to construct the primary zone so that it consists
of a hold-up chamber with one or more entering streams. This provides an efficient
method of flame stabilization and allows the use of high rates of flow for incoming flow
streams. Jets (a jet refers to a flow from an orifice into a space large enough to allow
expansion of the flow; see Figure 2) can be used if stabilized in such a chamber, because

30  the normal limitations dictated by flame speed, which determines the possible rates of
incoming fuel and/or oxidant, can be overcome. In the primary zone shown in Figure 2,
the fuel, oxidant, diluent and/or other additives enter at location 200, and the exhaust exits
at location 203. Arrows 201 are flow paths if no surrounding fluids were entrained (non-

jet flow). Arrows 201 are flow paths due to entrainment of surrounding fluids (jet flow).
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15 entering fuel and/or oxidant, and/or newly fornmed conbustion products,
and/ or unreacted residue (at A) is acconplished by a physical recycle

| oop. Thiwotogpzi008§ recycle reactor, where entering fuel amdrarsopxisésant is
m xed and reacted with first combustion products, falls within the scope
of the present invention. It is understood 20 in the art that the

wel | - sti rr edlheanixing andgezntiondé first vamhestehipraductsomish entetinguviebind/cr axadant,
perfectly realized jn.an hysi cal enbodi nent. And, .it .i S .not necessary
that the st 4087 JSPPoBEd FE0p BTG AEl meagted ersidisip pesamp iSRRG  ancy
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useful. 25 To gain further advantages, it is desirable to construct the
primary zondcass withentaringdbelgindfos oxighntzat Hoandl with a¢ralytfermed edmipwdomproduete
enteringegstr . Thi gvides an efficient nethod of flane stabilization
and al | oévs taﬁg%t;%egctgﬁ?ﬁ%%aﬁ tes of flow for incomng flow streans. Jets
(ajet refers to a flowfroman orifice into a space |arge enough to all ow
expansion of the flow, see Figure 2) can be used if stabilized in such a

chanber, bedbifsearsusedss thoseraee ofitasanaing el and/et exidentptjien by ehagpmadhe offect h
det er m nes toli}F tRAG SRS, 10188 2y bd dl%&’EBFAL%o&gﬁgq AR %‘g‘?@a’&ho SE&CBE
fe p z I gur , & & ¢ , ¥an )

overcone. In rrmary ne snown 1IN OXl
di I uent and/incontihf etreamal ehiithi thefirse oérabustivbn lpaiaitis preseiln thestimhe zexbidinde #Xi t's

v G5, s L e 1L o e R i,
surroundi ng l$%$e?ﬁol@’seﬁmﬁr#§:?§’v)turb&1%né@? Q40 a&ﬁéﬁt RGEO %A%éﬁ?a%%ﬁ‘?s ;n xing
and reaction of first conbugtion proaucts W th entering fuel and/or

oxi dant, andéfol meevdnisni forrmehieviagimising oTihgfl ol uic the, jetadeldcpibedihereastted r esi due
i's accorrplisheg .gri ril %/QA? entr ai n{;rapt., Pri ma% zone first

combusti on PrEGEELE PSR CETTAIXIEIRRY DM AT &y ﬁ]@% B PRV oxi dant
at A and w thcnewW ¥%iHepeaed conbustion products 5 and unreacted residue at

B. If jets are used as the source of incomng fuel and/or oxidant, then by

enhanci 1§ the effect of jet entrainment, the jets may be used to

acconplish e.m xing apd reacti.on.,of each incomn treamwith the first
conbust i on ?&8&%@?@ %F‘%E%R?sﬁ?{lefl%ﬂﬁrqrmw 29%?1%{0{{1@? ﬁ)cievgl%p ggp%%pafeow
pressures t ygiveRkl(eeeaas ﬁ%ra}idfaﬁb pt)smb@édesaethmﬁaﬁﬁihg!asree_{rﬂé/\erfcbaﬂtér gensities
|l ead to |ow Reynold s nunbers, turbulence is nore difficult to achieve and

ent r ai nment Itersgetingsfégw whirhaksis samtiving aphreaotiomoingimigg chhpongnsswwith firsie
jets descri QS%bﬁﬁ{o% p""rgdl}ctclse present in the primary zone (see Figure 4). In the primary zone
20  shown in Figure 3, the fuel, oxidant, diluent and/or other additives enter at location 300,
and the exhaust exits at location 302. Arrows 301 shows large recycle flow patterns. The
mixing and reaction of first combustion products with entering fuel and/or oxidant, and/or
newly formed combustion products, and/or unreacted residue is accomplished primarily
by large scale recycle patterns. Primary zone first combustion products from B mixes and
25  reacts with entering fuel and/or oxidant, and/or newly formed combustion products,
and/or unreacted residue components at A. In the primary zone shown in Figure 4, the
fuel, oxidant, diluent and/or other additives enter at locations 400, and the exhaust exits at
location 401. The mixing and reaction of first combustion products with entering fuel
and/or oxidant, and/or newly formed combustion products, and/or unreacted residue is
30  accomplished primarily by intersecting jet flows. Primary zone first combustion products
from B mixes and reacts with entering fuel and/or oxidant, and/or newly formed

combustion products, and/or unreacted residue compvonents at A.
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mechani sm for recycle or back-m xing may be | am nar or turbulent, as

entrai nnment occurs in either case. 15 The jets can al so be positioned in
the pri mawg izomwisuch as to devel op | arger scale recycl epCrase2/Fisgure 3),
and al so positioned so that incom ng streans encounter an intersecting
flow which results in mxing and reaction of incom ng conponents with first
conbusti on pB}Opmiﬁcmirpg@s gats ini aunpineer |90 ithma mye Foseoppesite dhother gtAut nbnditdedy
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and/ or new Béxft@étflséhtﬁ)ﬂfﬂ@lllSTh@IEll)ﬁﬁQﬁhtpﬂeéctloﬁﬂﬂ/fﬁﬁt c@ﬁfbﬂﬁ?dxﬁﬂoﬂﬁﬁs WiR enterln%
conponents at A In the primary zone shown in Figure 4, the fuel, oxidant,

di | uent and/fé‘? aad/oe pxidaeh md/ersneadly &rmed combustiovoduts. 2nd(ar ureactsdwgsisie
et wi o Akl ty 10Cerlatilithe e LEAC Hfhe Bhundrhd 3ha SATRANEAD Aows |

products, armdingry domiect etnietbd ymdusts IdneBeadl inbhadl readt et diyerig
intersecting jet flows. Primary zone first combustion products fromB

m xes anfl r SABPENSHLS # Lent er i ng fuel and/or oxidant, and/or newy forned
conbustion products, and/or unreacted residue corrponents at A 16 WO

