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WD 2004/ 039719 PCT/ US2003/ 021301 SEPARATI ON AND
PURI FI CATI ON OF FULLERENES | nventors: David F.

wénonvadmw and Jack B. Howard Rel ated Appl i cat PONAIS2003/021301

This application clains the benefit of priority under
35 U S.C 119(e) from United States Patent
Application Serial Nunber 60/393,494, which is

i ncorporated herein by reference. Field of the
Invention 10 This application relates to the

separat i O@E@Am;mwﬁ)'mmwﬂm éﬁmLLERENEs
particul a Ent-1ree ne or the

separation anghyBubhst Imid pricreﬁholﬁl%h%mq{wara
process that Is coupled to fullerene fornmation

processes. Background of the Invention 15 Full erenes
are cl osed-cage carbon nol ecul es conposed of

car bon- cont ai ni ng pentﬁagﬁﬁ agﬂmg@&%gons The
e

di scovery of Buckm nster C60 spherica

Buc e TPl AEas bl GEpity of B ke Cie G r%gld%@) from
1985
t%f\l?@)fiéga %mt o g?qlrlgnlSﬁléal rl%éqotm' gSéh%A%%/ a%g{,h? chs: t‘i,rgcogqorated herein

fullerenes, particularly their use in synthetic
dIYeriesEy and as 20 el ectron acceptors, radica
scavengers, non-linear optical limters, and in many
ot her applications. This research and devel opnent has
been significantly hangéeldaf the knlventiati fficulty in
obtaining |arge quantities of pure materials. 1 WO
2004/ O3&s/dppi EEbh W20 BY (B2 dpadhtiol andiprrifjcafion bEfullereses. In
have been synthesized using a |aser to ablate

Qattiiak St roliigs b REIVENtERRI the@hdds fér thelsepacion tndyurification of
produ0|ng an arc across two graphite el ectrodes in an

| f084&Enes in a process that is coupled to fullerene formation processes.

Background of the Invention

Fullerenes are closed-cage carbon molecules composed of carbon-containing
pentagons and hexagons. The discovery of Buckminsterfullerene, a Cep spherical
allotrope of carbon, in 1985 by Kroto, et al. ("Cso Buckminsterfullerene"; Nature 318:162
(November 1985)) precipitated a flurry of activity directed towards understanding the
nature and properties of fullerenes, particularly their use in synthetic chemistry and as
electron acceptors, radical scavengers, non-linear optical limiters, and in many other
applications. This research and development has been significantly hampered by the

difficulty in obtaining large quantities of pure materials.



at nosphere. Ot her nethods applied to synthesize
full erenes include negative ion/desorption chem cal

woam4aatiion and conbustion of a full erene-for npaguSumBb/o21301
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At 5 present, conbustion is the only nmethod used for

hi gh vol une production. In each nethod, condensable
matter conprising a m xture of soot, other insoluble
condensed matter, C60, C70, and higher as well as

| ower nunbered full erenes, and polycyclic aromatic

hydr ogar B ' rey ki ;i j & iite, burnin
W th TRAAE AR oL KRG AT S RRIIEE pagiiLe, purning
and 15% of the total _material collect < WM :
R D R T e
The procedures nost comonly used. for purifying .
ﬁtﬂlqséheé%egm@wwg%?@i‘ﬁ F%%%PGS%B%&CQQS&Pds%3%5‘8“

sol vents. The solvents are used to first extract B A
flor/despiptien ehoxnicat éonizatigrandeuminstien Yapiligisac-GitHEns tuel. Al

i nsol ubl e condensed materials and then are used to
prasertyconzbnskiansp dreatndy miathod peidforiigh velumegredyston. In each
Typically, the different constituents of the 15
GTsiRinc@demsable anatiar eompisirert mikuiry of sdot.,raghdr drsobiblasepadensed
ot her techni que, and the soluble conponents are

XdrfeA Tl €0 ¥n@hiBh&ths SR g Yowdtpuinberet fialtrénes, qud polysgclic
such as sonication or soxhlet extraction using an

%chiﬁ’&ic% GRLYBOs PUG) iRTadyigUeiRnts TheolR¥ted Agith ta total fullerene
sol ut i OTX

I's then typically filtered to elimnate the

. i 1 1 1 . b .
SEERO AR FRSASLS o DA bty okt oo i

§§@€g%%£§% Q%ﬂgﬁk%gﬁﬁﬂﬁﬁ1£ﬁ£"150|“ble 20 inmpurities,
ycycCli

aronat 1 ¢ hydrocarbons (PAH) and
al i phatic species, as well as separating individua

2004/ 8 PTSEREH DescaBrEaNElhet ferlh Ry SRERyECempY fonioant
e e T LA o L BB KB B
B st S 5o s Surd M ST R g o
taingiepraigg ithrepigdividual fullerenes. Typically, the different constituents of the
condensed matter are collected by filtration or some other technique, and the soluble
components are extracted by a high energy-input extraction process such as sonication or
soxhlet extraction using an organic solvent such as toluene. The extraction solution is
then typically filtered to eliminate the particulate matter, and then purified by high
performance liquid chromatography (HPLC), which separates the fullerenes from soluble

impurities, such as polycyclic aromatic hydrocarbons (PAH) and aliphatic species, as well

as separating individual fullerene species from other fullerene species.
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Furt hernore, handling of the condensed matter for the
separation stages can becone 5 difficult at |arger

weceal@sodne to the very small particle size of PCinaSsmen21301

particles (typically in the mcron (m size range or

| ess), and separation of |iquid-borne soot particles

is difficult and inefficient for particles in this

size range. Sublimtion has al so been conceptual ly
denonstrated as a nethod to purify fullerenes from

ful | ermaseneeods dederibéddaboas haveraanasses drbwbsksl Dﬁgmice;‘olvents are
al, "Science of 10 Full erenes and Carbon Nanot ubes,

'%9{ RIVe andhiSie EEdsdd &9 haRdrdohd Gadte. BPUC Hsdhis @Qpéﬂ@ive due to
obtain high purity fullerenes fromlower purity grades

(tﬁeﬁ gc%tsgof %ﬁn{eﬁpﬁ? ?Tga@onari glléerﬂ?efté P{' a‘ﬁﬁttltf@féﬁg Eﬂétrequlred

have een strate oper on Co ect ed o
AR e: 2 hinfing of UELCRIGH I Bl e St 5h a8 eh 06t

0
SRR ot gr%?bsgchxeg G5 ol Vet Ef%i}éig?wﬁoéfzs% ghegws%ﬁam%s (ipically

non-ful | erene condensed natter. The vapor.i zed
i fheanigioBd IR 876 FARge Ot lpricind sepasatiog of liguidrhogne SOEWGS is

is required to dissociate fullerenes froma condensate
whidiquls el inpfflicieahfor pattisies in fistséaeirangehandl i ng is costly,
and irreversible | osses of fullerenes occur

(t ypi SablimatR@has aksb deé¢n/enteptudily demoonstetegd asfa mehadtotpurify
extraction nethods. Fullerenes are typically found
duleeee drommfullbiene atttaeciradl asombegssast(Dedsaeghank et ie*“Scice of
condensed matter (Dressel haus et al, "Science of

Fulllbeh&nag CGarsbnCindaibed\anehdsRes Press, Aan Wedios p PArig9sandIatsed to
Di ego, p. 111). Transmi ssion el ectron m crographs show

tdﬂ)@fﬁn hilgh! bhi@ty §GerSids Yot 08 Hit$ lorA8s iefge oPOLA (f2 Gfot 99%)

h|n Soot particles collected froma

gﬁ@ﬁ}nat%n Rbthods HATRAYS Bééﬁrhe@éﬂétﬂl 20(334?% (EIP!:AH%E@H ‘f)§111@ﬁ‘Hte or

ereni ¢ Nanostructures” 39719

Fc):n éeg{g«%loxgﬂe? é}gcgﬂecteg%ﬁﬁmﬁ{ég ;]%19% 3’e7ne é)ggtﬂlgﬁO)éju%‘l 032 fdlltarenes ‘Qdy aaidluon
goglg{xeergyté‘{h??u&%@gc%ﬁ(&t n ‘fly%%’ 9186*(5 g‘@) a?flow presseurreesqe %1ssoc1z&e the
fullerenes from non-fullerene condensed matter. The vaporized fullerenes are then
condensed onto a surface. Energy is required to dissociate fullerenes from a condensate
when sublimation is used, material handling is costly, and irreversible losses of fullerenes
occur (typically 20%) relative to the recovery of solvent extraction methods.

Fullerenes are typically found embedded in the collected soot particles of the
condensed matter (Dresselhaus et al, “Science of Fullerenes and Carbon Nanotubes,”
Academic Press, San Diego, p. 111). Transmission electron micrographs show that

fullerene structures exist on the periphery of and within soot particles collected from a

flame (Goel et al., “Combustion Synthesis of Fullerenes and Fullerenic Nanostructures”

3
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Laser ablation can |liberate from soot and soot
precursor particles trace anounts of fullerenes that

woenw/pysagduced by processes not known to produer/Us2003/021301

fullerenes (Reilly et al., 5 "Fullerene Evolution in
FI ane- Generated Soot," J. Ain. Chem Soc., 112:11596
(2000)). This observation is consistent with the
formation of fullerenes in the condensed phase, i.e.,
in or on solid particles. Baumet al. in "Fullerene
|CuBor24TEl 7TH002) Relk atineRat i@ tidAdrt at&ﬂﬁclﬁ&@ge ilnfMhe formation and
Low Pressure Hydrocarbon Fl anes" (Bei: Bunsenges.

PBH&:ﬂo@ﬁﬁéss & %edd{&% %)ﬁeré?l@ﬂn% ng&h@%s f)é&lukse renes

formin the condensed phase. tion of

full eiﬁ&?ﬁblhﬂm{%i @@%&Qﬁg g%(g%i@lcqrsgﬁ%r@ tg@é'amounts of

full erenes are enbe
AR abvg@%ﬁ?ed‘%d B B R R SUERSR: Pity ca.
PBierns olioian Fiensgieeest Socby roky eherhidod; 11596 000y,

"Ful | erenic Carbon in Cbnbustlon CGener at ed Soot,
@;W@@l@gqc%m@@@w@)the foprpation of ddierenga i the condensed phase,
spectroscopic in-situ flame observations of fullerenes
Q. irges sogd,n partickes.eBaum ep@ninsGellareny Ions 4nghiThegrdialaiipn to PAH
flames (Gehardt et al., "Polyhedral Caron lons in

laydi Bog an bow-Hrtamed]ydrataeon IRy (Bat BunskBges3Pkys. Chem. 96:841
(1987)). Since little or no soot or other solid
IEa9h)pokiatae: thad futlérehs e iethé cortichdedphadel ae Sormaribn ke

the flame conditions typically 20 used to produce
fralldraeetitie boiRfendd QREGE081dBRplal CRIW [MERUBY fre Bdun89@be embedded
it is not clear from Gehardt et al. whether a
%glglsglllcpﬁg}ﬁdgg action of fullerenes would be present as
gaseous " nol ecul es during the formati on process before

oo BGRB8 o SO T e
iychtege?(])salb%l lnéhl’llhll,vgtrc NeRar SR 1?1? Sdu%%g\%\l;h fi%ﬁclerg{n]ee )?%%atﬁ)rn process

e SO0

% Sgc%l e?ta ‘I‘ﬁllleremcféeggeﬂ 1na(liqombust10n-&enerated Soot,” Carbon 38:597

(2000)).

Homann describes spectroscopic in-situ flame observations of fullerenes in trace
quantities in non-sooting or low-sooting flames (Gehardt et al., “Polyhedral Caron Ions in
Hydrocarbon Flames,” Chem. Phys. Lett. 137:306 (1987)). Since little or no soot or other
solid particulate matter is present in these flames, unlike the flame conditions typically
used to produce fullerenes that produce significant amounts of soot, it is not clear from
Gehardt et al. whether a significant fraction of fullerenes would be present as gaseous

molecules during the formation process before they become embedded in the soot.
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full erenes nust be separated fromthe soot in
post-col |l ecti on process steps (Howard et al., Nature

w0O32040397191991) ; Howard et al., J. Phys. Chem p@®/uS&m®3/021301

(1992); McKinnon et al., 5 Conbustion and Fl ane
88:102 (1992); Richter et al., J. Chime Physique

92: 1272 (1995)). In summary, it is not known whet her
fullerenes are formed in the condensed phase and so
exi st enbedded in the solid particles, or whether they

are Tl Midablk 41 \he 085pPARR Sy RAGk GHDREAHE Ml ites SRR B hes are

by an or e soot particles or

rates. .Method . current. art | ve
BT EaRE Pk o RO WER ylich s b P ot 1%%‘6\‘1%&’& P e

ot her post-formation process steps._to, rel ease t
flreneraaust be peprEiRdsrom (RRR0pt B nopt-Collgetion PEOGEPY Sé%&% (Pgward etal.
net hods for the separation and gurlflcatlon
Natre3 2038 (199 ):ddevard gt alsdndiisy Chdm. OREOP h (A982): dhcKignon et al.,
One or nore aspects of the present invention provide
Genbotdsn andiFlapes8A00<1992); Riektar eitab, A (thiniaAhysique 92:1272
fullerenes fromsolid particles and condensabl e
(1ops.i ti es and offer significant reductions in the
cost associated with the separation. According to one

or  NBsBmaRPE Gtis nefknbie WHeBee Allletddv it f&ihed il the\dhdedWEd phase
different fullerenes additionally are separated from

ANEs0RRRE BRbeddddf) tHS Sl pap @M Bt ShaRg tl?e’SfQ\%‘ﬁinYl@d in the gas phase
techni ques such as HPLé)ZO are avoi ded, hi gher

R RS el pE

(61?63‘ %Cg g S| n g% lél tﬁ'e L delfllg gl‘g ll’l%n egergg g(!l&l lgmﬁSOI&HFJX%%CUOH

re ul re

PRS0 Ao o?nf%&?%‘?f?%g%ﬁmsaﬁ s AT
ox St LA b SBtAeRBY BEOGE F Hher Bt aton of

rocesses at certain locations in the
ullerenes are desired.

Summary of the Invention

One or more aspects of the present invention provide methods and apparatus to
separate and purify fullerenes from solid particles and condensable impurities and offer
significant reductions in the cost associated with the separation. According to one or
more aspects of the present invention, the various different fullerenes additionally are
separated from one another. The use of solvents and expensive techniques such as HPLC
are avoided, and a higher fraction of fullerenes is recoverable. In addition, the handling
time and complexity of handling the condensed matter is reduced and no additional

energy or processing step is required to separate the fullerenes from the condensed matter.
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flames, and can be maintai ned as free gaseous
nmol ecul es under certain conditions. Ful | erenes are

woeeprriatad and purified fromthe solid soot paPCTaiSe®3/021301

and condensabl e 5 gaseous inpurities in line with the
formati on process by using a separation and
purification process which acts on the gas effl uent
and adjusts the physical conditions of the gas
effluent in conjunction with suitable collection

devi cege p HIELRBSHERY of Hﬁtcﬁ‘sceflergt al ﬁ@éé&ﬂ@ titi&s of fullerenes

control l'ed so that ?%ey are nal as gaseous

%t%g 53 gasjgg&sq‘éﬁeéd%% dﬁ %%ﬁlr {%Ijn%g roc &2 atlén{télh locations in the

I"ec nis desire 'nvent1 on

rOVId r the se tion and ion.o
ﬁ o P B PR B e maipplet Be%rﬁe%afon%%r
certaln conditions, fullerenes in substantia
Ftkernios prescrarated andpysthier drom thSFOH%F@OEWF%IG%%{WtQOE}@eé@abh
suspended in the gaseous effluent of typica
gaspousrimprities dnding wih Predousaion paergss heusingriswnpeiiomansk
full erenes by reaction with the solid and/or
pwifibetisrepropast whichlacismn theggsredient gndediitstsché plysical ¢duditions of
gaseous effluent, 15 thus providing a neans of
the igam¢{floent ancbnpmpaomivith Rhipdble ddlleatidnaieviets. f THel phiyeingiState of the
Further, the present invention allows for control of

fullereRéd ik Yemtollba SonbhBe BiRANAHthiABS adlQidédiR nfiledultdbefode the
gas/solid phase change occurs, in sone cases so that

%Qﬁﬁ@iﬁtﬂr&e@’mﬁﬂ' tblidcBn stHekl?erdene particles are
formed, "and  ection may be acconpli shed

conv efﬁegé}ééextﬁﬁye ﬁ&)%&ﬁ&e@tf& th& &J LA %ﬁx‘ﬂcﬁ&(ﬁa é?]ﬁm«anes by .