03/ 021018 PCT/ US02/ 27838 By positioning the jets in a manner so that one
jet i's opposA teactanchansiser jtleit utitizds dppbsedianéofﬂsgt jeto pypadsdsttie aite dHoain ih FigureiSh
nmonment um of the ets is_lost, entrai nrreg IS enhanced whi ch .enhanges the

m xi ng and rE%s Avntage of fares § CRYFISS: P ehigt %WW%Wﬁodﬁteﬁeﬁfd%t s
Wi th the | atRfiyCRRhNRE LA Plitihse ﬁﬁ@%&%&%rﬁg&k 13lsBo®8 &?&r@éﬁg&%ﬁ@n

shown in Figure 5, 5 the fuel, oxidant, diluen nd/ or ot he Ives
enter afl5| oo&bbprsed5Hithet jetsdnmireactortchasber. exi t s at | ocation 501. The mi Xi ng
and reaction of first conbustion products with entering fuel and/or

oxi dant, and/or newy forned conmbustion products, and/or unreacted residue

is acco ”p| | $iQds Yy hRb bePbEiAbASEER that! 0?1% IR WGRbENEREN6MhEr REW! BE Nitter ABG
i ntersecti ng) j et f?]ows Prinmary zone first combustion products from B and
C m x and r &abig cpinpleseshaidirbirggmbustion products and the first flow being composed of newly
formed combustion products, fuel and/or oxidant, and/or unreacted residue, but the flows
20  are notjet flows (see Figure 6). In the case where large scale recycles and/or intersection
of flows is adequate, it may not be necessary to use jet flows. In the primary zone shown
in Figure 6, the fuel, oxidant, diluent and/or other additives enter at locations 600, and the
exhaust exits at location 601. The mixing and reaction of first combustion products with
entering fuel and/or oxidant, and/or newly formed combustion products, and/or unreacted
25  residue is accomplished primarily by intersecting non-jet flows. Primary zone first

combustion products from B mixes and reacts with entering fuel and/or oxidant, and/or

newly formed combustion products, and/or unreacted residue components at A.

30  To obtain a primary zone with at least 10% of the primary zone having state variables
approximately constant, it may be preferred to position numerous intersecting or other
flows in the reactor (see Figure 7). In the primary zone shown in Figure 7, the fuel,
oxidant, diluent and/or other additives enter at locations 700, and the exhaust exits at

location 702. Regions 701 are regions in the primary zone where state variables (e.g.
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10 conponents at A. A reactor chanber that utilizes opposed and offset jets
such as the one shown in Figure 5 takes advantage of |arge scale recycles,
enhanced woeto3omtongi nnent, and al so intersecting flows of pearisome7sand | at er
residence time material. Figure 13 shows anot her configuration 15 of
opposed, offset jets in a reactor chanber. Flows may al so be positioned so
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by i nt er secPrekyabiy et Jeast §07p akthe potalpripary gqae volume. REmeIysfons s combusiion r om
B m xes and i i r ' P med
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a primary zoombwdtioh padducesastd/dOsredctddresignd coamponentseat Aavi ng state vari abl es
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i ntersel ing or other flows in the reactor (see Figure 7). In the primary

zone shown ipRyFd @ &ndds &f%gtafhgﬁé a wePh a8 LomBlitbeitve 3 iR 18 bn sl i ves

enter at | ocations 700, and the e%aust exits at location 702. Regions 701
ar e regi ons flow ratee tpindnes turindersewnaehetostl dlosv withindhd rsctpeyglume7o Whi®s7 021018

PCT/ US02/ 27838 . concentrati.on, essure, t erat yr are approxi mately
constant . THERdeTaLy At by SRER 1 hitas STERGb Heahy Howare BREWTY & one
vol ume. The a¥fixi@il8RAe fiRfatib® By @bmblidtdh, arfdybiHs hle@bdp hRAHEAS MoldaRNt eri ng
fuel and/or oxidant, and/or newly fornmed conbustion products, and/or

unr eact &8l r esifludhé preserd dmysintiohdwweverranddnypasses inpiximggeastorrsysices 61 ows, 5

wth sufficien fficienc that th ircl.ed regi ons e, areas ere one
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preferably aiimafiBsén ®PBGleiteSystelk af ®eRbl y at | east 80% of the total primary
zone volune. Primary zone first conbustion products fromB m xes and

reacts with entering fuel and/or oxidant, and/or newy forned
By constructing the primary chamber so that a large proportion of the volume is mixed

20  efficiently, the possibility is allowed of using a non-vaporizable fuel or additive. It is
necessary to efficiently mix any injected fuel or additive to gain the maximum advantage
of reaction with the first combustion products. As an example, some flows to the primary
zone could be a non-fullerene-forming fuel premixed in gaseous form with an oxidant,
and a liquid fullerene-forming fuel, fed so as to mix and react with the combustion

25  products of the premixed non-fullerene-forming fuel and oxidant.

Accomplishing the recycle or back-mixing in an enclosed primary zone, which effectively
serves as a hold-up chamber, allows for a surface area contacting the flame by which heat
transfer can be more efficiently accomplished than for conventional flames stabilized on
30  cooled burners and not contacting hot surfaces. Heating or cooling by outside sources and
use of thermal insulation can be accomplished by the present invention more readily than
in conventional fullerenic product synthesis systems. Conditions where maintenance of
heat losses is necessary, such as the use of air as oxidant, can be easily attained by the use

of the primary zone for flame stabilization and minimizing heat losses through efficient
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conbustion products, and/or unreacted residue conponents at A 10 Previous
nmet hods of obtaining a well-m xed conbustor have relied primarily on high
fl ow r at ewotog/oereasice turbul ence on the total flow w thin Pog/usexzes vol une
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insulation of the primary zone or by external heating o primary Zone.
I n t hi sliay mixspfand reastios ohflame rasficalewile incoming fus] arldsaxigand. sThs| mixatre of

condi ti ons not ,easi | ttai nable,wih a onventional flanme.. For j.nstance,
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oxi dant for a residence tinme of 300 nms. Since a conventional flanme has
di fferent r&fwse agd allows much greater throughputs of fuel and oxidant.

20  Itis desirable under certain circumstances to control the concentrations of radical
intermediates since they significantly affect or even control the formation and destruction
of fullerene intermediates and products and other fullerenic products. Use of a primary
zone allows the oxidation zone, which is the region of high radical concentrations and the
region where concentrations of key intermediates are determined, to be decoupled from

25  the post-flame zone, and different residence times or variable rates of heating or cooling
to be used so as to control the radical concentrations by allowing the oxidation reactions
to occur over a longer residence time or at a different, constant temperature. In
conventional methods of combustion synthesis of fullerenic product, the environment of
the oxidation zone is determined by the requirements of flame stabilization. When the

30  primary zone is constructed so that recycle or back-mixing is adequate for the whole
volume to approximate a well-stirred reactor, the concentrations of radicals in the primary
zone are sufficiently reduced so that high peak concentrations are avoided (see Figure 8).
In Figure 8, a primary zone 800 is coupled with a secondary zone 801. In the primary

zone 800, the fuel, oxidant, diluent and/or other additives enter at locations 802. A region
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heat rel ease at different residence tinmes or distances fromthe burner, a
nmethod for varying the heating rate as a function of residence tine or
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803 is a redhelimitnof flame stahdirgtianciee thatveneentivaal e owdnstin reethpds of fullerenic
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20  the conditions that promote formation of fullerenic product from the conditions necessary
to stabilize the flame system. Flame speed increases strongly as temperature increases,
and at lower temperatures where flame speed is lower, much less fuel and oxidant can be
fed to the flame. The residence time required for oxidation is determined by temperature
and other conditions. Use of the primary zone allows the temperature, residence time, and

25  feed rate of fuel and oxidant to the oxidation zone to be varied separately by use of
reactor volume and rate of heating or cooling as variable parameters. So, for a given feed

rate, the reactor volume and rate of heating or cooling can be varied to obtain the

conditions that promote and/or favor fullerenic product formation.

30 A further aspect of the present invention is the use of a secondary zone that consists of
either a collection device for the fullerenic product or products formed in the primary
zone (as described in U. S. Provisional Application No. 60/393,494) or a reactor section

that allows for further reaction of the effluents of the primary zone.
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the direction shown by an arrow 804 to collection. In the primary zone
reactor, the mxing and reaction of first conbustion products with
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effluents of the primary zone. 20 WO 03/021018 PCT/ US02/ 27838
combustor to flow for a desired residence time at a controllable temperature.

20  The secondary zone allows for much longer residence times for fullerene formation
reactions to occur than is provided by conventional systems used for fullerene product
synthesis. Typically, conventional systems used for fullerene product synthesis have a
total reaction residence time of 100 - 300 ms, after which temperatures have dropped to
levels too low to support reaction due to heat losses. The secondary zone allows for

25  maintenance of the combustion mixture at temperatures high enough to support reaction
indefinitely, preferably in the range of 1 to 10 s, by the use of insulation, heating or
cooling of the secondary zone. A conventional flame system can also be used to feed
combustion and fullerene intermediates to the secondary zone, where they are allowed to
react at a temperature for the desired residence time.

30
The preferred ranges of operating parameters are as follows: residence time in the
primary zone is preferred in the range of 2 to 500 ms, residence time in the secondary
zone in the range of from 5 ms to 10 s, total overall equivalence ratio is preferred in the

range of from1.8 to 4.0, pressure in the range of from 10 torr to 400 torr, preferably in the
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In the case where further reaction is preferable, it is desirable that
species fromdifferent regions in the secondary zone corresponding to

di f f erentwpegiozience ti mes are kept from significant m xi RgTAsd2/2m3aLt i on

wi th each other. This can be acconplished practically by having the flow
sufficiently turbulent and of sufficiently high velocity so that the 5
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and/ or additives, such as a narrow throat section that enhances the fluid
vel oci t>1.0 The secondary zone allows for the gaeous effluent of a conbustor
to flow for a desired residence tine at figr ol | abl e tenperature. 20 The
secondary zone allows for rmuch | onger residence tinmes for fullerene
formation reactions to occur than is provided by conventional systens used
for fullerene product synthesis. Typically, conventional systens used for
full erene pr eg’ynt hesis have a total reaction residence tine of 100 -
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reacti on due eat | osses. secondary” zone all ows for 25 ‘maintenance
of the démbustledivndextoaras detcribedripel!a8.RrewisionglhApmizatitn No. 6UpPot4. ddact i on

indefinitely,. preferably.in the range. of tq 10.5s y g _use Q
i nsul ation, H yﬁﬁn%?or%{’sgoqffaﬁgogﬁyﬂ%cglc %s%r@ﬁﬁjﬂ th%n%, O&ac(_c);)r?\r/nen {t%?]%. Vil ame
system can ghsaddifont/sLEhsbPart PBSitioRsIN UPhbsAe faded of bhdsaifeiecylinder seal difesnt o
t he secondary zone, where they are allowed to react at a ten%lperature for

£
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20  opposite jet centerlines, so as to minimize momentum loss of the entering fluid and to
enhance entrainment of the opposing jets. A pre-mixed benzene (a fullerene-forming
fuel), O,, Ar mixture (Ar = 10% of total entering stream) at an equivalence ratio of 2.4 is
used and exits the jets at a velocity of 133 mV/s at a temperature of 90° C and pressure of
40 torr. The volume of the primary zone is 460 cc, so that the average residence time in
25  the primary zone is approximately 30 ms. External heating is applied so that the

temperature of the primary zone is maintained at 1700 K.

The flow conditions of the jet streams is laminar and the overall primary zone volume is
such that the Reynold’s number of the primary zone is less than 2000. However, the
30  degree of entrainment is sufficient so that there are sufficient regions of constant state

variables in the primary zone so that it may be approximated as a well-stirred reactor.