|n the e presen |nvent| provi
eren

Bl SloodRi Al oSG FC A P

gesses irreversible. |loss
‘5’ G g?fﬁ s e garf@ﬁwwwe% o the g gﬁﬁegvseﬁggem of
|n t e su antlal absence_of soot as well as fr

fulgreng é&eﬁwg&mwsmﬁ @& coptmpEion e%ﬁulle@rl?selat faction with

and hel d or confined at high tenperature in a filter
th selifl andée cpndeasedgrateriah@ay (o prersdy tontrdied Usthe @asoRL s’t’tﬁlllent
magnetic field, or in sone other type of trap or by
Buspiovidingasmeans obforimatien andrdpdralion/punification of fullerenes. Further,
the present invention allows for control of the effluent from the separations device so that
a gas/solid phase change occurs, in some cases so that substantially purified fullerene
particles are formed, and collection may be accomplished conveniently by particulate
collection devices known in the art. Further, the present invention provides for enhancing
the yield of fullerenes from combustion and potentially other fullerene formation
processes by reducing the irreversible loss of fullerenes and/or promoting formation of

fullerenes in the substantial absence of soot as well as from soot (a) suspended in the gas

phase, (b) collected and held or confined at high temperature in a filter, in an electrical or

6
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exenpl ary cases the yield is enhanced by up to a
factor of 2 or nore. In one aspect of the invention,

woubdsamsenes are processed by generating a gas BCTAER2003/021301

i ncl udi ng suspended soot particles and condensabl e
gases and separating at least a portion 5 of the
condensabl e gases fromthe suspended soot particles
using a gas/solid separations process. The condensabl e
gases include gaseous fullerenes. At |east a portion

@%%Jgg‘é fiegt‘ g# rsSBS%tﬂePg{oF 8¢ &gﬁgﬁlﬁf*}ﬁéﬁ?&ﬁéﬁb %) and (b). In

nse er separ east a ’portion o
the condensabl e.gases fr soot , . and e _condensed

PELFL RGeS BRB R RER b BY AP R oL BeRor s he
invention, fullerenes are ?rocessed by burning a

car boR-ong @sreshRfdRsinNentiopefulleisaesy are BIpGP b LRFTaERE p\gas stream
to produce fullerenes and to generate an eff|luent gas
ingludingisngpesdasisepiduaidessnd sandeansable gaseroand SARREHERIAL &east a portion
gases, in which the condensable gases include

¢fith¢ eonslnesablegasts Srpathatsispgnded sbetasiticdespeingiaggas/edlid deparations
condensabl e gases fromthe suspended soot particles

precasy Thgeamidsmhbld gaep archide@ascops Hidlesses. Atleasne pottionoff he
enbodi nents, at a least a portion of the fullerenes in
funeredés g ehlenaaihifle @@ sSredOBIHOIATERS Ssharthibf Of at least a portion of
separation of at |east a portion of the condensabl e ,
B8 e6dehs4pB ;?a@&tfr(ﬁﬂ dodehadarneRasRed hillet@EeA8 Sodcted.
collected. Tn still another aspect of the present
invention, a nethod for processing fullerenes is

pr ovi Jaewothar ashecs it the dzienben. dwitrreriep pregreqgesed by bypingg carbon-
in a flame under conditions effective to produce

donkdizing fisd uaded complitipen effattivedn pefifitafateregemsin he gendiatgyan
suspended soot 20 particles and condensabl e gases, in
effinerh ghbhimcindingsngehded sgaismstidlescdnd dendenkdbér gisess in whieh the
condensabl e gases are separated fromthe suspended
Smdénspble oh Gk RIS iffillréned it $OparaingSE RAstAl ol JFHRCA&HTensable
to obtain condensabl e gases of reduced soot content,

236k firbia tife M@&Q&ﬂé&@%&&e?@ﬁ%@%&%ﬁ@ depakhtions process.
condensabl e gases containing tull erenes are introduced

into a subsequent | ocation where .
In one or more embodiments, at a least a portion of the fullerenes in the

condensable gases are condensed after separation of at least a portion of the condensable

gases from soot and the condensed fullerenes are collected.

In still another aspect of the present invention, a method for processing fullerenes
is provided in which a carbon-containing fuel is burned in a flame under conditions
effective to produce fullerenes and to generate an effluent gas including suspended soot
particles and condensable gases, in which the condensable gases include fullerenes, the
condensable gases are separated from the suspended soot particles using a gas/solid

separations process to obtain condensable gases of reduced soot content, and the
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further treatnent or reaction of the fullerenes is
conducted. In another aspect of the invention, an

wapperatus for the processing of fullerenes i RCTWSe®3821301

gas effluent source capabl e of generating a gas

ef fl uent including suspended 5 soot particles and
condensabl e gases, in which the condensabl e gases
include fullerenes, an inlet conduit for directing a
gaseous effluent to a first separation point, a first

&b5ableGased %Qﬁtﬁﬁﬁdgcfﬂllg%s o ihR6@led 11@6 a bitReduehBlocation where

separati on point, an outlet conduit for directing a
n point to a
gl}t?é(:afgllfl#}ﬁ%% f%%t%g}o&fgﬁ ﬂlhé “rs| 1§B |@?’1ﬂe ‘evice |ocated
at the first collection p0|nt and a tenperature
cont rlmlanbther aspadtiod theiim@ntitre ad @ppaempefoather oaksitgef fullerenes
gaseous effluent. Another aspect of the invention

nedéstegas b irdefcapdbead g@ge@u@gfa@ b&sQifflatst includin § suspended
separations device |nclud|ng a filter. The netho

d00EpaHHERs SRNGoRARLsRsle %&@s in Whith i Edhdaiiable éhé@@ﬁﬂc‘ﬁﬁle fullerenes,
species at a tenperature that oxidizes thé collected

aPRlet O duRtFodir cf%é{)ﬁezf %asg‘&ﬂ%?ﬁ?ehpﬁ ﬁus?%ﬁ%rﬁﬁgrpﬁ&ﬁtf a first gas/solid

carrier gas an ction o € SO0

s-gggaﬁgﬁ/ 3&1 J:eol ca"'tl«idS 2%% (- 1r\s/tI s%ﬁa‘ssr{l%a%&?&%gg%gje ]Se[ éclgl:qglrt g?nrieq%rgcténg a gas

cover rom SO0

%ﬂﬁ@é%@%ﬁﬁg'fﬁ%&é%’ﬁ'ﬁ%nsus e b B R &S eien dovice

[ ncl(rde gaseouys full erenes, separati n%rtohat | east a .

Ioeated griboiirst prllechpnRa Bl [gRRERIUre eon
soot E;rtlcles usin a filter contacting the filter
iRoperagyie ekthe gasegus effedites at a tenperature that

oxi di zes the collected 20 soot during or after

separ gt 4Ry aegé §hs &9(&;&&&3 Wgéwé&%m&wm g}i?agé}%{bdgiﬁééﬂ%se

gases on a ter an ensing and co

USR8 S A RS0 R38R LRGBS 5L

oaakSh B PR LTERRG s B B EREMecoMABH dufR ofaer

separation of soot from a carrier gas and collection of the soot on a filter.

The invention also provides a method of fullerene recovery from soot. The
method includes generating a gas stream including suspended soot particles and
condensable gases, in which the condensable gases include gaseous fullerenes, separating
at least a portion of the condensable gases from the suspended soot particles using a filter
contacting the filter with an oxidative species at a temperature that oxidizes the collected
soot during or after separation and collection of soot from the condensable gases on a
filter and condensing and collecting fullerenes from the condensable gases downstream

from the soot filter.
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provi ded including the steps of generating a gas
stream i ncl udi ng suspended soot particles and

woandaasahl e gases, in which the condensabl e gae€aIS$2003/021301

i ncl ude gaseous fullerenes, condensing at |east a
portion of the condensabl e gases, collecting the soot
and condensed 5 condensabl e gases at a collection

| ocation, heating the collected soot and condensed
condensabl e gases to sublinme at |east a fullerene

Spec !Iﬁ §rf:t ﬁ@lfhef g%}gﬁtgg 'ﬂ{}%)résjéﬁt ig@ﬁioﬂf‘éjmeﬁlph lo?ﬁf)gé:ssing fullerenes is

Specl e S use erelrn rerers

EPPRREP SRR SO R rting R i oDk Rine, sien i bogy particte
0 C84, 0,.,and 10 | | | es,
e EensTh o g1 bk A o Bens e Sages HEMdP Rpssot: iprencs.

el ongat ed_and ot her shapes, and including not only
condeyising\ah laagicp negtionspidle candensablg epies, colgemedbheqosidgpndensed
of stacked or parallel layers. Fullerenes, as used
dondegisable ghses ai hedligetéan lotatisr.cheatingthe splested seol and gprdensed
with chem cal functional groups such as C600n,

oa0¢iskhla gasern tb subliale-at least b dulivrery species) snd eondemsirgythe siribdilmed
structures with metals or other atoms inside the cage.
fhfierefsiRoids. ful | erenes” or "gas phase fullerenes" and
like references refer to those fullerenes that are in
the vapor phase under a given set of conditions of

t enpert HUEFFRESa AR ISP e retery iordosserage %bqnarﬁ?le@ﬁf?s sgffpas Coo,
conposition of gaseous fullerenes changes with the

(gioibdh S%hamoie@wg,s thabrapgesin npRle@dayvai gt foneQwd P (res, Coo, and
enconpass a subset of all fullerenes. "Soot" as that
largenstichk mademplasewith shapes ranging framppheriotsial tetedlipsoidal, elongated and
carbonaceous material 20 containing primarily carbon

~ dibir shayek Leidrinclindinlg ogjenly singlgenllehihtatsoanult!veatied tages consisting

dependi ng on the conposition of the material from

ofstacked drepasddiel lay&rs f Billeshes, aCasdduskdin@angnddsetbsedodge carbon
contains significant anounts of hydrogen and sone

RSKEREs witRhaiBbd] factibhia GRuPERIMALS (RIOQTHEOHS, STEnAS1-
that are present in the flame. Soot produced in 9 WO

%Q%lﬁé 81%1185, Rid EAIRRORA BEABRY with metals or other atoms inside the cage.

“Gaseous fullerenes” or “gas phase fullerenes” and like references refer to those
fullerenes that are in the vapor phase under a given set of conditions of temperature and
pressure (and other variables). The composition of gaseous fullerenes changes with the
given conditions, so that gaseous fullerenes may encompass a subset of all fullerenes.

“Soot” as that term is used herein is a solid particulate carbonaceous material
containing primarily carbon but including hydrogen, oxygen and other elements
depending on the composition of the material from which the soot is formed.
Combustion-generated soot contains significant amounts of hydrogen and some oxygen,

as well as trace amounts of other elements that are present in the flame. Soot produced in
9



carbon vapori zation or other fullerenes synthesis

processes may contain smaller anbunts of oxygen and
woypduagen and vari ous anounts of ot her el enment 8CT/US2003/021301

depending on the purity of the carbon source

material. The soot structure consists primarily of

| ayers of polycyclic aromatic carbon which, depending

on the formation conditions, nay be planar 5 or

curved, and sone of each shape may be present in

c\c’@)roh Qo %%W&%th&%‘ﬁléréﬁé? nychtlfégﬁ rﬁ?bctesseg %a:a/%ﬂﬁtaﬂlesﬂ{aﬁésamounts

gnnent Langl an anor phous

t t t f

L e L
o S4By DL b e U B

i ncr eases The soot structure mag al so .include | esser
DRbisHRCsATRMati Gagbrr Whick deprading sihe formgtion spnditigRg may be planar
groups and cross links in polycyclic aromatic materia

5 cacurvedrgd st of eash dhapsandydepreshicn yadeusparauntst dhe dayans exhibit
aggregate or aggl onerate of approxi mately spheroidal
varibtssdegedee bf mdtubalmnent megiyg framt dncings plpous sphavre leady in the
The nunber of spherules per aggregate can be as snmall
fa8naidA pedcesiolad ifeeasmglytDystdl-1ike keuctanreithee gaphifie (Wnar layers),
the aggregate can range from singl e-strand chai ns of

ﬁﬂ’é}@ﬁlél k(ﬁl@Véanﬁ:?? NG Rehe ©R BbASasdBH d&Hica Bighe b highK€mperature
clusters, depending upon formation conditions. Soot,

iAGedte€ IrialoEt frucARY mhaPalk ?‘?}?ﬁd‘é hRs&AnkALR o@aﬁpﬂaﬁ@ Bu6&D&ich as

nanostructure aV|ng mu nested or para

10 ﬁéﬁ%éétééups. Bdp ?ﬁ*ggﬁﬁﬁoﬁwﬁ 2%&2%%595%?3‘&? %@%%%fﬁ%
si.m nsi ons and. c
afhse B R oRC BT i3 ePek o bl ?%%i?fﬂe%te ok ph Sl Rly

th-to- dlane er ratios of .5 or The

SpRaPIoAl v v ane (076 PATHERBF S GrTPpHBR ot Pgw&smles
"Condensed matter" as that termis used herein mean
RebBEETRgNe Gothers spalt prane g5Ry brass AP0 mpsh SBe TR sh#ps th the
The range of nol ecul ar weights or volatilities of the
agpeeehte saprapee fraim jngosiciad sbanyph sphemles sobranehed shaias @ grape-
the | evel of saturation of the 10

15  like clusters, depending upon formation conditions. Soot, as used herein, may include

closed-cage and open-cage nanostructures having multiple nested or parallel layers or
walls, shapes ranging from spheroidal to elongated, including onion-like nanoparticles
with similar dimensions in all directions and cylindrical nanotubes which are elongated
structures with length-to-diameter ratios of 5 or larger. The nano prefix refers to
20 dimensions in the nanometer range.
“Condensed matter” as that term is used herein means soot and other species
physically condensed with it. The range of molecular weights or volatilities of the

species physically condensed with the soot depends on the level of saturation of the

10
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WD 2004/ 039719 PCT/ US2003/ 021301 species in question.
For exanple, at 400C and 1 atm the species physically

woaodaasiimg W th soot will include nost all tReT/US2003/021301

full erenes and the | arger polycyclic aromatic
hydr ocar bons (PAH). Wen the soot is collected and
held at typical fullerene formng flanme tenperatures
and pressures, polycyclic aromatic hydrocarbons and
full erenes such 5 as C60, Cr70, C84 and simlar
.ecul £ ¥ pi 0 o [ I . \M :
BRLEH BB POt IR R RS} 58 ok GRPHEPREI! ondensing

t erat.ure, specj C ensi ith the soqt ingclude
YRR, Singruc AR 78 Ristrias Sl et OpE R bl
effluent” or_"gas streani as that termis u herein .
Trvdspear %(P@é@egﬁéﬂhtﬁ?a SO‘%&%??i‘ﬁ?}% angh el PR U Pecforming
articulate products of a fullerene formati on process.
1%1@ temperasirestantl peassurph PoLYAYRAiE gepnpatictdrocgRgas and fullgrepes such
chem cal transformation once it has left the
Fslsh, €7@ a4 drsk similaomolearies. tyfibalyt der mt phyrieally cordensewith soot, but
herein to mean approxinately, in the region of,
molkitlykrgd nadosateures doWAe roonheniperamré, apetids'condengsgdvithrthe soot
conjunction with a numerical range, it nodifies that
ihAGEP M, soniceiphig: ddighodads) el doase wireve and bel ow t he
nunerical values 15 set forth. In general, the term

" abouidas bFTuESe br PELsQtrBarhPad RAItvh R uBdHRYéif Real@dhe @aseous and
above and below the stated value with a vari ance of

éllgg(;/éhdﬁ &r%tr@?é& EdIRE r#a?ﬁbugte @Bt&ﬁ% M AGerdRt FRHSHAPHBELS  The

tures, a adva ages O e present I nvention can

r I Leci j r r . .