Combustion takes place in the primary zone, forming combustion intermediates and a

certain amount of fullerenic product. The effluent of the primary zone enters a secondary
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zone in the range of from5 nms to 10 s, total overall equivalence ratio is
preferred in the range of from .8 to 4.0, pressure in the range of from 10
torn to MO0 oBo2w8 preferably in the 21 WO 03/021018 PCT/ UBQ2ZR¥83B38 r ange
of from20 torn to 200 tort, nost preferably in the range of from 20 tort
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ratio of 2.4 is wused and exits the jets at a velocity of 133 nfs at a
tenperature of 90 C and pressure of 40 tort. The volunme of the prinmary
zone is 460Eé‘émpgeozthat the average residence tine in 25 the primary zone
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system. It can be seen that the concentration of fullerenes in this example far exceeds the

conventional synthesis method. The improved performance results from the ability to
allow for longer residence times at controlled temperature. This example is limited to a
20  lower throughput than Example 1, because of the stability limits of the conventional

flame which feeds the secondary zone.

Example 3:
The same system is used as described in Example 1, except that the effluent of the
25  primary zone proceeds to a collection device as described in U. S. Provisional

Application No. 60/393,494.
Example 4:
The same system is used as described in Example 1, except that the primary zone is
30  operated at an equivalence ratio of 2.0 and additional benzene in gaseous form is added

into the throat section so that the overall equivalence ratio of the system is 2.4.

Example 5:
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30 degree of entrainnent is sufficient so that there are sufficient regions
of constant state variables in the primary zone so that it may be

appr oxi mnewed3asioas wel | -stirred reactor. Conbustion takesPpirase2/27183% he
primary zone, formng conbustion internmediates and a certain anount of
fullerenic product. The effluent of the primary zone enters a secondary 22
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well as for a conventional conbustion synthesis nmethod. It can be seen
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t he conventi.gnal synthesis d.... Thi [ ORY i

wel | - m xed 'gﬁggFé ﬂ%?1§W§H§%5%%?@e§gﬂgé§ﬁ%g?ﬁ%%%gﬁ§%}héP%%%giﬁéé %F%es
al  owed at @t #®hileedl] | afiRpniafddrie ligidaomhe 2: The sanme system and
conditions as described in Exanple 1 are used, except that the 15 primary
zone islPeplaced with a flame system such as described in US # 5,273, 729.
Figure 11 %&_ 1er,?,sults of a study of C60 concentration as a function of
residence tifte for this system It can be seen that the concentration of
ful | erenes iThetshing sextaind esefias desceibedim Estuenple diverdviena hbloggmtdiespesesist hod.
The i nproved performance results fromthe ability to | | ow.for .l onger
resi dence t iligatedinte g thenat egtip g & Weraseribp sxtentoffpllerene formationyie ; o0
| ower throu Exanpl e 1, because of the stability limts of the
conventiona%gaﬁﬁgﬁgﬁaﬁich feeds the secondary zone. Exanple 3: The sane
system il used as described in Exanple 1, except that the effluent of the
25 primary ﬁgne roceeds to a collection device as described in U S
Provi si onal %ﬂﬁﬁ% -ation No. 60/3 93,494. Exanple 4:

The same system is used as described in Example 1, except that air is used in place of O..

Example 9: |
20  The same system is used as described in Example 1, except that a halogenated species is

premixed along with the benzene, O2, Ar mixture.

Example 10:
The same system is used as described in Example 1, except that benzene, O,, and Ar are

25  fed separately into the primary zone through different jets.

Example 11:
The same system is used as described in Example 1, except that the primary zone consists
of one nozzle feeding into a chamber held at 100 torr, the flow of the gases from the

30 nozzle being such as to create a laminar jet which entrains the surrounding fluid, thus
creating a recycle, the surrounding fluid containing first combustion products. The flow in
the primary zone is laminar. The primary zone cannot accurately be approximated as
well-mixed in this case, but the premixed fuel and oxidant flow rates made possible by

this arrangement are higher than if the nozzle were not located in the primary zone. The
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The sane systemis used as described in Exanple 1, except that the primry
zone is 30 operated at an equivalence ratio of 2.0 and additional benzene
i n gaseouwsoOfoanmois added into the throat section so that PChaSovzsas |
equi val ence ratio of the systemis 2.4. Exanple 5: 23 WD 03/021018

PCT/ US02/ 27838 The sane system as described in Exanple 1 is used, except
t hat alconvhﬁmboﬁathmsmekmESOauagdkuﬁﬂxnamﬂhmihnminEhhaﬁek@Bﬁﬁmﬁﬁn&we at
equi val ence ratio,of 1.0 and pressure of 1 atm, which produces

non-ful | er eﬁéStGBW@Wﬂ%O@%%égPB’HW@nﬁedi ates that aPe fed into the
primary zone. Benzene is added into the primary zone in gaseous form so
that the overall 5 equivalence ratio in the primary zone is 2.4. Exanple
6: The saneEsysmpkniZ:s used as described in Exanple 3, except that the
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t he effluent of the primary zone is then fed to a collection system consisting of a filter. The

methane flame is operated at 1 atm, and the primary zone is operated at a pressure of 100
torr. |

15
Example 13:
A nozzle type flame system, consisting of an open pipe with a methane/O,Ar (the
methane being a non-fullerene forming fuel) flame stabilized at the end, is used to
produce combustion intermediates which are fed into a primary zone consisting of a

20  chamber with an opening through which the aforementioned combustion intermediates
enter in a laminar jet flow and a separate opening through which an intermediate
petroleum-derived oil (the fullerene-forming fuel) enters. The intermediate petroleum-
derived oil is fed into the primary zone in liquid form. Combustion products and
fullerenic product are formed in the primary zone. The effluent of the primary zone is

25  then fed to a collection system consisting of a filter. The methane flame is operated at 1

atm, and the primary zone is operated at a pressure of 100 torr.
Example 14:
The same system is used as in Example 12, except that the combustion intermediates
30 formed by the methane flame and the coal derived tar enter the primary zone through the

same opening.

Example 15:

25



30 nozzl e being such as to create a lamnar jet which entrains the
surrounding fluid, thus <creating a recycle, the surrounding fluid

cont ai ni rgofoBstwigonbusti on products. The flow in the priPERUSOZDIES | S

| am nar. The primary zone cannot accurately be approximated as well-m xed
in this case, but the prem xed fuel and oxidant flow rates made possible by
t hi s arr ang€hesatmensystem aphdesciitredrin iBkample 1203 nbeal, werept thet the @ffhleethiPthet he
primary zone. The 24 Vg 03/ 021({)18 PCT/ US02/ 27838 hi gher fl o at es are due
Do a recycl BB AES PSR FEONEREOTE BTl CfApe isbalh visie et fiaplin
combusti on RLAGHEE o ke blaBe RirlaTBsider®e fithe dIaBER I die cPldnDOZHE BedovBay! | ane
system consisting of an open pipe with a nethane/ QAr (the mnethane being
a non-f ul | ezaneentens afiligr ¢alletforf devias. st abi | i zed at the end, is used to

pr oduce 5corrbusti on internediates which are fed into a primary zone
consisti'ng of a chanber with an opening through which the aforenentioned
conbustion internediates enter in a lamnar jet flow and a separate

openi ng through which a coal -derived tar (the 10 full erene-form ng fuel)
enters. The coal-derived tar is fed into the primary zone in liquid form
Conbustion products and fullerenic product are fornmed in the primry zone.
The effluent of the primary zone is then fed to a collection system
consisting of a filter. The mnmethane flanme is operated at 1 atm and the
primary zone is operated at a pressure of 100 torn. 15 Exanple 13: A
nozzl e type flame system consisting of an open pipe with a nethane/ Q2Ar
(the methane being a non-fullerene formng fuel) flanme stabilized at the
end, is used to produce conbustion internediates which are fed into a
primary zone consisting of a 20 chanber with an opening through which the
af orenenti oned conbustion internediates enter in a lamnar jet flow and a
separate opening through which an internedi ate petroleumderived oil (the
fullerene-formng fuel) enters. The internedi ate petroleum derived oil is
fed into the primary zone in liquid form Conbustion products and
fullerenic product are forned in the primary zone. The effluent of the
primary zone is 25 then fed to a collection systemconsisting of a filter.
The nethane flane is operated at 1
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atm and the primary zone is operated at a pressure of 100 torr. Exanple
14: The sane systemis used as in Exanple 12, except that the conbustion

i nt er mediwDa3/03018 or ned by the nethane flane and t he coal pdeniSomerssar enter
the primary zone through the sanme opening. Exanple 15: 25 WD 03/021018
PCT/ US02/ 27838 The sane system as described in Exanple 12 is used, except
t hat the ef fWHe ISoCLARMEIDIS mary zone enters a secondary zone consi sting
of a pipe section, where further reaction is allowed to take place for a
residence time of 1 s, before the effluent of the secondary zone enters a

filter collqctiom gRUGARE BodidPuARAR MY BnRETHSe2h2AG38 VAT |'S CLAI MED

IS 1. A nmethod of producing ful l'erenes by conbustion, conprising:
i ntroduci ng car bantreseingi carteg-donédiniag ducd ridioxidanitat amintrodnathudpéasionlivtoat i on

into a 5.primary zone so thai.said fuel .and said oxjdant react to produce
et "combudtrsty e ba Rt bind o e paR QR din coRRhe o BABiE
resi due bei rgidMirse@bnietisepoteets whd fnredddécPi@bidgde BEhP Aiix&PMdabRtEDwitiel and
oxi dant and/or any newy forned conbustion roducts and/or unreacted

resi due, thérwhying exhprrgonriagdieniyst angroxidaat arcor ey famhed icambystion

conmbustion m e 1Nt Yz [ |.lection or 10 further

b ocessi ng. Dol RufhSBIRRRLY GERRE bBfind RbBBLR rBlirut ikt ur o
conprises full er émesducingididdonibilstiat pi@uieihierageebiiagszaiddooidiRttisréer i al .
15 3. The nmethod of claim1l, wherein said primary zone has at | east one

vel | - deflPnedwrthes gressssiher ei n sai d fuel, oxidant and conbustion nixture each
has at | east one state variable which is approximtely constant as a
function of space. 4. The nethod of claim3, wherein at |east about 10% of
sai d pri mar . zondhesnéthodal cdain?D, wielr¢in dsitlicombhustepgi moixture comprises fullerenes,

and/or fullerene intermediates and other material.

15 3. The method of claim 1, wherein said primary zone has at least one well-defined
region wherein said fuel, oxidant and combustion mixture each has at least one state

variable which is approximately constant as a function of space.

4, The method of claim 3, wherein at least about 10% of said primary zone is in said

20  well-defined region.

5. The method of claim 1, wherein said carbon-containing fuel and said oxidant are

introduced into said primary zone at multiple introduction locations.

25 6. The method of claim 1, wherein said carbon-containing fuel comprises fullerene-
forming fuel.
7. The method of claim 6, wherein said fullerene-forming fuel comprises an
unsaturated hydrocarbon.

30
8. The method of claim 7, wherein said unsaturated hydrocarbon is selected from the

group consisting of acetylenes, polyacetylenes, aromatics and highly aromatic materials

and combinations thereof,
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5. The method of claim11l, wherein said carbon-containing fuel and said

oxi dant are introduced into said primary zone at nultiple introduction

| ocat i onswO23/081018The met hod of claim 1, wherein said carbeaTasnt/zises ng fuel
conprises fullerene- formng fuel. 7. The method of claim®6, wherein said
fullerene-formng fuel conprises an unsaturated hydrocarbon. 30 8. The

met hod of c9ai m The miethodiof ckand , wherinisaid eatbeneordeiaingdiiel compsiserbedens: om
the group consisting of acetyl enes, polyacetyl enes, aromatics and highly
aromatic materials and conbi nations thereof. 27 WO 03/021018