DS BF bl FOGRGE Y B ER ich ics e
ég{ﬁen considered in connection with the foll ow ng

HRNQEDAGGR BMfch |i ke reference nunerals identify
l'i ke elenments. The follow ng drawi ngs are far the
pur pOdE TTF DY ot Y5 MERVA RYFaR ABPTAR P I FeaF@igR o 5ouehly
be limting of the invention, the scope of which is
ayaroungd, Mhen ihe teEm Sabauisis uppsin cepipestion with a numerical range, it

modifies that range by extending the boundaries above and below the numerical values

set forth. In general, the term “about” is used herein to modify a numerical value above
and below the stated value with a variance of 10%.
Brief Description of the Drawing

Various objects, features, and advantages of the present invention can be more
fully appreciated with reference to the following detailed description of the invention
when considered in connection with the following drawings, in which like reference
numerals identify like elerﬁents. The following drawings are for the purpose of
illustration only and are not intended to be limiting of the invention, the scope of which is

set forth in the claims that follow.
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11 WO 2004/ 039719 PCT/ US2003/021301 Figure 1 is a
flow diagramgenerally illustrating a separation and

weouoo4fosgadi on process according to one or norePCT/US2003/021301

enbodi nents of the present invention; Figure 2 is a
schematic illustration of a fullerene production
systemthat is coupled wth a gas/solids separation
and purification systemaccording to one or nore 5
enbodi nents of the present invention; Figure 3 is a
schengti & ¢i rgtd i i aeAidatan@Purification
syst gﬁ#{tlr%altlé h B3 cﬁ'ﬁghgfg ggfﬁr?lll]}f #biEKRR S seetdidatan@p

I's coupl a gas/soli'ds separation

d i fi. [ 3 L ni .
Rkl LR oD RS bR &t AL Bt ugp ©
I [ di . .

g? te ﬁégﬁr{egggh c teﬁaggﬁﬁ%hgg%%&@ﬁﬂﬁﬁrgﬁe@qgé&gog ggsg%ﬁa Efﬁg}sscoupled

illustration of a fullerene production.systemthat is

with 81 gaeisoligp sepagntign and psification system SRR OF PO i on
system according to one or nore enbodi ments of the
pmbediments af/da present ilVeglies 5 is a schematic

illustration of a fullerene production, separation and

col | eBiginers is ysthematio illustiation ef adyi¢romeeprodyssiop spyiem that is coupled
separator according to one or nore 15 enbodi nents of

Wi aRagsaitk sépavivhiand puffigiioe sytdns foa obtaminglivageranere fullerene
generally illustrating another separation and

BldEtidns 6ALIFRANPYASERS opfoRclaNFeight LOGdE toOhEOr more
enbodi nents of the present invention; Figure 7 is a

%ﬁx’ﬂgﬂﬁkhtggitf{h!etsﬂy?éséﬂtih%tigﬁ; a fullerene production

system t coupled with two or nore gas/solids

separ g Qf.s, J G bRk ArddudiidhishieAlihAms led
syst erﬁﬁgg%od' fggégl?gél?grﬁﬂﬁq{lo oﬁ‘é‘?@fg%?‘g e%‘go%li rrer? s of theCoupe
rresent, i.nvention: Fi,qur = '
RGeS OSTRA G prpr
as/sol.ids separation and purification

| ed i.t h
g%g@%e% \gg Fh&ipgﬁg?tom%‘ﬂ’ém&r nor e

Figure 5 is a schematic illustration of a fullerene production, separation and

collection system including a cyclone-type loop separator according to one or more
embodiments of the present invention;

Figure 6 is a flow diagram generally illustrating another separation and
purification process according to one or more embodiments of the present invention;

Figure 7 is a schematic illustration of a fullerene production system that is coupled
with two or more gas/solids separators in a fullerene separation and purification system
according to one or more embodiments of the present invention;

Figure 8 is a schematic illustration of a fullerene production system that is coupled
with a gas/solids separation and purification system according to one or more

embodiments of the present invention capable of continuous operation;

12
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enbodi nents of the present invention capable of
conti nuous operation; 12 WO 2004/ 039719

wOeCTi#0S20a03/ 021301 Figure 9 is a schematic PCT/US2003/021301

illustration of a fullerene production systemthat is

coupled with a gas/solids separation system accordi ng

to one or nore enbodi nents of the present invention;

and Figure 10 is a plot of C60 and C70 concentration

profiles for a cp = 2.4 flame (40 5 torr

CoHo/ F2duie 9 1024chembtic Whikiedtioh bea hidfeteny peodistiossyR@hethat is coupled

fraction of C60 and the right y- axis is nole fraction

it Bas/s8dk dePSratiodstent Scciidfiigdd ofe 8PAYR dnldRHENMESS the present

Det ai [ ed Description of the Invention In one aspect of

thanRLesgat invention, the separation of fullerenes

fromthe solid phase is acconplished by identifying

the | ggat i on. af L i of & rene

for met e EhAEarRGs Wi Bon PR Tsnitt [ 5308 8H hame o
er Lani ficant fraction of. .fullerenes I st .as .

Sl TRl B o e 1 g i M B RGR e R 8 riehe -

products e.g9., soot and other condensed inpurities,

&F‘lstlﬁ@ofetﬁq"gl”’é ﬁécfooi"‘}?a‘lh\? Srixisipdistaaceaboy s the ugest i on.

The solid particles are thereby separated fromthe

ful | er ene- cont ai nDtpilgd Peperipsion oftheInventignt i ons or

condensation of the fullerenes that result in

f ul | edenee dspest ofl the presephisvintiah, thésepaation ohfullptepes freh the solid

adsorption or enbedding of the fullerene in or on the

ghete iparcompliged byridenifigjhg the adatiomafodr ah hiritislsdge of fullerene

particles leading to the enbeddi ng of fullerenes, are

Fumiatiofl (herdingfte 0 Post forHimionOy pré@Rslivhére RS @fifidanefrga®n of

effluent of the fullerene formati on process are

FOIMréRRk bRt 4sQakioRY hidfecRS hiEcbisanly tBE SMdYeadidd/ pRSdubRE ¢., soot
reaction and/or PAH elim nation, "and/or fullerene

208 BTt Qihdedsh LRPGRRS, GF ﬁﬁ%ﬂ@f&ﬁ?‘%‘?ﬁ%%g Sﬂ%@ d@&ﬁﬁﬁ% The

f

by condensing 20" the Tul erenes to _

R84 bA1i0E: ALl SRl sbRtnl HlRREERMdd e REEO THus
gas/solrd separation process, or collectin
frge{cl;igrgseor}ec%né)err]lszﬁio%% % Rilldehe lﬁg’c 8Sitt in fullerene loss due to chemical
reaction, physical adsorption or embedding of the fullerene in or on the soot particles, or
agglomeration of the soot particles leading to the embedding of fullerenes, are avoided.
The post-formation conditions of the gas effluent of the fullerene formation process are
controlled to provide desired soot growth, and/or PAH reaction and/or PAH elimination,
and/or fullerene formation. Fullerenes are recovered from the gas phase by condensing
the fullerenes to form suspended particles and collecting the fullerenes with a second
gas/solid separation process, or collecting the fullerenes on a condensing surface.

One or more embodiments of the present invention are described with reference to

flow chart 100 of Figure 1.
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One or nore enbodi nents of the present invention are
described with reference to flow chart 100 of Figure

WaQ 200339 2004/ 039719 PCT/ US2003/ 021301 Ref er PCIASE@®3/021301
step 110 of Figure 1, the nethod includes a fullerene
formation step in which gas phase fullerenes are
formed in a gas stream The gas stream i ncl udes ot her
conmponents such as soot particles and ot her
condensabl e inmpurities. The soot is present in the

gas Sﬁe?équ}mgﬁ) SYS PRGOS melIWBY@ides bellerene formation step

condensa terial s may be present 5in a variety of

i | es other
1&8}{1}1 (838 8&%&33&1 %’?ets e f%ﬁﬂédeiﬁ 1, mat iz Ie’ﬂ-fe%'é bir&dth BlcRides oth

on SO|I e.g., soot
Gas phase uIIere s can, b ra a
GEATRPBAIS SHAPS 13 PBTEISE AP RO b H Rl Pl sootis presn
generates and nmai nt ai uIIere es int
larth%gaSts@a@@ﬁ arspendsd SPEMO%W& Sovdens F@ I‘%ﬁ?‘%}éﬁs fi2y be present

Sui tabl e nethods include but are not limte ,

ialsl varieiyrof ferms, o @ sxsaelgelies eendergd @Mﬁlﬁ]@{eéo g%@&?‘f%? ates

i on/ desor ption chem cal ionization and conbusti on.
drbshlidinceadriaban s.gt, oatonvent i onal processes may be

required to avoid premature condensation of

condeGsaias fytieresesand bt gemmited adimg 4yl dosventiesalifillartre formation
gas phase prior to and during gas/solids separation.
FrokesSand |gBner@tbSardi iSRRG Fullaencd én the gasipaselpiior tameparation from
environnent heated to a tenperature above the

é’cﬁﬂ%()b LY. SRRRE Blettods Acluds bheire AeSimildd tbdkser ablation, arc
sinplicity and without limtation, the invention is

?“:s‘?lfai'eé gn i nﬁ’fg\# tpﬁﬁ%’g gﬁ?\% 1519des%ﬂﬁ"6ﬁ ShéRRaISymLAem ad @bmbustion.

rence to step 120, the effl uent

ffi}fﬁcsms I molhp SRR SR o pRiRREe!
ormat i.on

gondsnsation Qéc'r%tgen]sﬁtéle lg?sgﬁ §€CZ atz!agﬁtgm ﬁﬁ?re?fésqn F}f yé.ag ﬁflase prior to

conduit such as a 20 pi or ote ) (’:tdman
arch@prig; 2as{sids penapatiopn, £er ‘? I"“E,Caﬂ“i arg a?ﬁ 8 BY

t he

environment heated to a temperature above the vaporization temperature of fullerenes.

For simplicity and without limitation, the invention is described with reference to
combustion synthesis of fullerenes.

With reference to step 120, the effluent gas generated in the fullerene formation
process is transported downstream from the site of fullerene formation to a first
separation zone via a first transfer zone. The transfer zone is typically a conduit such as a

pipe or tube. As noted above, generation of fullerenes is typically accompanied by the

. formation of soot and other condensable impurities. It is known in flame processes that

fullerene concentrations, soot growth, and PAH concentrations depend on temperature

and residence time in the flame. Thus, residence time and gas temperature in the transfer
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formati on of soot and other condensable inpurities. It
is known in flane processes that fullerene
woaom@aeTiat i ons, soot growth, and PAH concent r aCTAI82003/021301

depend on tenperature and residence tinme in the

flame. Thus, residence tinme and gas tenperature in the
transfer 14 WO 2004/ 039719 PCT/ US2003/ 021301 zone are
factors to control when providing conditions that nake
the separations process efficient. The transfer zone

BT ST Sl g e
IS e FSREL 5B, P SRR 0 sSa tpBie

soot particle growh, 5 and for further fuller
teraparRitTeoyitable, for ﬂpf‘dﬁ‘?‘icéll‘)é of POk (Y ichgrpisidgactipp &é‘i qf @fizogrtion of
of soot recovery in subsequent steps. The tenperature
thesP ABremtmsdobpprideles, arothergenpumptive dropgssas)afon seqf@agisle growth,
streamat an optinmal tenperature, i.e., to maintain
ant éorffuitherfelivesneifornsatigns Spdtameicinghbwth improwes wifeesiveness of soot
reactions that reduce the anount of PAH in the gas
rédovesh saedquent ¥mnot e soot growth, 10 and/or pronote
full erene formati on. Exenplary conditions for the

r eduqthe @inRkatidBlhib con@BleNGurin} tREpAA® nidifit@iArthe Gistedm af an
soot particles, and formation of fullerenes include

o?ﬁﬁiaﬁ&‘:ﬁ% CrabirdlBS., w&n&%ﬂ e Rsiicined mgdsg)hmedn?ﬁﬁ e&p@fnote

bout ms to about 10 s, or about

S Al %&Iﬁ&izﬁfs?e&%?&%%f S 9 o
ther oce

Addi t di
S S AT RS B
t t | ted t duct
SN A ek R e

such as water, nitrogen, argon and the lik

revdance Hmes ngh¢ wansfes Za?deéB%H‘éﬁ% bguigkyms to a out 10 s, or about
concentrations, and/or for tenperature control

198ans tag sornddtemperakres Y thegagge, ofggwtb‘pa nCyi@ elpputy 8200&0 or in the
cold gases or by expansion cooling).

range of about 900° C to about 1700° C. Additionally, other processing conditions can be

controlled during this stage of the process, such as but not limited to, introduction of
reactive species such as halogenated compounds or inert gases or vapor, such as water,
nitrogen, argon and the like, for control of particle and condensable gas concentrations,
and/or for temperature control by heating or cooling (by, e.g., dilution with hot or cold
gases or by expansion cooling).

Gas phase fullerenes are separated from soot particles in a first separation zone of
the separations process using a gas/solids separation technique as shown in step 130.

The gas/solid separation may be any conventional technique, including without

limitation, filtration, e.g., sieve filtration and packed bed filtratibn, electrostatic

15
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particles in a first separation zone of the
Woeeprraeilions process using a gas/solids separ aPComs2003/021301

techni que as shown in step 130. The gas/solid

separation may be any conventional technique,

including without Ilimtation, filtration, e.g., sieve

filtration and packed bed filtration, electrostatic 15

WD 2004/039719 PCT/ US2003/ 021301 preci pi tati on,
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P 4 S i on s paration an cycl one

separ ati on. ne. or od nents, s tic es..
AP} BB Pm? @fcé‘?“ﬁé‘af""ffgloﬁg OhEF e BalaRll: fopt Bitictes

filter, One or npre separation steps_na be used; and
agsrieaped PRFEBIngd Yaing f PARSU RIS AR Qe g fSPR3TALgn Stpps may

the separation of 5 suspended solids fromthe effluent
bgused; i eneeor grorerenparatiprdachpianes mey begewpinyed Evthe separation of

i nvention, suspended soot is substantially renoved

5 stﬁspemdeﬁrseli@a“somtheeﬁﬂudnygashi S process. In one or nore

enbodi ments, particles ranging in size fromabout 0.1

gm t tn aleoditm &0 @mpodimeants @F the prasegnvation sagmndddeshot Kr om

the effluent streamw th high efficiency, for exanple,
s@lstdnB ARy reBRVed SORMEE gasQlredh b?l hik pRBEssO Woncadrandt embodiments,

about 99. 9% renoval of soot fromthe effluent gas. In

p%@ie‘é 'ré?féufg‘h s2f %m bhed.1 gﬁﬂ%ﬂ@@@o@ uin{TRdl dvbh BSger Brebeparated

'ected at the filter or otherw se
L nf;mb%@%ﬁ@agﬁ%. SO SR e e aRb
d t

0 iR BERIER BT O 5 A
sg%z&lat %@gg&g%ﬂg%g,%?&l d’b]{l,ﬂtgat%é %Oé{ﬁétg?g tﬁ%ﬁgﬁreog,otherwme
remain in the gas phase and ass. th %B @ ities with
r@@%ﬁéﬂ%ﬂl@f@ﬁ@ﬁ%%&ﬁ@ﬂﬂﬁﬂ eieagiing t fiygiele impurities wit
fullerenes that are in the gas phase at the

seetipa b3 chustensing the capdpnsabls impugitisy et sop Particks ¥fpgequent

coll ections steps. The gaseous fullerenes can be a

glrJ bS §LrPlrabi?l Bla Jetkr PSR AEDnlifliohd e FihidIASRAT o tFOUCA S0 that the
15  desired condensable products, including gaseous fullerenes, remain in the gas phase and
pass through the separation zone. Gaseous fullerenes are those fullerenes that are in the
gas phase at the separations zone and that are acted upon/in subsequent collections steps.
The gaseous fullerenes can be a subset of total fullerenes in the gas stream. In one or
more embodiments, the temperatures of the gas stream and of the gas/solid separations

20  process are selected to preferentially maintain as gaseous a subset of the total fullerenes.

Separation temperatures can be in the range of about 300 °C to about 2000 °C. In

embodiments where further formation of fullerenes is promoted after the first gas/solid
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nore enbodi nents, the tenperatures of the gas stream

and of the gas/solid separations 20 process are
weebmaBeddt o preferentially maintain as gaseouBC®US2003/021301

subset of the total fullerenes. Separation

tenperatures can be in the range of about 300 Cto

about 2000 C. In enbodinments where further formation

of fullerenes is pronoted after the first gas/solid 16

WO 2004/ 039719 PCT/ US2003/ 021301 separation of soot,

t enper at.ur es i )
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process can be conducted under conditions of opti nmal
abuilitl 5802 Qa0 abahioDDt §. Thesepartiosuprpedss pandfe dopfluciqdamder by
soot particles 5 or other species is mnimzed and

dohiBiodd & pRAGEMIeRNE SBbitly Witde phaampfion bifulleresesiby soot particles
maxi m zed. Consunption of fullerenes or enbeddi ng

& TRAP %:éhgi[es iilgﬂlzllﬂl%a bYEhR¢ @6 RS Scenthiesredheat phdsefille@fesise

physi nded to soot or occluded by soot) of
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erature, or other conditions, such as gas
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does not al |l ow. enough, residence tj for [0
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separation. This is acconplished b iltering.or

elority wif he sasfsalidhiepagtion FIREEDIY, M@Iﬁ%ﬁ%ﬁ?‘ﬁ%ﬂls gedusona
quickly relative to the tinme it takes for the .
timetesile thbt doep nollloseaopgh fesidense &inee 1op AABHPPTGHOrSmbedding
enbeddi ng to occur. Rapid separation time prevents |
mognkdsite antur dntieg teghsivolid$ sapaeatipnd Thisdhecssomplished By filtering or
that lead to 15 fullerene |osses. In one or nore
sibodicnsepiratingthp esdtifiom the effluant gas quisklyfralativg rfestine & takes for
separated from the condensable gases with the soot.

{18 uRAKIRbIB HYoce e fiErtee conbemptimasratibedding toomwests Rapid
operated under conditions that permt C60 and nore

YphAtibh BnRRR&eRR slRifRASSnfeRIcAGIBE thb Eullerenes with soot that lead to

fullerene losses.

In one or more embodiments, a portion or fraction of fullerenes are separated from
the condensable gases with the soot. In exemplary embodiments, the separations process
is operated under conditions that permit Ceo and more volatile species to pass through the
gas/solids separation process, while the higher molecular weight fullerenes are separated
from the gas stream with the soot at the gas/solid separation zone. Purity of the collected
Cgo fraction with respect to higher fullerenes is about 70% to about 95%. In other
exemplary embodiments, the separations process is operated under conditions (typically

higher temperatures) that permit Cgo, Cro and other more volatile species pass through the
17
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gas/ solids separation process, while the higher
nmol ecul ar wei ght fullerenes are separated 20 fromthe

waqgaso4aByaam Wi t h the soot at the gas/solid sepaCawisem3/021301

zone. Purity of the collected C60 fraction with

respect to higher fullerenes is about 70%to about

95% In other exenplary enbodi nents, the separations

process i s operated under conditions (typically

hi gher tenperatures) that permt C60, C70 and ot her

éﬁgf 817\%@%%@'&5&&1 d_il_'QS‘é's‘b G810 A2 %idheF AeRBulbhWeibift Mrenes are separated
84 19 PCT/ US2003/ 021301 gas/solids separation

I OGeSs W i | $ i bR Bone WheGhRNGR -enriched

%}18 i ag\rﬁg‘%gé% \Jlt?‘%h@éogbﬂﬁ thd s REHA Qé'r%ai’ﬁﬁ n

_ romthe gas streamwth the soot at
SR S GRRE £l B AR e AR s o

condensabl e gases, with purities from about. 85% .0
w50 opatiaet B0 b augierpeetio il pERieher AP 48 ER. o other
volatility than C70. In other 5 exenplary enbogiﬁﬁlntsé
ewmplaay enhpdipeats) substpniéallyl felaenespecies, diclidineghe fleren
full erene species C90 and nore volatile, pass_through
tecics Gbd anrd emme folatiler pase thaughithe fullsrenp filter in@pantisies up el 00% of
total concentration. The gas/solid separator can al so

{fhe ekl @Rcasrado.oncent rat or i n which the soot and

ot her suspended particles are concentrated in a

fractjon o e effluent s...The 10 renaj ni. .

fract T%gaé;ml&& %epélfaf‘?flfé‘?\?ls‘gﬁg‘c%%}msa cnoélc%nq‘%lqulﬂlpg’gl cj fhe soot and
| esser anmount of suspended ﬁ?r icJesfggd i S Th
ebacespendedparticles gfe cancenizated iy atrgctiop g eeﬁfb‘feﬁl? gas. 1he
enbodi nents, condensabl e gases are partitioned Lpto a
femzpgnting fra¢iioiof ghe SHpers Ges coBfinsf dilngedepr lesserpountof spgpended
wt% fullerenes, while the remaining fraction of the
phrfitlaemtd igaendestraind inclillerenconiant. Brrxemplapeembineiidied
particles. This could be acconplished by a cycl one
contieanableafasss ap¢ parfitieded dto eStaatiorchayézdont sopt coatedt, glgs @bout 10-
coul d be operated as a first, rough separations, which

76 wifeQlil@ved, Wiilaths rethdifing Gractibnf dfeheefflugaghsislendched in soot and
separation device. Referring nowto step 140, the

SRshapdidal b tiBRE ! TR aile bé beenPlisiecdbycadcoas tomahtater or
electrostatic separator, and also could be operated as a first, rough separations, which is
followed by a similar or different gas/solid separation device.

Referring now to step 140, the substantially particulate-free or reduced-particulate
gases exiting the separation zone enter a condensation zone in which conditions, such as
temperature, are controlled to condense fullerenes so that they may be collected in
collection step 150. The condensation zone is typically a conduit such as a pipe or tube,
for which the temperature is controlled or maintained at a temperature in the range of
about minus 250° C to about 1200° C, or about 100° C to about 800° C resulting in the

condensation of fullerenes. In one or more embodiments, the temperature within the
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gases exiting the separation zone enter a condensation
zone in which conditions, such as tenperature, are

woani4roadiied to condense full erenes so that theycmag2i8/021301

collected in 20 collection step 150. The condensati on
zone is typically a conduit such as a pipe or tube,
for which the tenperature is controlled or naintained
at a tenperature in the range of about mnus 250 Cto
about 1200 C, or about 100 C to about 800 C resulting

eondefiior 2589 sARELRoMla Hikhdr &n§ReRure hPtheRRit Bhd BPHHE separations
enbodi nents, the tenperature within the 18 WO

L

tion rocess .o | ower te rature at the
S0 BB PR B B PARGRE iR oL PR EHE S e Sy e Moy o
condensed fyll erenes have sufficient velocity and are
Gt SRR fepoSi 58 T e 3l rcsich ot
substantially deposit on the conduit walls or other
sur f aéeescongerpp fllsrmen e golentqdes @aisles inthe spllegtion gepssation
particles in the collection separation step 150. The
piap 5% | Bre nasticlesongst ¢ogeprisa byl yffulldrenes e sheyonay inelpderayucleation
i nclude a nucleation core, or otherw se constituted
peret arofterwisatorstvtel pestice thanedntdidser emefulledenelsolid, ¢g., soot
soot particle. Collection is acconplished using a
gasitlsol i ds separation technique, including 10 w thout
l[imtation, filtration, e.g., sieve filtration and

packe ed filtration, electrostatic precipitation,

el ect 89}3“%5?? S %%%%?%g%ﬂs,m& hetohE i eRuAGRn tsEhmigs icding
met hods .such as _inpactjon_separation and cycl one )
wapart dmigHon. dleation, pr éle%flltfég?m il Eﬁclé?ﬂsb%lé}}/ltfb@fu glegfrostatic
and one or nore collection techni ques nay be enpl oyed
prgcipHationeglagtensiatin serfarafipaplbemieaphorseib.i at dnefrtial nethwsls such as
effluent gas. In one or nore enbodi nents, fullerenes
mnpacti@l deparpioh dnd cyBlone nefensiati One anvhorkegpdisétidnoiteps mag be used;
surface, such as a condensation plate or coil. The

awl dreot edbreanidetiwedclaniied smagibe employed @ckhe Beffatttiod o€ ABPended
Any degree of

solids from the effluent gas. In one or more embodiments, fullerenes are collected by

condensation and deposition on a surface, such as a condensation plate or coil.

The collected condensed solids are enriched in fullerenes. Any degree of
enrichment is possible, ranging from slight enrichment of fullerenes (over effluent gas
composition) to substantially pure fullerenes. Purities of collected fullerenes according to
one or more embodiments of the present invention range from about 65% to about 90%,
or from 99%, or even about 99.9%, or even up to 100% with respect to soot. Purities of
collected fullerenes range from about 99%, to about 99.9%, and to about 99.99% with

respect to PAH.
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enrichment is possible, ranging fromslight enrichnent
of fullerenes (over effluent gas conposition) to

weubsioastipal |y pure full erenes. Purities of cobCeasem3/021301

full erenes according to one or nore enbodi nents of
the present invention range from about 65%to about
90% 20 or from99% or even about 99.9% or even up
to 100% with respect to soot. Purities of «collected
full erenes range from about 99% to about 99.9% and

to abmlitigdPst %n%ﬂ&iffeﬁﬁ%&ﬁﬁiti&@fd:r’% coll@ctdR of different fullerene
2004/ 039719 PCT/ US2003/021301 Miltiple steps under

ﬁiaétlfo%'é LG afé%ﬂﬂeiﬂgpa@ecd tﬁpt'he glf'égelﬁ %Jeﬁﬁ&i, g{légﬁ%gdt%ig §%w 160. In

fullerene fractions al'so are contenp
ORESEHP AN AR ol et b el B i e
ot vl flfomes endene e Bireolted Hreetiondibaien and gollction

first condensation and collection 5 step. Tenperature

PPt hepesaiietol the resuliapsftlugps gas themisileweredusy @idense a more
condense a nore volatile fullerene fraction, which is
volaile fellarane fingtiom whicheis dred cobiertrsis atseeomd anedensatios and ovllection
step. This process can be repeated nmultiple tinmes for

gtepe hTlig ptogese wan be wpedtechmulipkotimesfol ¢dchlf@ldrenel feacdae Also,
speci es may be collected at each step, representing a

switiphd fullelehespesies mawbe Bolicevsdrat vathatep| tebsesétiap aget &fi B enes
speci es. When higher or lower volatility is referred

Wwith 16~dt& bRt Aty thdn 4 ?iv&’ﬁé}ﬁbie@.h%eﬁ h%he\!ﬁﬁ%wﬁ* \)Q)?ﬁ%‘irt}eis fbfefted to
6] a

gi ven tenperature r a species ows it to €

B8iA! idtsafbahPihar GE VAR Pre¥E M a gi@&gteingewe Gl sHdGes aélows it to

condensi ng about half "t he anount of gl ven speci e

@&p%&ﬁ%@é‘ Eérﬁ%)% %’ﬁt@rlt,l arldlit I gg%ﬂl%g ic&?delaﬁﬁ% al}éo%:t ﬁgél%; thlg'danrdoﬂnt ofa

one"or nore e ments, co nsatron an

- f . congdensabl e .species s acconplished
@B%[g%%ﬁlg%%rld?%gggwaggtalﬂ6’ 2 ﬁloefSp THe %flvlogé\nlene species in
15t collectio tep. The non-fullerene species _can
be pgllgf&e/ & yogrey r‘?@f’?‘gﬂtﬁ vordsesaen ﬁ‘%‘li © eP%?‘h‘gftl}‘\?'eW?rene
non-ful | erepe, condensabl e gases may _be condensed and
%Oélagfsg lg P55t &y acegmplished subsequent to collection of the fullerene species in
the collection step. The non-fullerene species can be polycyclic aromatic hydrocarbons.

Alternatively, non-fullerene condensable gases may be condensed and separated prior to

the fullerene collection step, e.g., by condensation on the conduit wall.

Furthermore, although not required by the invention, it is contemplated that the
fullerenes separated, collected and/or purified as described herein may be further
processed or purified using conventional techniques, for example, by HPLC.

Figure 2 is a schematic illustration of a coupled fullerene formation and
purification system 200 for use in a gas/solid separations — fullerene purification process

such as described above. Fullerene formation can be accomplished by combustion
20
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the fullerene collection step, e.g., by condensation
on the conduit wall. Furthernore, although not

woequisgdoby the invention, it is contenpl at edpChas2doBe21301

full erenes separated, collected and/or purified as
descri bed herein may be further 20 processed or
purified using conventional techniques, for exanple,
by HPLC. Figure 2 is a schematic illustration of a
coupl ed fullerene formation and purification system

2RI udisen WhkePcAAS! 5iRhdrD 10 SPRIA-bREKre an%dsﬁé@a?amber 215. A

purification process such as described above.
0 SO0 RSB R RS Pt e
Wﬁ{t@ go%%lugﬁorpﬁ%u %ré)Pe ngaﬁ“’g’}eﬁ] thag Hés%gfo? &nqgrsmatmn of

d f f f
Bl S 5o el e,
re controlled for the formation of fullerenes
?‘?f&*ﬁ deting H)éFheéﬂé%ﬁmpﬂﬁ%%lJP@/Ode@@‘l)/(%WﬁhlesElP%rfPelqumnt))

rates, gas velocities, 5 and phi (defined by the

Fanther infpeprtion 0a flemalcombastionsis tand )y St BatektiNmét 373529, which is
fuel /oxidant)). Further information on flane
meopastdddierdis by wfierdnden AluBabRabmbstivo.chdmBF3ncl@ng a jet burner
which is incorporated herein by reference. A suitable
saelebuibed anPublistrdddnternadbhed iApplieatioBIND WO @B/021 618, which is
descri bed in Published International Application No.

MELP3fad i byWf&bndes | ncorporated herein by
reference. 10 Conbustion chanber 215 is coupled to a

conducbmButoh BRmURF 2¥5 Qec%uy[ﬁ@é &PDEonRhit Efﬁ?thaf:}?{gpﬂtdﬁi bRBuge of the

gas stream fromthe conbustion chanber 215

Ql)ﬁ gas%ﬁ@:ﬁﬁ ?1‘89{ th% 30mbusliBf LR his foztﬂf ?ﬁsgs\(ﬂlg $€parator 230.

reS| ence tine € gases under con

ﬁé;gdrngg ?0 %%VIQI $ ﬁﬁlﬁgﬁ%gga?t oy ﬁ% %?eé u\éﬁ%&%ht %lh:él cond1t1ons e.g.,
A5, 5 T8 O Ok B SEEL, r
%ﬁé %c%rg)?}ggrg aﬂ%éﬁm?%g(a{% 2)8 " rc%gc%;ﬂt: \Ira%7 ac?cgr(}ntl]ge toet)l(ula E:tllar;gctenstlcs
of the combustion chamber and the properties of the exiting combustions gases. In one or
more embodiments, the conduit can be selected to provide a residence time in the range of
about 10 msec to about 10 sec, or about 100 msec to about 2 sec, and a temperature in the
range of about 500° C to about 2200° C, or in the range of about 900° C to about 1700°
C.
The conduit 220 is in flow communication with a solid/gas separator 230, which is
represented in Figure 2 as a filter. As noted previously, the solid/gas separator can be any

conventional separator that can be operated under the high temperatures (and other

conditions) of the fullerene separations process. In one or more embodiments, the
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nore enbodi nents, the conduit can be selected to
provide a residence tine in the range of about 10

warart/iBe7iabout 10 sec, or about 100 nsec to abear/u’2003/021301

sec, and a tenperature in the range of about 500 Cto
about 2200 C, or in the range of about 900 C to about

1700 C. 20 The conduit 220 is in flow comuni cation

with a solid/gas separator 230, which is represented

in Figure 2 as a filter. As noted previously, the
solid/dagparamp tralieve fitier) fiber fltyt, orcopuickRel bedrfiter, 2ap drediles has, for
that can be operated under the high tenperatures (and

QU BapleCORMLL LBREYe Mire 506 id b kA1E BEaRRRR LA 0WBSut 100 um. The
process. In one or nore enbodi ments, the 21 WO

4/ 039719 PCT/ / ' S or i
Y e i e e St YIS BRcRERELAL D, By way of
and the filter has, for. ex le, . a an effective

S5 ableonly. s HiieE ReheBids DR Shidteich G 0n sHbi Exg e and

The _filter can _be a ceramc particulate filter, which .
SiuBingsiics epmRasifesyridedilishismaiftaingg ataiemperatuss fiappesmits desired
only, the filter can be made up of cordierite, silicon
candangeble prodngthte nassothBugh dhe filter s I eneeor sesip o@bedimentyibe filter is
filter is maintained at a tenperature that permts
diesigneifor cend emgetdtee pf getaet thah ab@a$60% @ andijlopetated at a
filter. In one or nore enbodinents, the filter is

Q&ﬁbé}%ﬁa h@he 14R& GHabbRMPB® &ltd hboR 1 0QIaat Bife bRPBraRROM the
300" C and is operated at a tenperature in the range

%é%a%{g fg cégtgolgégtrl# rﬂgﬁb{?fgheléglg%) %ngl fil(;w Gatd %?Jerﬁlg%%s Ig%(\}v Ilga% transfer

arat or 1 enper at u
rate,of enterj ases..and at transfer 10 fro he

SRS rRorie g it SERRRORET T8 et Rl O B8
tenperature contrql are nvi si oned by.the present
HVBIREF bRy e sept Thion o SPe ol e day st s BHPLTRESS gxpe vsed.

be used. Typical high-tenperature particul ate .
hipica] bigh-teraRardtwie pagiselytespnissiens degiges spchos gkcpsed for diesel
exhaust, are well-suited for use in the present
ieahaust, iapmwellrpited ey/use i e peasentanventi®B0 is coupled to a
second conduit 240 that directs the

The gas/solid separator 230 is coupled to a second conduit 240 that directs the

soot-filtered effluent gases to a collector 250. As above, the collector can be any
conventional separator that can be operated under the temperatures (and other conditions)

of the fullerene separations process. In one or more embodiments, the collector is a filter,
and the filter has, for example, a mean effective pore size in the range of about 1 um to
about 50 um. In one or more embodiments of the present invention, the collector is a
packed bed or metal mesh filter. In another embodiment, the collector is a cyclone
separator or an electrostatic precipitator (not shown) that efficiently collects particles in

the size range of 1 pum or less.
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15 soot-filtered effluent gases to a collector 250. As
above, the collector can be any conventi onal

weeprriatp t hat can be operated under the tenpecamwszm®s/ 021301

(and other conditions) of the fullerene separations
process. In one or nore enbodi nents, the collector is
a filter, and the filter has, for exanple, a nean
effective pore size in the range of about 1 mto
about 50 m In one or nore enbodi ments of the present

inve nf‘h@éblle&th@lﬁ%dﬂ@&g RixedSu I‘gIQES R lﬁﬁ&’es ed h@lr cdﬁﬁ&rﬁhble gases.

mesh filter. I n another errbo I ment, e col ector IS
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not own) crently co ec S par
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Bl TR RS tedisd, eﬁ?:eorFP&'é‘Pl:ﬁ s SEeto priseh Lrchigly g condu
é | | er enes and trace gt her condensabl e gases
it YAcuwY PR EOt %n% e AT GKE copduiR60 cr@ﬁéwltporzwas of

IS selected to condense fullerenes of a desired

the |2at Ry by colipkiedaa peided-ng gas stream passes t hrough

exit conduit 260 to the vacuum punp (not shown). In

or aflnemeeximorcenbhdimeRGox the pesehi alvepoort, itemer mbre [6lldrbee
gas may be collected as needed. In one or nore
aiibaitbnmntsare praviided po e kot diffeneanfuliorene fradtions, agiy ilustrated in
full erene collection zones are provided to coll ect

Distefre300Ndf Higllre 81 @R€orfih@fsieal@esced if Fidurd!3 fuBdreiks lafk formed by
system 300 of Figure 3. As for the system described in

Fontk@ordsynttekis %sﬁ@%vﬁéﬁcd‘o%%%é?%lﬂ SRS breQlre combustion
synthesi s, using a water-cooled burner 210 in a

AOMORY PESURR SRIRYS ?1 gélnﬂé} zfi@%ﬂ%%;ﬂeagg gmt%ﬂ? @B of

chanber 215 is coupled to a condu passa e 0

SRR LT A Y B .
BRPERALN seodns2at R PrBrel nRep il 51322@ ity oot
TR A R0 ol Bl o s
different fullerene composition.