PCT/ US02/ 27838 9Thd hRti¥RatdFRthiMf1, Glrfleftdmp Mdﬁ@h%aﬁﬁfeb@hs,dﬁ%@hni ng
fuel conprises benzene. 10. The nethod of claiml urther caonpri fi ng
i nt roduci ngeemainmgreompasnds, adropermds eoreiaing alglcasigli alkaline sHumgEls.
containing al kali .nmetal,s or .al.kal i ear I . ich
cont ai n QheCWBF§PSS %ﬁ%%%%?h?f%ﬁgggyﬁﬁ%?Fgﬁ%ﬁi§%%%ﬁ%§nggﬁ§§$ﬂ?%%mmg%cIic
aromati ¢ acgghlRpbyEEticRd adydridepaliodspaads eomainngeobaik,tivon, pomickdy amili ckel
and conbinations thereof into said primary zone. 12. The method of claim
1, wherein eomabippiéensihercohintosaifl PHPAYZP%one is in the range 10 of from 10
to 400 tort. 13. The nethod of claim 1, wherein the overall equival ence
ratiois in the range of 1.8 to 4.0. 15 14. The nethod of claim 12,

wher ei n t he1pver Tht nethidve ckimel , ieiein fhe presstedn sad geinmiy zdneds irothd réngel5.
The met hod of claim 1, wherein the tenperature in said primary zone is in
the rahye offipmndftez00 tiert o 2500 K. 20 16. The method of claim 14, wherein
the tenperature in said primary zone is in the range of from 1500 K to
2500 K. 17. The nethod of claim11, wherein the residence tine in said
primary zoné3is [The iiethod& daimgle wiferedn the ose@llregnivalence ratio is in the range of 1.8

to 4.0.

15 14.  The method of claim 12, wherein the overall equivalence ratio is in the range of

1.8 10 4.0.

15.  The method of claim 1, wherein the temperature in said primary zone is in the
range of from 1500 K to 2500 K.

20
16.  The method of claim 14, wherein the temperature in said primary zone is in the

range of from 1500 K to 2500 K.

17.  The method of claim 1, wherein the residence time in said primary zone is in the

25  range of 2 to 500 ms.

18.  The method of claim 16, wherein the residence time in said primary zone is in the

range of 2 to 500 ms.

30 19. A method of producing fullerenes by combustion, comprising:
introducing carbon-containing fuel and oxidant at an introduction location into a
primary zone so that said fuel and said oxidant react to produce first combustion products,

said first combustion products and unreacted residue being mixed and reacted with
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18. The nmethod of claim 16, wherein the residence tine in said primary zone
isinthe range of 2 to 500 ns. 30 19. A nethod of producing fullerenes by
conmbust i owp osompins si ng: i ntroduci ng car bon-contai ni ng fuelPCanopxisaant at
an introduction location into a prinmary zone so that said fuel and said
oxi dant react to produce first conbustion products, said first conbustion
product s anthcomiegecarboh-ceghiding fbeli and orvidestiamaliet ang aewisofonined c@8byytio03/ 021018

PCT/ US02/ 2783 i ncom ng_car bon-cont ai ni f.uel and oxi dant and/or any

newl y 1 or b RaS AT L Hkerr R TR G ek eBl Rt e BbrEen ERhrder by T o i ng
a conbustion m XimfRucinglshidBeaibekichah ke iy aiseeohdiiyddaearddnt 0 a secondary
zone; and al | ow nﬂ constituents of said conbustion m xture in said

secondary zone t éllowingdengigueranet sagheontlyistion paiierainsaidiseprndery Fneduce a

stream i pcl ion. 0 comrising. fulleren .

ot her mater ﬁ%@&gﬁ%&@&% tgglgge%%{e%lg%rlﬁl E Ig%g\lljéaﬁ%raoﬁlg ﬁimslif:fgllgm esg%L)O(r?ll acrog}lsoil gtrrP\‘Se11 such
that m Xxi ngpasdiicis @asiptising dilkereidldiand s8@r hatenal whbdie kdidlstréas Mowd ithrbeglestid
regions corresponding to different residence tinmes in said secondary zone,
under condPeSOBAYY ZeNHFUsHEhE migingand feachpp gisdpingrized heipen mHierib fRBY of
claim 19, i i j : : : : |2 i reqi.on
wher 6 al LR ER0 R RS A o SRS bnB T M hodiEla) Shne, L
state vari aimditiovs tolpromsota fpllaienmbéicfiononst ant as a function of space. 15
21. The get hod of claim 20, wherein at | east about 10% of said prinmary zone
isin &%4id well-defined region. 22. The nethod of claim 19, wherein said
car bon-cont ahni n F’mﬁ- i f ol L LALgRELLRr Y
zone at nul tél ?'pl egjh%?%tt)h uct icg%hﬁdl(?(’?g\ihlg%rﬁ}{ss%gn%%& irdk?llg%ﬁg%hlg g?é%gid%ﬁii%?i
wher ei n sai tegimt whergln sail Sal, dxslantmd dombssiich metuedaclyhaszo teastame stitd owed t o
undergo reactiqns under conditigns that fayor .ful lerene production. 24.
The: mor hod. SHIGHSIHCRGS SGHBREIFE SRk PO HTCHR 8 G f el conpr 1 ses a’ 25
fullerene-formng fuel, a non-fullerene-formng fuel or a conbi nation

t hereof. 25. The nethod of claim 24, wherein said fullerene-formng fuel
conprisés agl. The method of claim 20, wherein at least about 10% of said primary zone is in

said well-defined region.

22.  The method of claim 19, wherein said carbon-containing fuel and said oxidant are
introduced into said primary zone at multiple introduction locations.

20
23.  The method of claim 19, wherein said material in said stream in said secondary

zone are allowed to undergo reactions under conditions that favor fullerene production.

24.  The method of claim 19, wherein said carbon-containing fuel comprises a

25  fullerene-forming fuel, a non-fullerene-forming fuel or a combination thereof.

25.  The method of claim 24, wherein said fullerene-forming fuel comprises an

unsaturated hydrocarbon.

30 26.  The method of claim 25, wherein said unsaturated hydrocarbon is selected from
the group consisting of acetylenes, polyacetylenes, aromatics and highly aromatic

materials, and combinations thereof.

27.  The method of claim 24, wherein said fullerene-forming fuel comprises benzene.
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unsat urated hydrocarbon. 30 26. The nethod of claim 25, wherein said

unsat urated hydrocarbon is selected from the group consisting of

acetyl enewp opokyaget yl enes, aromatics and hi ghly aromati c PCraiSer2mBs, and
conbi nations thereof. 27. The nethod of claim 24, wherein said

full erene-form ng fuel conprises benzene. 29 WO 03/021018 PCT/ US02/ 27838
28. The nethod of claim 19, further conprising introducing an additive into

said secongary ne. .5 Th t hod of cl.aim 28, .wherein..saj itive

i s select ed9 TOm ﬁ@eél?oéﬁ%d%gﬁé{%&%p%%?%wgggﬂg S?ﬁflér:lg%g%l?r%gag%ds,
conpounds cedoaildtyREnél! kal i netals or alkaline earth netals, compounds

whi ch contain the netals manganese, iron, or barium conpounds contai ni ng
cyclic aromatic acid anhydrides, and conpounds containing cobalt, iron, or
ni ckel , and,gonbihati ons . 30, . . / f i wher ei n
the pr esgur %51 n |eglegl?(?drr%f?c?glglgjngé“%lgre%gsatl%g&d#gﬁ%%%glg&? (rﬁ]cc))%l %jg?%upmo torr.
31. The net bewkiRing@f Ahidpd:®d conthigingicomipbendsy esrapdunds ubntainapcdkalianetalsics i n the
range of 15 from 1.8 to 4.0. 32. The_ met hod_ of claim 30, wherein the
overal | equilkalieneasthmetals, pampoyndpwhich rqatays themeals Mageangsy, 19N, OPagHM, The

met hod of cl al , i r &,IJ]]%PI, I i is in the
range of frg%%‘égislg%{@%fyc@s a%oiﬂ&?ﬁ;hagf net glgd%?é% %l&ﬁ ?{S ﬁh&g@%@ t he

t enper at ur e colsals o, g@rmichet,\and @ombirmgtions thlveof. r ange of from 1500 K to 2500 K
25 35. The nmethod of claim 19, wherein the tenperature in said secondary
zone islPn the range of from 1500 K to 2500 K. 36. The nethod of claim 34,
wherei n theaypenp i I 158 ohiB ki ri rom
1500 K o 2300 Kot AL SRR B i s Ry A e
sai d pri mar pf fromel d ® 400 totre

31.  The method of claim 19, wherein the overall equivalence ratio is in the range of

15  from 1.8 to 4.0.

32.  The method of claim 30, wherein the overall equivalence ratio is in the range of

from 1.8 10 4.0.

20 33.  The method of claim 19, wherein the temperature in said primary zone is in the

range of from 1500 K to 2500 K.

34.  The method of claim 32, wherein the temperature in said primary zone is in the
range of from 1500 K to 2500 K.

25
35.  The method of claim 19, wherein the temperature in said secondary zone is in the

range of from 1500 K to 2500 K.

36.  The method of claim 34, wherein the temperature in said secondary zone is in the

30 range of from 1500 K to 2500 K.

37.  The method of claim 19, wherein the residence time in said primary zone is in the

range of 2 to 500 ms.
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range of 2 to 500 ns. 30 WD 03/021018 PCT/ US02/ 27838 38. The net hod of
claim36, wherein the residence tine in said primary zone is in the range
of 2 to 590 0a®2103®. The nethod of claim19, wherein the resirdsnzessss me in
said secondary zone is in 5 the range of 5 ns to 10 s. 40. The method of
claim 38, wherein the residence tinme in said secondary zone is in_ the
range of 5 A8. t oThensthaldi4laimAopwhbrsth he residsdectimg it sdifl priseszang is in the
conbusti on, congf'%ii 51&% i ntroduci ng carbon-contai ni ng fuel and oxi dant at
an i nt r oduct4"6fi ArYol¥into a prinary zone so that said fuel and said
oxi dant react to produce first combustion products, thereby formng a
conmbustion m xture; introducing said conbustion m xture into a secondary
zone; and 189al | &l methosreficlaimd 9y whetinsthe gestdsnpoiime on s#dl geqondary FoBgIsdn
secondar% zgne to e,[Jélgnder[éggoreacti ons for a residence tinme to produce a
stream i ncl |rﬂ1§ges° ond “tonbiust i on products conprising full erenes and
other material, wherein said streamflows through said secondary zone such
that m xing and reaction are mnimzed between material, _from different

regions cor f@spoRbr mthad didaieiSavheied) e fesidenperimeiin sid sepoadey 788t i Bone,
under 20 Caﬂ%'rﬁﬁ%nc?fitrgs% ggpte full erene production. 42. The net hod of
€ sal

claim4l, rei carbon-contai ning fuel and said oxidant are
introduced into said primary zone at multiple introduction |ocations. 25

43. The nethod of claim4l, wherein said material in sai.d streamin said
secondaty Zéne dvwetipd ghppdpgng Eﬁr%}@sgﬁée‘f“gwgmuﬁ%ﬂm%di tions so as to

favor fullerene irRJf:o(aqFﬁ%ic%onf%ntai %ﬁ%% Qlart heddinftddudMgNSdafios &itd a

car bon-cont ai ni ng fue onprises a ull erene-formng fuel, a

non- f ul | er epsnfacy minegofthetlsaidrfuel and shid watdaotreadtdo pufduceBrst Tomburtioh prbdukts,
claim 44, erebi n.sajd fullerene-formng fuel conprises an unsaturated

hydr ocar bon tesOAprBEEsLOFbsS 5127838

introducing said combustion mixture into a secondary zone; and
15 allowing constituents of said combustion mixture in said secondary zone to
undergo reactions for a residence time to produce a stream including second combustion
products comprising fullerenes and other material, wherein said stream flows through said
secondary zone such that mixing and reaction are minimized between material from
different regions corresponding to different residence times in said secondary zone, under

20  conditions to promote fullerene production.

42.  The method of claim 41, wherein said carbon-containing fuel and said oxidant are

introduced into said primary zone at multiple introduction locations.
25 43.  The method of claim 41, wherein said material in said stream in said secondary
zone are allowed to undergo reactions under conditions so as to favor fullerene

production.

44,  The method of claim 41, wherein said carbon-containing fuel comprises a

30 fullerene-forming fuel, a non-fullerene-forming fuel or a combination thereof.