Partitioning of the total fullerenes into different fractions can be accomplished by
control of the gas stream temperature and/or use of different separations conditions or
techniques at each separations stage. For example, the separations stages can use filters
of different pore size, or can filter at different temperatures.

In one or more embodiments, partitioning the total fullerenes produced into two
fractions, one containing Cyo and less volatile fullerenes and the other containing
primarily Cgo and more volatile fullerenes, is accomplished by (1) controlling the
temperature of the gas exiting soot filter 230 in the region 240, such that it is below the

saturation temperature for fullerenes Cyg and Iess volatile fullerenes, (2) collecting these
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15 Partitioning of the total fullerenes into different

fractions can be acconplished by control of the gas
webtomasytienper at ure and/ or use of different separas2@BE®21301

conditions or techniques at each separations stage.

For exanple, the separations stages can use filters

of different pore size, or can filter at different

tenperatures. In one or nore enbodi nents, partitioning

the total fullerenes produced into two 20 fractions,
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erenes ] ecti
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et Spranep cunves aihrpnfensaiion tepperprestaha giveprgayongition, it is
full erenes that are nore volatile than C70, including
CRE IR appirel gasleilyenttemppiaaireanskfilter temipmatere tandedtively condense
%4) collecting the second fraction of fullerenes in
Wlerenes of pred@@minBetbnorsevofatilityesrenalecuddr weghtiragenol ecul ar
wei ght have 5 different saturation curves and

condeRsxti¢sdn oheemboditnefitashedd fulle@h¥eD; A8 hipAOOkdrk st chridensed
is possible to control gas effluent tenperature and

tind Edttected ARE filllettngs CF) 2@ IR eed thef @&Qﬁﬁ@@ andl BblleBfcBN@Sulted in
of predom nantly one volatility or nol ecul ar wel ght
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f‘.ﬂé' slg&fnﬁg,gﬁe&@pfrfwgg 50 of%ﬁ&ﬁ 951? Witk 9&%38???0 1?11131@{165 less volatile

| ect resu pur| 1€S 0
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SPB klte IBe condensat i on_and col | ection of

7o Febstaniplly pHrHigdGrp sebstantially pusifiad Gred

084 and | ess volatile fullerenes,
substantially purified Ceo, etc., or any combination of individual fullerene species and

mixtures.

According to one or more embodiments, the gas stream exits the gas/solid
separator 230 at a temperature in the range of about 500 °C to 800 °C, or between about
600 °C and 700 °C, and can be further cooled to approximately 100°C to 550 °C, or about
420 °C to 470 °C in conduit 240 before entering the first fullerene collector 310. The gas
exiting the first fullerene collector can be further cooled in conduit 315 to a temperature
in the range of between about minus 250° C and about 300° C before entering the second

fullerene collector 320. Temperature control can be achieved in a variety of ways, for
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substantially purified C78, substantially purified
C76, substantially purified C70, 15 substantially

weouaoifoseds C60, etc., or any conbi nation of i ndpgrasaio3/021301

full erene species and m xtures. According to one or

nore enbodi nents, the gas streamexits the gas/solid
separator 230 at a tenperature in the range of about

500 Cto 800 C, or between about 600 C and 700 C, and

can be further cooled to approximtely 100C to 550 C
exanfloby cafdudid Keat os#ihtbugh ke coadutivhlls? 4dditied off liquids to provide
entering the first fullerene collector 310. The gas

Satdrlt hod cbblehg (héé;ttab%ﬂ}l%ticﬁlrf@r}ﬂla%ﬂﬂaﬁg‘d),% adaifioR ©f Eased tdirovide
cooled in conduit 315 to a tenperature in the range

qﬁuaﬁg&ﬁﬁgﬁgggg%ggbQ&@géfo C and about 300 C before

entering erene coll ector 320.
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' .t he. ' | ,
SR SRR oh e PR mGhue  Wpigh evsiein d0f s figgdenser coil

(heat _absorption by phase change), or addjtio f .
g8 ensimplignegyslyeondgnie ped PO@E‘&BfW%ﬁE?HBSr %&laath%?fa pdiment described
cooling. Figure 4 is a schematic illustration of
aboiehblerene Fumatierican beraspemaplisbediPhepmbysHprsynthesis, e water-
enbodi nents of the present invention, in which system
£00cdibaser210dn d dowg-@resewt comuustion ohapilren 215 n Bleauesingbustion chamber
condense and collect fullerenes. As in the enbodi nent

Q@45 isrdobpldd tead cordpit 200 ferrpassagd off tha tombustien gisestream from the
acconpl i shed by conbustion synthesis, using a water-
combastioh ehaitber 28 ghdfsolid syt POE2IOU e auTsulidisemratoh28hie toupled
215. The conbustion chanber 215 is coupled to a

GORAMEbhd fuft 260 RS AREEs BE sdd1gileRIRHIdNP Pased® aSddn@&f¥er coil
fromthe 10 conbustion chanber to a gas/solid

450N Ofulées i E?? &ﬁﬁé&%iﬁlg%ﬁﬁg RbHeRted%Rl dE]:?OSﬁQ&'QA &

to a second con 240 t dlrects the soot-filtered
OHRUEER° 18 B GRS Sinithdous  hec e ot o
q%Posited on t he

crenes.

The condenser coil 410 can be a hollow tube through which a fluid is passed to
maintain the coil at a desired temperature. The cooling fluid is selected baéed upon the
volatility of the fullerene fraction to be condensed. Multiple condenser units are also
contemplated. In multiple coil configurations, coils can be maintained at different
temperatures by controlling temperature of fluid traveling through each coil. The
different temperatures of the condenser coils permit the collection of different fullerenes
or other gases. In one or more embodiments of the present invention, any temperature

controlled surface could be used, i.e. non-fluid controlled cooling plates.
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condenser coil. Thus, the coils serves to
si mul taneously condense and collect the fullerenes.

wa300ivaoaondenser coil 410 can be a hol | ow t ubecrhusengh21301

which a fluid is passed to nmintain the coil at a

desired tenperature. The cooling fluid is selected

based upon the wvolatility of the fullerene fraction

to be condensed. Multiple condenser units are al so
contenplated. In nmultiple coil configurations, coils

can bgigupd Nisal soRshaaic itlidtfa6be bf anottRpRthdt ané Syseym according to one
controlling tenperature of fluid traveling through
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condenser coils permt the collection of different

%?ﬂa%ﬁ&eﬂﬂseith%{ alBhe6r in%@ﬁ]"ﬁﬁcat#yrl}liﬂf‘fﬂﬂér 289! fBr ﬁfé’%%ﬂ&%ﬁ?% and

e pr gsent Inventio enperature contro

sur,f ace | d be use i . €. ..n0Nn- i.d C .
SRS ofRilriead® ASGotyfi B0 Bl it S l5ths fgrmation can
Figure 5 is . a schematic illustration of t her t had
BT R SRS g g B s o R e 20 -
present invention, in which system 500 uses a )
PyRsPwp eomiysEon hamhen2ds. Thcconghustiray Chaméﬁé%rls Feppled to a conduit
conjunction with a filter 250, for the condensation )
2248 forpassageeff thercerhbistion grsetivesm tog ghsisolid sepaitiori? e nkhs gas/solid
descri bed above, fullerene formation can 5 be

acpoapd 338he coupleddo alsasind enndujtR4iakit direcis thegoet-filtered effluent gas
wat er - cool ed burner 210 in a | ow pressure conbustion
dharcbeduit249 . whehethe ooidigdrsare ehatddes c@idbniesat tasy @iitidroof the

a conduit 220 for passage of the conbustion gas

Foh@ALAbIPgaReURsHh SR dfflusift Rad atedins #3@e mbhgerdiesdrivel bbbve.
separator 230 is coupled to a second conduit 240 that

di r ecte LR eSQBEahicbh@inSth @E EAHAN BRGenséd PR ABNHLA passes into

240 where the conditions are selected to condense a
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physical dimensions of the cyclone. In one example of this embodiment, 66% of the
fullerenes were separated from the gas stream. See, Example 5. In one or more
embodiments, the cyclone separator is used in conjunction with other collection methods,
such as filtration. In one or more embodiments, a cyclone separator is used as a rough
separator, to remove a portion of the suspended solids of a given larger size range, and a
subsequent separator used to collect suspended solids of a different, and smaller size
range. It is well known in the art that suspended solids have a distribution of sizes, with

varying amounts of different sized particles.
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centrifugal forces which direct particles to the

outside walls and thereby separate the particles
woasmd3upon their Stokes nunber in the gas streamuam®3/021301

the gas velocity and 15 physical dinmensions of the

cyclone. In one exanple of this enbodi nent, 66% of the

full erenes were separated fromthe gas stream See,

Exanple 5. In one or nore enbodinents, the cyclone

separator is used in conjunction with other collection

et hoBigure 61 QFIHsdib bk 6U0I iDkstratiflc PR eMPIYing multiple gas/solid

enbodi nents, a cycl one separator is used as a rougﬁ
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Eé%S@P'a‘Fddg?WI@tr@%% from the pite effblrierediotmation tp pdirgisepasation zone via
invention. As in previous enbodi ments and wth
p &6 transder zope.sThptrBiport pfibe gat diwamibatvegd ¢ fartatidnenroeaend the
formation step in which gas phase fullerenes are
fiot peparatinn 2ompgrowtiescmmanvitdirhent éinea esidehed tms heptempBrature
the effluent gas generated in the fullerene formation
prinbRYs: the rddoetion ¢famep oyt @dnEanRstia@anitt 6:ddsbp8os bt Be PAH
of fullerene formation to a first separation zone via
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between the formation zone and the first separation
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and tenperature suita e reduction
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SRR RN Blr SO Bl LU BRI v
ar, rowth, a full erene

t i cl d.f 't h
Bl o Ao Barichtoes it d srslstlidsStharpiin SR 2s
f saot, r g(gvery i n subsequent steps. Gas phase
%lﬂ“fne‘f’é‘ﬁl%g re separated from soot particles in a

first .
In some instances, the filtered gas still contains a significant amount of PAH,

acetylene and radical species, and other species. In one or more embodiments, the first
gas/solid separations process occurs at a location where fullerene formation and/or

- fullerene stability is suboptimal, so that a significant amount of non-fullerene gas species
are present in the filtered effluent. Under fullerene-forming conditions, it is possible to
convert these non-fullerene gas components into fullerenes. This serves the dual purpose
of reducing impurity content of the effluent gés and increasing fullerene yield. To this
end as shown in step 640, the effluent gas is maintained under fullerene forming

conditions after the first gas/solids separation process so that so that additional fullerenes
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separation zone of the separations process using a
gas/ solids separation technique as shown in step 630.

wa30d4rv3same i nstances, the filtered gas still eonazms/ 021301

a significant anmount of PAH, acetylene and radica
speci es, and other species. In one or nore

enbodi nents, the first gas/solid separations process
occurs at a location where fullerene formation and/ or
fullerene stability is suboptinmal, so that a
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process so that so that additional fullerenes 27 WO

291(1?‘&16(9139 PteD 6P TIngme 00 BYoORaBiments ah optimal second gas/solids

Tenperatures in the transition zone are maintai ned at
atnaratioatis ednred ous DEfo® condeB2dh «Bd collection of the@@lleterien. Tn one or
1700 C. In one or nore enbodi nents, the heat-treated

efdid erabodimasts, fuliiredes amforned iaiskp 680, andnitdnasdng SHEkntOb

full erenes, is condensed (step 660) and the condensed

dapafies) sﬁcl’éasﬂ%ﬂ@ﬁd/@ﬂsdoﬂ a8 b ®p-pRdddict dffuliEnorfiRIS. These
enbodi nents, an optiml second gas/solids separation

Ufpaiel nR of Hay REf Y ReLANHR AL d&&hn%gﬁa@%h&%& iyPfhe Process

the fullerenes. In one or nore enb
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anount s of uriti
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resen

RS B34 Bt o e S0 et it e orodd domasioh TRt onaay aetde of
é‘gg effluent gas, is separated fromthe soot in a

giset ‘5’3@?%6‘? CHUILLISRAEPD fromy the, gasefiluen [ Bigsubptantially

particulate-free gases are condensed (step 660), and condensed particles are collected in

step 670.

Figure 7 is a schematic illustration of an exemplary system 700 that can be used to
implement at least the process described in flow diagram 600. As is described above in
greater detail, fullerene formation can be accomplished by combustion synthesis, using a
water-cooled burner 210 in a low-pressure combustion chamber 215. The combustion
chamber 215 is coupled to a conduit 220 for passage of the combustion gas stream from
the combustion chamber to a gas/solid separator 230. Separator 230 can be located close

to combustion chamber 215 so that substantial amounts of fullerene precursors remain in
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step 650. Alternatively the soot forned in the second
formation region may not be of sufficient quantity to

woeouisgrigepar ati on fromthe gas effluent. ThePCT/US2003/021301

substantially particulate-free gases are condensed
(step 660), and condensed particles are collected in

15 step 670. Figure 7 is a schematic illustration of

an exenplary system 700 that can be used to inplenent

at least the process described in flow di agram 600. As
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formati on can be acconplished by conbustion synthesis,
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afterﬁ(? earatlon Separator 230 is in flow

g t‘?’l RiSHPAM 2l SAYSPU] SRAAEI2810 which i s

mai nt ai ned at conditions conducive to fullerene

f or matli® gas/solig sengsator720liseiptedrp e setond cendugta20 thap directsithe
full erenes. The gas streamis substantially reduced
septfdtsredeas Huent gases v doledtort 268, (Tihs kcodctdr25D eokuves thixsd flllerenes
reaction with or enbedding in 5 soot is significantly

reditraced of dthyr @addnsiiapasenyAb B\disclised@bovietht Bénperature of the
transition zone 710 is separated fromthe gas stream

abndyirI4964 selectdpataidernse falereddd®f 8 A84iRaVoRtiBBP AR haining gas
720 is coupled to a second conduit 240 that "directs

btheam a8ds thiohbIeE8CbR it Do tg@§§c§uﬁ1‘i)uﬁ{|ﬂ (h@tcs'he{vn;%por after exit

The col |l ector 250 collects m xed f enes

Eérﬁﬁlﬁ@mf reQibife oﬁﬁﬂéj@ﬂﬁégéselﬁ%aﬁ%&ﬂle fne%g , |u : sed

bove, the tenperature o con
oo el R LR T —
gﬁﬁcéss o g% came outtcgntmuou 5’;‘ SH T l?atcrﬁpprgc%gst o? 1noz\thnteadylspatg cgr ina
non-steady state mode with respect to the physical variables of the gas streams, e. g.,
temperature, gas velocity, gas concentration, etc. In the event that the soot filter becomes
loaded or clogged, as is typically noted by an increase in pressure drop across the filter,
the soot filter can be regenerated by oxidation (combustion) of the soot. Soot is
consumed by flowing an oxidizing gas (e.g., 0xygen or air) over the soot filter at
temperatures high enough to support oxidation. The soot filter can be thermally
regenerated using air heated to temperatures in the range of about 100° C to about 900° C,
or in the range of about 500° C to about 800° C, at flow rates in the range of about 10

SLPM to about 1000 SLPM. The regeneration cycle time depends on the size of soot
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conduit 260, residual portions of the gas may be
col |l ected as needed. In one or nore enbodi nents, the

woaomploagrip ul | er ene production and separati ons POTMS2®3/021301

can be carried out continuously or in a batch process,
or in a steady state or in a 15 non-steady state node
Wi th respect to the physical variables of the gas
streans, e.g., tenperature, gas velocity, gas
concentration, etc. In the event that the soot filter
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catplystbe.gs a metdh catslystetoeomotaties therndl regenerati@sf tanfilter.
| oadi ng of the soot filter. Thefilter mat eri al

 omeP Aty nbOEL Ty EFRER o '3 RANEL ) lgion o
g SE TR BRSNS 15 e pr oy S cgmpathats fullrete colection

Efrtlculate filter. In one or nore enbodi nents, 5 the
tgriig P@%P%@@emn@ﬁ 225 e MHTAZER owraﬁma@ad/ﬁaattrp@}ce@

The filter can also include a material such as

EBIPETaBIPY, 89 250l dveidipxidatipn aithe flesineisperiesTolledi¢d atdhe filter, or

~ further can include a catalyst, e.g., a netal

Bay b xpassedbptheras effiupmg of H@rrnwneraag&n Andtéroges cfin béalded to
filter. During thermal regeneration of the soot

fhie leffbrent gased dowtmgeanabf the thermyatgenenitida td @bud!the temperature of
degradation of collected fullerenes. In one or nore
eigadstivant In ekdiplhnylehboeinen&OtbeG6lldront colifctionl fHI@F isinSaintained at

mai nt ai ned under inert gas, e.g., nitrogen or argon,
aneipefanat il @6¥48d of about 25° C to about 100° C under a nitrogen blanket. In
one or more embodiments, the thermal regeneration process is conducted off-line so that
the effluent gases of the thermal regeneration are diverted and do not contact collected

fullerenes. Alternatively, the condensed fullerenes can be collected and removed before

regeneration of the soot filter.

Figure 8 illustrates a system 800 according to one or more embodiments of the
present invention for thermal regeneration of soot without interruption to the fullerene

formation, separation and collection process. As described above, fullerene formation
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tenperatures, so as to avoid oxidation of the
full erene species collected at the filter, or nay be

woype@assagd by the gas effluent of the regeneraPComS2086/021301

inert gas can be added to the effluent gases

downstream of the thermal regeneration to reduce the

tenperature of the gas stream In exenplary

enbodi nents, the fullerene collection filter is

mai ntai ned at 15 a tenperature in the range of about
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dwtrdslusing oridiAiegiases wed diringtbenmad tegereratiano Aerliputlet conduits 850,
for passage of the conbustion gas streamfromthe
S58haspiettively iamtmspdrting the effluentraases fsawo filteis| 810y 8158 k6pectively.
and 815. Val ves 820, 825 can be opened and cl osed to
dioh@gits 8500855 &e $i fleR Rohmanicatnciithi thé 2Acuunt purep (th@ogh valve 830,
soot filter 810 or 815, respectively. Respective
\835,185peEBR1y) 338 wirthQUil&Encuslib&br 150 (Err¥@GCrilved 861, 8681
t he gas stream fl owi ng through soot filters 810, 815.
%&@Ea ers 810, 815 each contain an inlet port 840,
respectively, for introducing oxidizing gases
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850, res For transportlng uent
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Va ves gi(P d%%lg \friagr\lleemgge, gases in conduit 220 are directed through open valve

820 and into soot filter 810 where at least a portion of the efﬂuent gases are separated
from suspended soot. The filtered effluent gas exits the soot filter through outlet conduit
850 where fullerenes are condensed and directed into fullerene collector 250. Valve 830
is in the off mode, and valve 860 is in the on mode to ensure that the effluent stream
flows through fullerene collector 250.

Either sequentially or simultaneously, oxidizing gases are introduced into soot
filter 815 through inlet port 825 to burn out the soot and regenerate the filter. The

combustion by-products exit soot filter 815 through outlet conduit 855 and are exhausted
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835, respectively) and with fullerene collector 250
(through val ves 860, 865, respectively). In

wopewnasdan, ef fluent gas generated in conbusti 8aT/US2003/021301

chanber 215 is directed through conduit 220 and into
one of soot filters 810 or 815 by appropriate

positioning of 15 valves 820 and 825. In one node,

gases in conduit 220 are directed through open val ve

820 and into soot filter 810 where at |east a portion
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thermal regeneration of filter 810 is desired. In
ahoddndensabib gaiesphthe effliichiegas e signitficantlyenduce fylldréres yipdds.
filter is continuously 5 regenerated during the
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support soot conbustion. A catalyst can be added to
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to en 'e soot to be regenerated under conditions

t E?tﬁnugﬁ% féggne‘f%qed&sen?ttrgsﬁlt%ﬁg ge%ﬂgl%ﬂ &t fﬂ%} e}g&dt he

cant uce es

yi el dSI'he present invention has also discovered that additional fullerenes are liberated
or formed during the soot regeneration process. Under oxidizing conditions that consume
soot and generate conventional combustion products, e.g., CO, and water, a significant
amount of fullerenes are condensed and collected in the fullerenes collector. The present
invention contemplates augmentation of fullerene yield in a post-soot separation process
in which soot is oxidized and the resultant oxidation process yield fullerenes. The
fullerenes are condensed and collected as is described above, Alternatively, during
regeneration, any fullerenes that were condensed during the operation of the gas/solid
separator, may be liberated. Further, hot gases, from the combustor or other source, could

be applied to the gas/solid separator to sublime fullerenes that were condensed onto the
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10 Alternatively, oxidizing gases can be introduced at
the soot filter to maintain an oxidizing environnment

wdadani4ngoaeot separati ons and regeneration. Ref ecriusgnoso21301

Figure 2, regeneration gases can be introduced at

inlet 270. As described in Exanple 10, continuous
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full erenes were not allowed to pass through the
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As noted above, fullerenes from conventional formation and collection processes
have been observed embedded in solid soot particles. Various mechanisms can be
proposed that are consisteht with this observation.

In one scenario, fullerenes can be chemically bonded to soot during the formation
process, and can then be layered over with carbon later in the soot formation process.
Fullerene-soot chemical bond breaking could occur subsequently in the process of
graphitization or other rearrangement of the soot known to occur during the formation
and growth of soot particles. Embedded fullerenes that are no longer chemically bound to

the soot then could be liberated by opening or break-up of the soot structure by sonication
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physi cal and/or chem cal attributes. Alternatively,

the fullerene-enriched gas stream can be diverted at

910 to other processes that operate on gas-phase

full erenes, such as a vapor deposition process, or
nano-particle formation process, or a chemnica

ree atter a@ansi. tShck behatiok t&11€BGSain Do laseRAslhtidnQan h@Eraﬁ: fullerenes
chem cal functional group to the fullerene nol ecul es

iffork Bt pagicROABEdo Aot yRsd ﬁﬁfe?éﬂef‘pfé/cﬁucaﬁb‘ﬁ bELEAESor, Eﬁ@g laser

conventional formation and coll ection processes

Qﬁﬁtﬁoﬁ’ Qﬁ&ﬁt\é ‘?-F%;%g Siret g}é{eilatc'&lullcpm89 Cfatﬁ;eﬁ %ﬁre ~up the fullerene-

Var 1 ous nec propose
1%8%960 ent Wi t h this observation. In one scenario,
erenes can be chemically bonded to soot during the
format,.on roce and can t.hen be | ayered over wth
car bon ieHR 8? cly, rfuﬁ‘ﬁ%neé Seeldmbysieallyahsqsp 88@§§hd et particles and
Eul | er ene soot chem cal bond breaking could occur
Aed bysubprslupptddision of carbemislihe sooht $aisl sopt particles
other rearrangenent of the soot known to occur during
oparFlyagaiomerate duedo gpldigion and adiwsion i MancleeWaakritreek) eatl
fullerenes that are no I onger chemcally bound to the
soldctipm ehsoobly filtlation alse reatiedinlayhigipdniaef agglbimeakion pf B
the soot structure by sonication 33 WO 2004/ 039719

PamatySRODEIVIRAB Gdot particisheTheRENS agafotattaled @@otlp@ftlci‘& Wwhe trap
expl ai n how | aser ablation can |1 berate fullerenes

fulerenso throu ManEef Wah Raldnetve totcey, 'f@lh&erfe%dg&{)@&?&ltp ¥oot
soni cation or extraction, since |aser [ation

BREECRS,QF rédktich MirBRShe SIREG [frB@Jss ey lachl[}gllé)(ﬁl ddavmeggglomerates

effectively break-up the fullerene-""soot

ﬁletsgﬁﬁl g&ﬂtﬂl@é ¥nd JrH+1h§sr aelﬁgﬁ s Ptk dr RIS dg%ug}’ % BR300 enLo

solid soot particles an econe enb

T R R R S TR -
?od hheesém edﬁ%g of Hlllgrenes\/\l%asogt fP glts:lggl adsor}gtlon of fullerenes onto soot
particles also is consistent with the observed liberation of fullerenes by sonication or laser
ablation, since such processes would lead to the break-up of the fullerene agglomerates
and release of the adsorbed fullerenes.

In different possible post-formation consumption and/or embedding scenarios,
fullerenes (a) are embedded in a process of chemical reaction or adsorption with
subsequent carbon growth or solid particle agglomeration during the soot formation
process, (b) are adsorbed on primary particles and embedded during the collection of the

condensed matter by agglomeration of the solid particles accompanied by condensation or
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collection of soot by filtration also results in a
hi gh degree of aggl oneration of the primry, or

wonadiwsgual , soot particles. The highly aggl onecatseno3/021301

soot particles may trap 10 full erenes through Van der
Waal s adhesive forces, fullerene adsorption onto soot
particles, or reaction during the collection process,
e.g., a filtration device agglonerates the solid
particles and provides a high surface area for

r«?agﬁﬁ %)ﬁjtge ?Jlle?é?lgé: [hR fhe soHE Earti@Qg BP(EE ﬁétaidﬁ.{?b%@ ﬁé&%g‘élt with the

rene adsorption onto soot particles cou SO
cecount. far the enmbeddin .ull erenes in soot.

sORG SR atfbmbRfs STRE RN et onto soot 15
particles also is consistent wth the observed
P be BSpecomo iestherBhes By et 2 St gt g5 pr more
abl ation, since such processes would |ead to the ‘
embedinen(s of the presepinyetion desitsglidayidessiyllerspympleriss aisre
the adsorbed fullerenes. In different possible
ppeseit-af grnipltasomoteovistatpniaosessiblg/loratieniretdie cirrgnbse enigptesof the
fullerenes (a) are enbedded in a process of chem ca
praxass, &.gn aoa leeasmrmplativntovhd bur€ is whmbumiion syrdbesizqmocesses or

grow h or solid particle aggloneration during the soot

réltiveRb it arc h@ &R ESof Hebling bethd dsmebeaitbnergy peleavatny carbon
particles and enbedded during the collection of the

VERRBASE ProdBisdBlheRy thd Gad-PINARE Alliefhe @bndeRfatidlib &t a value which
articles acconpani ed by condensation or 34 WO

a?lﬁ%?égﬁa&%&l @ﬁéf%ﬁ'ﬁ%%éfl?%ﬂdﬁ?ﬂ oki€iBad HA01&QEnds NEurthermore,

renes w e 'so icles or (c) are

e D e

t.hese (gbservd%éi ons, the nmethods and systens of one or
BN B %ent s of the present invention desirably

provides ful|erene | ecules that are 5 present. as.gas
Phasd TS pRERHogs Dot h 1 SHLCEA & 18 BT e D
chanber or reactor of the _Er ocess, e.qg., at a
oRAYON PG I8 Phapen sehakES GG AmAUR ShHillepenghare present as
synthesis processes or relative to the arc, the focus
gafeotiemolasyles and eansurpptinndyy sopt is gepided eraniagiviaed to adesheshdegree.
An appropriate separations point can be identified by, e.g., measuring the gas-phase
fullerene concentration profile with respect to residence time or location in the flame to
locate regions of fullerene formation and consumption. Fullerene gaseous concentrations
are known for different locations relative to the heat source or formation region. For
example, Figure 10 shows the fullerene concentration profiles for Ceo and Crp for a phi =
2.4 flame (40 torr, CsHg/O2/Ar(10%) (taken from Richter et al., Combustion and Flame,
119:1 (1999)). These fullerene concentration profiles are representative of gaseous

fullerenes produced by flame combustion. The circled areas 1000, 1010 correspond to

optimal and sub-optimal collection points, respectively, for locating the separations
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vapori zation processes where the gas-phase fullerene

concentration is at a value which allows production
wonog@re$asred yi el ds and conpositions of full ePenas2003/021301

Furthernore, 10 fullerene | oss due to chem ca

reaction with or adsorption onto soot is desirably

m nimzed or avoi ded. The separations point for the

wi t hdrawal of the gaseous effluent fromthe fornation

process is chosen so that a significant anmount of

dpPhra@k @NEPoitt 6F Iﬁiﬁﬁﬁﬁtful@éeneg/gggegl:ﬁ%ﬁ&‘a! fl?etgegac'rta@&g point can be at

consunption by soot 1s avol m nim ze
[ ed: r i.at e separations,.point
RN SN e T bl IBE AR cBRRRfon GG R 4B consume
ne concentration profile with respect to . i
Dl TS Shatg et FarBatiof b e Rt 10 pefoaptisnl distance
egions of fullerene formation and consunption. .
aéﬁ% BPERY fg"a§€ e RESIT PAAmRle SongmPLion srastionsreducing the
different |ocations relative to the heat source or
5 cppeeprtignrofialeranes. Aovub-opimeh(vdth Bsppat to thofidlens carventration)
fullerene concentration profiles for Cho and Coo for a
cphgction poinp may falsa e s¢ld@ed if desireQR#66DR AthérldigidéraadBNsuch as to
~ fromRi chter et al., Conbustion and Flane, 119:1
¢@GFpt anfirediow v furkeciberennfoembi@t inARe fHseidelof eFo@ned soot,
representative of gaseous fullerenes produced by

Ifi bertan ex@bdikhte]this BiRopinalpotht #2932 al HMatidiPdiore any significant
correspond to optiml and sub-optinmal collection

filRirdfe Form RBACSHeY &b ' iah |
VO 26 S icldhe 2%8%5"%‘2%‘%‘%@&3%Eﬁ%%?ﬁ%“?% h%[‘%agi%ﬁt

10 aRbuimfiaRYLERLGRE concentration. The separations
poi nt can be at a point of high fullerene

consonteapgPfpes el FeflB A PR AR LR O lcsired
SERBE BB AR AR TRl R B0 S
gsonsunption react Lons reducing the 5 concentration of
1 o en RS OPIRL G 5pAEn i Hersedpabarir Granifes consumption

fullerene concentration) collection point may also be
reagiiquss Rigcqniroljng; the.gpolipg elie gps eftlnent. erobw adiiénga dibwst. In further |

such as to
15 embodiments, rapid cooling may be employed so that radical species are quenched before

reaction with fullerenes.

Solid particle agglomeration processes that could embed any adsorbed fullerenes
are controlled during the gaseous effluent transportation and subsequent separation
processes, e.g., by performing the solids separation quickly relative to the aerosol

20  collision frequency, such as by rapid filtration or electrostatic precipitation or electrostatic
separation.

'The formation of a fullerenes condensed phase in the form of a solid particle or

adsorbed species is controlled to a desired degree before separation of the solid particles,
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renmove soot and allow for further fullerene formation
in the absence of the fornmed soot. In certain

wenhaddymnt s, this sub-optinmal point may be at PaT/US2003/021301

| ocati on before any significant fullerene fornmation,

or before any fullerene formation, but at a location

that has an 10 anmount of fullerene precursors. The
transport process of effluent gas in the separation

zone controls to a desired degree any chenica

e Hy rphiralling thaedrigenatode of tel gaseme sffitehisotdd €o ssltiotladsorption of
particles or other species, e.qg., by operating the
FaPEERdsioatd 88 sdlid pail&SBY ColaiesiiLidsbibad fillldenes prior to solid
consunption reactions, by controlling the cooling of

LR Ga&paialibd @0 b | i - itet
oy < oy gBi P B Ahaich o D PR phorer
i : . , ¢ . . )

(2] G2 ARROLTS R SRR AR AL OBl v may
that coul ed any adsarbed fullerenes are .

T8 Rbsashe Y P S B0 Fentiton SRsifiey st ar skrpstati
and.subsequent separation  processes, e.g., by

PEHR RS 1R AL e mperetien shate ot isREg pntat fpduligrenes
the aerosol 20 collision frequency, such as by rapid

fhieh isspbsiansially incibe range. slependiiecan 8 cencerfrption of fullerenes and

el ectrostatic separation. The formation of a

foigssere ofi the gasrote akluentpdizhetwdéen abbiet 3067 @ toabeut 2000°C.

particle or adsorbed species is controlled to a

desi r dulleege adsotpeibo betoe paackdn with eblid peetided dudling the solid particle
particles, 36 WD 2004/039719 PCT/ US2003/ 021301 e.qg.

ylleioh peddetsig cotitdlle® toeedi glificant @égred) @. g0 a1 tHelB Flow and
so as to control adsorption of fullerenes onto the

IRhFbriFhil GRS to MY s gitidles] bNBy a6H%Q! Befe tdmpeRi@RRS the solid
prior to solid particle separation, or by operating

toRRi RO I RA Frbées € Iﬁ%ﬁ@Bﬁ&B%n?d?)dﬁnéﬂtﬂ%?s?f&i'd%e A€ s
I a fullerene

than the tine-scale for fprnatlon of
SRR B Ema TS SR FRAER R By gy con

%@%@ﬂ%esfullgrlégeg a4 %o 1('1 Sgﬁigﬁg‘ge%a{tt%r. Alternatively, if filtration is used,

the filter is preferably operated in the range from about 300°C to about 2000°C so that
fullerenes are at a temperature that is sufficiently high to ensure that the fullerenes do not
condense onto the solid soot particles, but at a temperature that does not lead to
substantial reaction of the fullerenes with the solid particles.