45.  The method of claim 44, wherein said fullerene-forming fuel comprises an

unsaturated hydrocarbon.
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46. The nethod of claim45, wherein said unsaturated hydrocarbon is
selected from the group consisting of acetyl enes, pol yacetyl enes,

aromat i cswand/opioghl y aromatic materials, and conbi nati on®Crhusomais3s 5 47.
The nethod of claim44, wherein said fullerene-form ng fuel conprises
benzene. 48. The_nethod of claim41l, further conprising introducing an
addi tive inf8 sail@e mehesefplaimAm aherein sdd umyagurated hydroodrbah & selet®d fidtmer ei n

sai d additiyg 4§ ; cansi sting of - hal ogen containing
conmpounds, cp&%@ﬂ%%gﬁgﬁﬁggi%%%%&%%ﬁgﬂggﬁg@%e%ngnmggfgﬁpﬁgg%%PPﬁﬁﬁetaIs,
conpounds wagdriatp abdcombineticrstibdrsofranganese, iron, or barium conpounds

containing cyclic aromati c acid anhydri des, and conpounds contai ni ng
cobalt, iron, or nickel, and conbinations thereof. 15 50. The nethod of

claim4ls waerei ht ARURIGTIMiR 44D whddesh Rid 908ning Al gt ande . of
from 10 to 400 torr. B1. The met hgggllggj%ﬁ%ﬁ}rﬂeﬁaﬂ%%mﬁrélpgif?\eqtcﬂ@pfﬁeéﬁgp?ene'
equi valence ratio is in the range of 20 from1.8 to 4.0. 52. The nethod of

claim50, whgrein, the overall equivalence ratio is in the range of from
1.8 to 4.0. %5 5?.}16 W@OM%WO({»@@FM%&PIIW%WHHQI%% addidyainte wid n sai d
primary zongecbfiddri zbie range of from 1500 K to 2500 K. 54. The nethod of

claimb52, wherein the tenperature in said primary zone is in the range of
from 1500 K to 2500 K. 30 55. The nethod of claim 41, wherein the

tenperaidire b N S cqnda ne,is.in.the..ran of from 1500 K to 2500
K. 32 V@J 03 %210%9?%%0%%2%9%8%%@%%@ Hiithsgs gﬁe‘é?%%fﬁméh? gier ei n t he
t enper at ur ecdrBisEag 8f BAGRRARMLIHAE BorhBolrds ! d¥npduRRIGnefiniib ARk 0 2500
K. 57. The nethod of claim41l, V\gere_lﬁn t he repsi dencél tnlmng mﬁﬁglg%%lgf)%l mary
zone is in Ql}q@hne;apthm@@al@fcoggoyn@@hmh contain the metals manganese, iron, or barium,
compounds containing cyclic aromatic acid anhydrides, and compounds containing
cobalt, iron, or nickel, and combinations thereof.

15

50.  The method of claim 41, wherein the pressure in said primary zone is in the range
of from 10 to 400 torr.

51. The method of claim 41, wherein the overall equivalence ratio is in the range of
20 from 1.8 to 4.0.

52.  The method of claim 50, wherein the overall equivalence ratio is in the range of
from 1.8 to 4.0.

25 53.  The method of claim 41, wherein the temperature in said primary zone is in the
range of from 1500 K to 2500 K.

54.  The method of claim 52, wherein the temperature in said primary zone is in the
range of from 1500 K to 2500 K.
30

55.  The method of claim 41, wherein the temperature in said secondary zone is in the
range of from 1500 K to 2500 K.
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58. The nethod of claimb56, wherein the residence tine in said primary zone
isinthe range of 2 to 500 ns. 10 59. The nethod of claim4l, wherein the
resi dencewoiog®2iom8 sai d secondary zone is in the range of PETrEs02/27839 s. 60.
The met hod of claim 58, wherein the residence tine in said secondary zone

isin the range of 5 ne to 10 s. 15 61. A conbustor, conprising: a chanber
having a fi P8t i Ajredstnd ofplaim §4 herie theitemperature it saidssegondarvzangiis ircthanber

and a secongalﬂr%;gjog%hpfgdork?(; %g(ﬂj’Kl njecting a second feed into said chanber,

said first ection inle el ng positioned so that said first feed is
directed so as to partially overlap 20 said second feed so that eﬁr:ier
resi dence ti erial of said second feed m xes and reacts with |ater
resi dence tlsﬂg g&ﬁléiﬂf Odoqf“iﬁ&’lnd“fb whgten thegesidence Amedniseid (ppmary: gegsyis &1 Hg: a
chanber havingearbiksho hyj ection inlet for injecting a first feed into said
chanber 25 and a second injection inlet for injecting a second feed into
said chanber, said first injection inlet being positioned with respect to

sai d second_.jnjection.i SO at said first feed supplies early.
resi dence tis%greJ n&%‘%ﬂeg?orgt‘gl%me%{{l@?ﬁé‘ﬂ%eﬁ?%g@ﬁ? bpe lp st orEery 7ofe 1S inther i al
of said secendebeeds so@hRr residence time material to be entrained into

early residence time material of second feed, and internediate residence
time material to be 30 entrained into internedi ate residence tine materi al

f f egd. 3. 0 tor, as defined,in ¢laim@2 in ich: said
19 ir :te Ciog(jgec? |§‘on Fﬁ? g{eﬁfo 9?%% L g;@gfegrf sgpidgyce ﬁﬁie 1p ﬁ%‘géﬁ‘tﬂﬁ‘ frygone is in
entrai nnent tiefranddef ssmsendp .eed i s enhanced by the flow of the first feed.
33

60.  The method of claim 58, wherein the residence time in said secondary zone is in
the range of 5 ms to 10 s.

15
61. A combustor, comprising:

a chamber having a first injection inlet for injecting a first feed into said chamber
and a second injection inlet for injecting a second feed into said chamber, said first
injection inlet being positioned so that said first feed is directed so as to partially overlap

20  said second feed so that earlier residence time material of said second feed mixes and

reacts with later residence time material of said first feed.

62. A combustor, comprising:
a chamber having a first injection inlet for injecting a first feed into said chamber
25  and a second injection inlet for injecting a second feed into said chamber, said first
injection inlet being positioned with respect to said second injection inlet so that said first
feed supplies early residence time material to be entrained into later residence time
material of said second feed, later residence time material to be entrained into early
residence time material of second feed, and intermediate residence time material to be

30 entrained into intermediate residence time material of second feed.

63. A combustor, as defined in claim 62 in which:
said first injection inlet is further positioned so that the amount of entrainment of
the second feed is enhanced by the flow of the first feed.
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