A method to separate a fraction of fullerenes in the gaseous effluent or fullerene-
rich stream into individual fullerene species is used, e.g., by controlled cooling of the
gaseous effluent so that individual fullerenes are selectively condensed or precipitated as
solid particles and collected by filtration, electrostatic precipitation or the like. Separation

of the fullerene fraction of the soot-filtered gaseous effiuent can be accomplished by
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precipitator or filter, at a tenperature above the
condensation point of the fullerenes, which is

weubsioastipal |y in the range, depending on the PCT/US2003/021301

concentration of fullerenes and pressure of the
gaseous effluent, of between about 300 C to about 2000
C. Fullerene adsorption onto or reaction with solid
particles during the solid particle 10 collection
process is controlled to a significant degree, e.g.,

60 cro%hng bt B %a&%ﬁs éfhﬁ’é’ﬁt 30 hat fhe ft‘é}ﬁﬂéi’ﬁtﬁrlef the gaseous effluent

fullerenes To thée solid particles, by contro

{ IBQthe@ﬁrﬂl% @h&gngatﬁjn t&]ﬂ erétme oq' ep ﬁﬁ{\rﬁcfda?fu? ?}eh{? 5;3:0@9 for example

Process. N one. or e enbo

epar gt.j shed us n t her than
RPNt &5%?"35 ¢ Gt ePo Reth bttt o il RBlary
full erenes and olid particul ate .
5%%%@?%919W thag of &w The Corpnd Poguay Jess Yelaitseafinpnes that form
'S preferably operated in the range from about 300C to
#oehd sgopreandenssd oniow spefpeers prepimtagad ag arselighpactiely ped separated
that is sufficiently high to ensure that the
Byufiltretiemerselentrosietic preoipifaiinge Tha tampehgureaifithe geentus effluent can
particles, but at a tenperature that does not lead to
therblsd amtroHéd todasstthamabofit 4008C tapreaipiae r voridondel(&yo. ST akact
particles. A nethod to separate a fraction of
tetibérafugdiarcdsarly e a@as@isiSsthisistdpleds figictibnibf e Rrend Gaturation
rich streaminto individual fullerene species is used,
Bvdls andPreEORIJTPhd %@e(ﬁﬁ eftluRft Ml thdyehe ABSERINyY Alibdrat Man those
so t hat” i ndividual fullerenes are sel ectlver
anpeespedeor precipitated as solid partlcles and
coI ecte by filtration, electrostatic precipitation

0" ! Monkiok B 3503 R8s 6 pd alutbhERBOES LLBAL LA uhea

t he soo0 gaseous e € acco

%%(Sgﬁﬂg%dlf Bl 0397 %dg lg:‘gf{lt#'l %ﬁk}ﬁ? égSZO lociitwd;l:lolg.lflerene species. The -

erature f the aseous effluent__is betwee e .
S&B?TD RS aery ihrou gl aperpiinng op theygaseous gtlpent sieam ip F‘B’i‘tg‘héeﬁu'
species, for exanple at_about 450C, which is above

GORERONS AT £ONEHIONE fﬁ?@?eéﬂfu}l%e with Brfogmatiamragess- exhersppagstipns
condi tions, but below that of C84. The C84 and
{ysiemy fbngnqné b¥ confradling the pas-Jolifd sppversipmand/grrapndensation of

fullerenes and condensable gaseous impurities and soot aerosol dynamics in the formation
gaseous effluent stream to prevent to a desired degree embedding of fullerenes into the
solid soot particles and allow preferential collection of fullerenes. One or more
embodiments of the present invention provides for the collection of mixed fullerenes
and/or individual fullerenes from the formation effluent as substantially un-embedded,
i.e., free, components. Therefore, a high-energy separation process such as sonication or
the like is not necessary to recover and purify the fullerenes from collected condensed

matter. The present method also offers the advantage of recovery of more fullerenes from

38



10

15

20

5 as a solid can be condensed onto a surface or
precipitated as a solid particle and separated by

woi2bd4raeiton or el ectrostatic precipitation. TheCcT/us2003/021301
tenperature of the gaseous effluent can then be
controlled to | ess than about 400C to precipitate or
condense C60. The exact tenperatures necessary to
acconplish this step are a function of the fullerene
saturation |evels and pressure of the gaseous
£fibéiiesHditinthyreduddey t6 uldssiredtdegtel yhedtrdciion enfullefeaes dntesded
10 nentioned here. Control of the various features of

1R GersiBRANRS the 88l dWREREDréseituh s foln@idaprbdeked MM xed
fulleréne fraction and/or in purified fractions of

i ndi Vi‘l%uc%sefc%lgﬂg{ﬁgﬂﬂlesogﬂgétﬁﬁ'ana_ Qgpag%f%ﬁﬁélﬂ{a}aﬁﬁ%f%§ Hivention to

t hr ough oper at on the gaseou streamin a
at.ch, ..sem - contjnuou I ' e

P o RRsp e Pl o Stoh iR BbisBiig ue pERNAR i ddeially. e
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Eg;epus impurities and soaqt aerosol dynami¢s in the,.

AHANS PrPCe Rl B @ppetiable amopais A g%ﬁe%efe’iwneé ghag will
desired degree enbedding of fullerenes into the solid
waimizeegolleeted Snligranes ke enllepirfalererastat an optgpal selgcyan geint to
full erenes. One or nore enbodinents of the present
inaxietite the ampooniof eslidcted folkeerss) dnddo canirad therporsgnption pathways of
full erenes 20 and/or individual fullerenes fromthe
fullereatd orveikdfdr uenimizsfulietosd . | Alsbysolid panibles tichemaining in the
i.e., free, conponents. Therefore, a high-energy
SRNMLH ARR stV QERSHios Wil adas 508k Addnl st8s BF cortdefsihg Ftletedes and
not necessary to recover and purify the fullerenes

T @PreRd k8§ b eHic? ggﬁ&% Qfch 4BifEnerdi @ 1EBH RRAnIGR! BdQE8move the

al so offers the advantage of recovery of nore

fdﬂla}eﬁése@ﬁg.tlﬁé s%@dggot 204443 8&&9[11&%&,%%%9&{ @%@ﬁgxfjleveﬁs of

given condition educing to a desired degree the
f {i f full ' L bl i
KPR b SR FTRSHED o IFBASLPLL L B hfce e

| o%?lgggéi%h%a?igﬂ i%fgoc?e%‘e/ é)ﬁl?e%r lé)ﬁ(g:c%:%sgg in%Pu%e %g 19 Ee%gtg.,i uciggsound), ionic
(e.g., chemi-ionization by addition of a low ionization potential species), or radioactive
(e.g., bipolar ion neutralization).

The various embodiments of the present invention are illustrated in the following
examples, which are presented for the purpose of illustration only and which are not
limiting of the scope of the invention.

Example 1. The separation and collection of fullerenes from soot and PAH is
described.

Fullerene formation, separation and collection are accomplished using the system

described in Figure 2. A jet burner was housed in a 10” ID Alumina insulated pipe
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the formations process is desired. Should this
coupling be perforned i nadequately, the 5 resulting

weoeeparadiltons may be reduced in efficiency. thuBCTiUS2003/021301

desired to operate with a formations process

provi di ng appreci abl e anounts of gaseous full erenes
that wll rmaxim ze collected fullerenes, to collect
fullerenes at an optinmal collection point to nmaxim ze
t he anmbunt of collected fullerenes, and to control the
sotis Npdrizeie faw Paeyas mfthe faufd ef BNSISPMao 2y SLEM) phi was in the
mnimze fullerene [oss. Also, solid particles left

lra_ﬁ b D€ 3.0, dnldPrekSurd d%s RIAS Panb L0 BOTUO t6LP d‘h@{d Biiner

Wi act as nucleation sites for condensing fullerenes

dlde& ﬁfsggleﬂo“neee SBRLY, @ﬁgﬁm&ﬁ@ lof RER$S Rinsi Renibrdtir8lin the

ergy I"'vation techi que to renove the fullerenes
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owever er aeros
BTt S BBt R Do ottt ive
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|on|zat|on pot enti al ecies), or radioactive (e

srgifiter L0 1n prsiguleteiTitenbavone 2 Surfaee et ibeapreviBetHRINIE (Celcor
of the present invention are illustrated in the

brahd frotoCornimgdng), dsreindfier, thatseopfikatntBa sbarfilteh&as designed for
pur pose of illustration only and which are not

hdeMiptth G267 °¢ 112 r&f@REoQfarfidueatd MR ih dibselZehidfsichEédmmionly

The separation and col I'ection of fullerenes from soot

%?%reﬁAtlf;l 23 3 td1eg§%%1rt c{fl"?\% ﬁl@" lﬂlglf?ggﬁa 518{‘%@ @6@)" c¢ @%@%}%ﬂtenng

re acconﬁl

t%gscrl ed in urefé et b rner was J/goused L

RSQtar sentpacT Sheh Fllesthehd Ot GrdsaRn aae pat Basds non-
PCT/ US2003/ 021301 section, Benzene flow rate was
erndensahlget B copditiproidepcibed hegepipotias filkrged gyt fwgmuea%fé)f a
of 2.2 to 3.0, and pressure was in the range of 10 to
e tynieally lasiag fiem bufhewrs.

The temperature of the gas effluent of the soot filter was monitored and
maintained so that desired condensable products are passed through the soot filter. In the
present example, temperatures were maintained above 500° C, and generally below 700°
C so that all fullerene species are passed through the soot filter. The soot filter eliminated
approximately 95% of the soot present in the entering gas; and higher removal
efficiencies are easily obtained by addition of another filtration stage or reduction of the
mean pore size of the soot filter, or addition of another one or more separators after the
soot filter.

The temperature of the effluent gases exiting the soot filter was between 500° C

and 700° C. The gases then entered a 2” copper pipe section approximately 10 feet in
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provi ded high flow rates of fuel, giving plenty of
heat to maintain tenperatures in the post-soot

weepariaeilton zone, and al l owed for higher produeCrms2003/021301

rates of fullerenes conpared 5 to flat-flane systens.
The conbustion chanber was coupl ed through a conduit

pi pe section (6" ID, 6" long) to the separator, which
contai ned a 10.5" dianeter, 12" long cordierite 10 m
particulate filter having a surface area of

8PP0 X AT Rt ardR £Lif B beRkE 260° @ ﬁﬁ@%(ﬁ;@ﬂ%_@%ﬁ&é&% gases entered

Inc.), (hereinafter, the "soot filter’ he so

Il ' f-Qr p.to 1200. C for re al
e N R R R
ﬁ@fg{red to as a dieggl articulate fjilter, DPF?. The

GiP- gt g megppoe size Q)“%)W%ﬁ 85, a5 ghe tublereag erllecfion flfers.
cont ai ned soot, fullerenes, and other condensable
Budtéos of the qplseted fidlarenesgrrized Srom 60%tto OA% witinthpeicblosoot, and
descri bed here. Soot was filtered out continuously for
weretdppximpely oy pura stith megpéat ooPAH. 4ATHedow smoniteof PAH was
tenperature of the gas effluent of the soot filter was

amituteal 18 dheatodhel R sidBAR tiaieN @00 S 800 ) atB®b&dture (500° C - 1700° C,
condensabl e products are passed through the soot

%‘ﬁ?‘gl I‘aéetg“e%‘?%%"é B oS Rea i ﬁ??%%*f%éﬁ?o%ﬁ%ng%e
ritesion bRt e PREFIER i haPERRT AT R g SETiomical

of the sqot present in the entering gas; and higher

¢ sicaldpteracigpicyidy otherespecies nrgsepbindhe&ehy  addi ti on

of another filtration stage or reduction of the 20

nmean 1J©detegible agouptps fullssines pr qther sobid pawigles (asranayzed
another one or nore separators after the soot filter.
Faeimegnigady and by HRLO) passedt thiangh thegfnllerenesoliection filkee, indiosting
filter was between 500 C and 700 C. The gases then

hat the edleated pacizpysewhiph peresabitarainlly flicpatientiadlaynehf pheiele size
in 40 WD 2004/ 039719 PCT/ US2003/ 021301 Ilength. Gas

wellmedxabddlof 0 ued. | Né sighieit s eRsckUIQuiferaRd 08@Pre tdthe HRR walls
time the gases entered

between the soot filter and the fullerene collection filter, as determined by gas sampling at
the beginning and end of the pipe connecting the two filters. The fullerenes collected at
the fullerene collection filter were in powder form, could be easily collected from the
metal filters, and were much less prone to dust formation upon handling than soot. The
collected fullerene powder shows fast dissolution properties, and has no solvent residue,
both properties being desirable in many applications.

The separations process was run continuously until the soot filtered became
saturated with soot. Complete loading of the soot filtered was determined by a pressure
drop across the soot filter. When the soot filter was full, it was reactivated by thermal

regeneration. Thermal regeneration was accomplished by flow of air at temperatures of
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the fullerene collection filters. Three stainless
steel nmesh filters (Dynanmesh, fromPall Corp.) with a

woren/)peone size of 10 mwere used as the ful |l ePemass2003/021301

collection filters. Purities of the collected

full erenes ranged from60%to 90% w th respect to

soot, and 5 were approxi mately 99% pure with respect

to PAH. The | ow anpbunt of PAH was attributed to the

to the residence tine (100 - 500 ns) and tenperature
(FRfd9160°-C 1308 & preferabiiyS0aDEy. 806t BeaTIc¥ReC o shrd:GR@e) 50
prOV|ded in the first conduit between the conbustion
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soot filter and the fullerene collection filter, as

dieti e¢onildnglsb by agamplishe®d by bg-padsinkShé hdlehmg icollbction 201t daridg

of the pipe connecting the two filters. The full erenes
Geddne@tiesl at the fullerene collection filter were in
powder form could be easily collected fromthe netal

filtergs dﬁ% xﬂffferaemﬁréneﬁod%@&ﬁrak@, o@lg&tzof?ilﬁﬁf)ér@leur for
upon han han soot | ected fullerene
BEHG G WA ch %Eta%‘aﬁﬁ?%?éﬁgﬁ RURREE hfitiie8" ol eRaction or
[ ITE T N e REEER T T
th d th t filt
oty O%é@tg@"%vsfseé{%?@ﬁﬁ% rlwegf‘é?%i 8FSopatuohy G B 1A pmount of
When the soot filter was , It was reactivated

tSAeirraguced é@%Héwpﬁ?th%fﬁo thﬁﬁéu%alve fosgalipa pipreshaligreatly Pleduces cost

acconpl i shed flow of air at tenperatures of 41 WO
2004]at:39vitly h@@%ﬂ@@ﬁb@&%@fé ¢his material.

Table 1 reports the yield of total fullerenes (in g/hour) collected from a location
just prior to the soot filter (labeled sampling location 270 in Figure 2). A known amount
of combustion gas was collected and the fullerenes were extracted from the total
condensable matter by sonication, filtration, and subsequent analysis by HPLC. Total
fullerenes for the process of Example 1 were calculated using the weight of fullerenes (as
analyzed by HPLC) collected in the fullerene collection filter under conditions where the
gas flow rates and time of collection were monitored. The fullerene yield at sample
location 270 (representative of the yield from a conventional combustion process method)

was compared to the fullerene yield of the collected condensed fullerenes at the fullerene
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from100 C - 900 C, preferably 500 C - 800 C, at flow

rates of approximately 50 SLPM air. The regeneration
woyael@sdast ed from 15 mnutes to 1 hour, depend8CnEse0w3/021301

the tenperature, flow rates of air, and | oading of

the soot filter. During regeneration, N2 was added to

the effluent of the soot filter to maintain

‘tenperatures at the fullerene collection 5 filter in

the range of about 25 Cto 100 C, so‘that the

Ak 5EhEHe Ladh il ?igtgeﬁioﬂ%f Sodial temB%fﬂﬁ&'re?seiﬁ tllféyrfa

as , t 1n €

Species, SUc presen gas ef

he regeneration cycle,, This co al so 1
GBSt cofidon ! pytishSishrgpticht P ileRafe Filpreas vickhs about
zone durin regeneration. This process vyielded
twarfold sprderdpbthe sBls Preppred ipExampledo grans per hour
for 10 fullerenes that were substantially free of
non-fullerene inpurities. 3@bleehit extraction or other
post - processi ng_net hods were not required to reduce
non-ful | erene | nfolediondMetbod clir Production (g/lbondb| e
| evel s. Eli m natindribhe Svetessity of cdBl ection|of the
| arge anount of sodilipti@duced|as a by-product fo the
full erene format Afier VoOBRBEIoal $0 greatéy reducep cost
associ ated with handling and di sposal of this
material. 15 Table 1 reports the yield of total
full [ : l{o [ '

%_ﬁ[_gﬁtieé;'f’h@gaﬁgfépgterﬁ Q&Hs glgédeﬂ dﬁ ER5hAle r%@gjﬁh kR Samb YRlw-rates

prior € soot ter el ed sanpl | ocation

IR0 AR B R AR 0 ST BB
PP RT3 1 b SUEAt iRy BREUpELor fergpes withand
iliouE ot Blen ag o B e oed of P Fgisd palecton filler before

anal yzed by HPLC) collected in the fullerene
theymabEesgpRtiant t er under conditions where the gas flow
rates and tinme of collection were nonitored. The
fullerene yield at sanpl e Tablezgion 270
(representative of the vield froma conventiona
combust i on pr ote€ellentionMgthodas Produstionl (z/houre
full erene yiel § of Prihetodobt ect €d condehded ful | brenes
at the fullerene 42 Filtration
After Soot Filtration 4.0

of 500° C to 700°
ent of

The system was then allowed to cool to ambient temperature, and the fullerene
filters thoroughly cleaned. The system was then pre-heated with a methane flame to the
syste;n temperatures of Example 1, and thermal regeneration was performed by flowing
air through the soot filter. After thermal regeneration, the material on the fullerene filters
was collected and found to contain substantial amounts of fullerenes. Table 3 shows the
augmentation to the production rate for the fuel used for fullerene formation in Table 2.

Table 3.
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WD 2004/ 039719 PCT/ US2003/ 021301 filter. It can be
seen that filtration of soot at tenperatures in the

woang®3wflo500 Cto 700 Cresults in coll ecti orRCOUS2003/021301

much hi gher anmount of fullerenes. Fullerene yield is
about two-fold greater for the sanple prepared in
Exanple 1. Table 1. Collection Method Production (
our) Prior to Soot 3.3 Filtration After Soot
Filtration 6.4 5 Exanple 2. The sane system was used

as in Exanpl BT, c¥fidclion NetRe'® | OPfdddichion (ﬁﬁoﬂrb’e'
the sane equfv \Qefh&‘go&%wﬁon pressure, aAIH ”lelgsame

t enper at ures Hon cqupl i ng zone, and TOOt

filter. Tablp rodugti on rates of

full erenes W th With Regefidaativn soqt filtras.8on for the
1

ful | er enes cC oact od 41’ t;b& f_u Aroanpo r\r\l | Qr\tl an

filter before 10 ther eneration. Table
%PWW@W%W@PW&&H@@E@@H {odaateqn fofis rony g pspeegiurp
Filtration After Soot Filtration 4.0 The system was
Quikieddn tegeepmmie-cool to anbi ent tenperature, and the
fullerene 15 filters thoroughly cleaned. The system

was tEmpbe 3 Mhasepdragipn indecottettivareé fiilleagnes from oot and PAH and
system tenperatures of Exanple 1, and thernal

the gerif¢ation ofi fullasenpeintdifferdntoflléde nadfragionabre deburibadih t he

soot filter. After thernmal regeneration, the naterial

on t Meulletnk €6r@R€ioh,| ebpB4itfon and collection are accomplished using the system

CUoU U CU™ ut I A\ AV i h Y

described in Figure 3. Two fullerene collection filters 310, 320 were used to collect
different fullerene fractions. The second fullerene collection filter 320 is identical to filter
310. The first fullerene collection filter 310 collected a higher fullerene fraction, in this
case a substantial portion of the fullerenes greater in molecular weight than Cgp. The
second fullerene collection filter 320 collected a substantial portion of Cgp and any
fullerenes lower in molecular weight than Csp. Partitioning the total fullerenes produced
into two fractions, one Crg and higher, and the other primarily Cgp, was accomplished by
controlling the temperature of the gas at separator 230 to the range of about 500 ° C to
800° C, preferably between 600° C and 700° C, and allowing for the temperature of the

gas at the first filter 310 to drop to approximately 400° to 550° C, preferably 420° C to

470° C, in a controlled manner, in this case by conductive cooling of the gases through

“the pipe walls. The temperature of the gas entering the second filter 320 was allowed to

drop to approximately 25° C to 300° C, preferably 80° C to 150° C. This resulted in a
fullerene fraction collected at filter 310 of approximately 96% purity of fullerenes Cro and

higher with respect to Cgo. Filter 320 collected Cep in a purity of approximately 94% with
44



was collected and found to contain substantial anmounts

of fullerenes. Table 3 shows the augnentation to the
wonrodwseiton rate for the fuel used for full er ereT/US2003/021301

formation in Table 2. 20 Table 3. 43 WD 2004/ 039719

PCT/ US2003/ 021301 Col I ecti on Met hod Production ( our)

After Soot Filtration, 4.0 Wthout Regeneration Wth

Regeneration 5.8 A substantial augnmentation to the

full erene production rate is seen by the procedure

i . ' . BotiRARRING fctiditersapatanddliyifree of

r%ﬁ%été%ﬁﬁlg%%e%ﬁ‘;ogafn@fu Ie?Beones fromsoot and PAH anlgy 5
St e purification of fullerenes into different

PU 1 erene fractions are described. Fullerene

for i on aration and l. ' i
usi nasemaled g S JErcHBE LitBeflfe RACHR 308
collection filters 310,. 320 re used to . col t '
Feredrm dher e AR RLE POMBTE it s o Afsgopfiter was
collection filter 320 is identical_to filggr. S%Qh.The 1

5 dopiretledssglthas feltpsenes lqvees i) wHatlity thap Cg ¥ RopqngiiioayOiinis example
hi gher fullerene fraction, in this 10 case_a
vearb aotational tpsubsiantiallyfpassbrough fhersepilltey, whileFoojapd fullerene and
mol ecul ar wei ght than C60. The second fullerene
@alidrealé pasel higherin32Dtitiylthactedass thipwsh thetspel filigsr Purdips of Ceo
of C60 and any fullerenes |ower in nolecular weight

31286t 080, witakdspbdtenCRAn hss velbiik fllidréres €BrsCprGducesvas
into two fractions, one C70 and higher, and the other

(ﬁﬁ&hﬁ@f Ife¥n re¥BFthe CERBRI da§ RaHe B¥it of@B kot lfiltengereaBout 400 © C
errperaturpe of the gas at separator 230 to the range

of abouyt 500 Cto 15 800 C, preferably between 600 C
10 Qﬁem#d%bcg'and allowmng for the tenperature of the

288 ?ﬁg&g 'Efget;- gfllgelré;gc{eﬁss Q]{s%@ts%ﬂ%a (1)1? E%é’m&@ qrw(l)a)élusedt, E!)‘xever with
addition of a 360° bend with a radius of about 1” to the pipe connecting the soot filter to
the fullerene filter. The apparatus is shown schematically in Figure 5. 66% of the
fullerenes were collected in the bend, confirming the presence of particles of about 10 um
15 in size or larger, based on the particle Stokes number and conditions of the gas stream,
and physical conditions of the conduit and the bend. This example demonstrates the
effectiveness of cyclone separations for the collection of fullerenes. Multiple cyclones
could be used for different fullerene fractions if multiple fullerene separations are desired.
Example 6. The same process as described in Examples 1 or 2 was used, however
20 the fullerene formation process was replaced with a jet-stirred reactor configuration
consisting of offset opposed jets, as described in International Published Application No.

WO 03/021018.
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470 C, in a controlled manner, in this case by

conductive cooling of the gases through the pipe
woabd4®397ime t enperature of the gas entering thecsaszwd021301

filter 320 was allowed to drop to approximtely 25 C

to 300 C, preferably 80 Cto 150 C. This resulted in a

20 fullerene fraction collected at filter 310 of

approximately 96% purity of fullerenes C70 and hi gher

with respect to C60. Filter 320 collected C60 in a

pur i t ExahpRORThe samt gtoce349usati tab in BanWile 2 HAvVeOSAHd oot filter is

PCT/ US2003/ 021301 respect to fullerenes C70 and

hi90eh by Baiif: tithl.Gh&R R et ERRIToRNS 2z 6B 03RS TR kII&kS Bor a certain
free of ° soot. Exanple 4. The sane process as

d | bed. i le.1. wa d.. '
PESRRPRCOTAE gf?f ?%93@%&%@.6 das’ ?ﬁteﬁlﬁgﬁ%ﬁg&?ﬁwﬁn‘%&f ffShen

' 5 | .
EFRTNE 1 BRBL R Ao NS P el oA A0 0o gsed. This

conditions of this exanple were not allowed to

bmay be Agpinghle dn easesowle a gerbep Black produst willyh pescentage of
and fullerene and condensabl e gases higher in
Vlleaeniels iprayides gnhapeed prafpsmennedQtier sdparaion processese puch as cyclone
Purities of C60 of about 95% wth respect to C70 and
Isepesatiomk atouldebefuskd wr@nestrg €7k fullé@ne/884t praduct) was
obt ai ned. Tenperatures of the effluent gas at the exit
of thE&xample & i THeaamepreeeaiOUded40th Eample 11 lmwebeatthe dd filter is
C. Exanple 5. The sanme process as described in Exanple
kepaedWafthn dIQRYESC WetiPitata dibidh®Rpahitethd @Gothe ehpstaulite in the

a radius of about 1' to the pipe connecting the soot

Ehﬁ&%ﬂ%‘f gﬂﬂ.lt sbhecth liaﬁo%[ eld. l’lth%rsoo%_ig @ol?e@%ﬁrc@ﬁt?lﬁmhé“ly.

chematically 1n Figure 5. % of the ['I'er enes

wer e | | ect in the bend, .confjrying the presence.of, ..
por i B s iaind Brodihas FERRRLT Bk R RLE SRS Biatic
on the particle Stokes nunber and condition f the o
Faecinitatian fakes place HfraReEaTes Birile Fangm st gtout ﬁ@éﬁ%@wt 2000° G, to
and the bend. This exanple denonstrates the )
ehbssantiallp remevedhic soptifromdheseniering gasess 4 wgiongprovided during and
collection of fullerenes. Miltiple cyclones

downstream of the electrostatic separations so that fullerene formation is promoted, in the

range of temperature of about 900° C to about 2000° C.

Example 10. This examples demonstrates the continuous regeneration of the soot
filter during formation, separation and collection of fullerenes.

The same system was used as in Example 1, with half the flow rate of fuel, similar
equivalence ratios, pressure, and at similar temperatures of the reactor, coupling zone, and
soot filter. In this example, regeneration air is introduced just upstream of the soot filter in
flow rates similar to those used for non-continuous regeneration described in Example 2,
sothat oxidation of the soot and regeneration of the soot filter occur while fullerenes are

being produced and passed through the soot filter. Table 4 shows the production rates
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could be used for different fullerene fractions if
multiple full erene separations are desired. Exanple 6.

wOheo4gasm9 pr ocess as described in Exanpl es 1 oPCRUSa®3/021301

used, however 20 the fullerene formation process was
replaced with a jet-stirred reactor configuration

consi sting of offset opposed jets, as described in

I nternational Published Application No. WD 03/021015.
45 WD 2004/ 039719 PCT/ US2003/ 021301 Exanple 7. The
saoROALARYS tegentgatbnamd iwithkoaniloas isgehausiore It dahbe sapotthat
filter is replaced by a filter with a nean effective

B&i8orSbZ8r Bfac&finplish EBhtEnushd R¥EnetMon Ao6Ldt dshlt in significant losses
percentage of the soot present in the gases entering

bPRIERALs a;%a!séetd%roixgh BRSSorlHepuon, resulting in a
concentrating effeéect ereby the fullerene to soot
ratio is increased. This 5 product may be desirable in
cases where a carbon bl ack g@ gct wi th a percentage
of fullerenes provides enh AeE performance. O her
separ ati on processes—such-as—eyelope—separathons,
coul d be used tlo tion

product . ExanpleA8er Sopk FidisheNpriocess i%4%used ag in
Exanpl e 1, however egtiausgs filter is replaced with
an el ectrostatijc prRegeptratianor . whi ch separates |t he
soot at tenper at ufeeriSnottHikratidi0 r ange o2.5about 300 C to
about 1200 C. The sd@oniisuonsl | ect ed continuouslly.
Exanpl e 9. The [saneR¢geoaass as [Exanple 8 is used,
however, the electrostatic precipitation takes place
at tenperatures in the range of about 900 C to about
2000 C, to substantially renove the soot fromthe

ent er ixpg, ouf*erﬁ?&ilﬁgntk haPiB¥paRek EU kdaBiEin N6 the present

domnstrea of the electrostatic sSeparations So tha

AR 5O BT 52 S oo

F%aé‘&% KGR, ?tﬁ?w@né'@sw ; %n??stéihaﬁhn%gﬁt o B teschings, including

aration and coll i on ful ].erene
em odiments with numerica va ues an(? ranges Al&eﬂ i§rom those set forth herein. Itis

appreciated that the figures and discussion herein illustrate only an exemplary device and
method. Thus, the present invention is not limited to only those structures and methods
described herein. The process described above is not restricted to any particular order.
The features of various embodiments may be combined with each other. Also, other
processes not mentioned above may be included that are consistent with the stated
objectives of the invention. In particular it is contemplated that multiple soot filters, e.g.,
two, three or four or more, may be used to allow and promote fullerene formation with

the amounts of soot in the gas stream reduced from typical conditions, and to reduce
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The sane system was used as in Exanple 1, wth half
the flowrate of fuel, simlar equivalence ratios,
wores®asa9 and at simlar tenperatures of the PeamiS203/021301
coupling zone, and 20 soot filter. In this exanple,
regeneration air is introduced just upstream of the
soot filter in flowrates simlar to those used for
non- conti nuous regeneration described in Exanple 2,
so that oxidation of the soot and regeneration of the
sosumiptibh of fulleries byhsdoe TheldsevBmeaRiphs falleteat ogjlepti adfiltes) e.g.,
and passed through the soot filter. Table 4 shows the
B 6, dhiet,| &2 Folirdr @ord,Gs M6 esigdnflaed 19 PCT/ US2003/ 021301
with no continuous regeneration and with continuous
regeneration. It can be seen that addition of air to
acconpl i sh conti nuous regeneration does not result in
significant | osses of fullerenes passed through the
soot filter. 5 Table 4 Collection Method Production (
our) After Soot Filter - No 2.9 Continuous
Regeneration After Soot Filtration 2.5 w Continuous
Regeneration Al though various enbodi nents t hat
i ncorporate the teachings of the present 10 invention
have been shown and described in detail herein, those
skilled in the art can readily devise many ot her
vari ed enbodi nents that incorporate these teachings,
i ncluding enbodinments with nunerical values and
ranges differing fromthose set forth herein. It is
appreciated that the figures and di scussion herein
illustrate only an exenplary device and,
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met hod. Thus, the present invention is not limted to
only those structures and net hods 15 descri bed herein.

woheo4peuess descri bed above is not restrictedPCo/UamN3/021301

particular order. The features of various enbodi nents
may be conbined with each other. Also, other

processes not nentioned above nmay be included that are
consistent with the stated objectives of the

invention. In particular it is contenpl ated that

mul ti pihat SeRimédisters, e.g., two, three or four or
nore, may be used to allow and pronote full erene

fi or MapifIh oM Spré@sdih ?ftﬁl@iéﬁéﬁ SonQishgake étBpsidfe gas

stream reduced fromtypical conditions, and to reduce
47 WO 2004/ 039719 PCT/ US2003/ 021301 consunptlon

ful | egeaREtingy gapeteanINENISg SRsnsidad; sepipartg ?Seaﬁlér?éndensable
collection filters, e.g., two, three, or four or

gTes saldgoadlmsabd@gasemrmrsmg AFOWIBEALH30F 19

PCT/ US2003/ 021301 V%at is clained is: 1. A nethod of
processing fullerene X

Gener sorna S EPpRich o B sPh At eBbERTndhe syspended soot
partjcles and c Hdensable ases, said condensabl e
ﬁﬂ?@@sE%ﬁ%?g§¥ §'§9§5%5?SPE$?%Tenes and 5 separating

at least a portion of the condensable gases fromthe

sus peRHe@inSARt gas@iks fhlldr@Rs Bi@indfcchdedsd pebl © separatmn

separations process, wherein said gaseous full erenes

are not condensed prior to separation, 2. Th

8f cl Ahernethogobelaim, 1 whereja shestas stagany pf %{ﬁ%}é‘ﬁg gQpt %’89168 and
particles and condensabl e ses i s obtained using a
eetndsoshbleedasestie dbthingdiisinga gxegwé selopied fromyife group gonsisting of

conbustion, arc plasma discharge, |aser ablation,

gompimtive, e plasmg dischrdga bgertablagion, gyaphdte durning, end negative

chem cal ionization.

ion/desorption chemical ionization.

3. The method of claim 1, wherein the gas stream of suspended soot particles and

condensable gases is obtained using a combustion device.

4. The method of claim 1, wherein the separations process is conducted under

conditions of optimal fullerene stability.

5. The method of claim 4, wherein conditions of optimal fullerene stability comprise
conditions where consumption of fullerenes by soot particles or other species contained in

the gas stream is minimized.

6. The method of claim 5, wherein the time-scale of gas/solid separation is small

relative to the time-scale of fullerene consumption.

49



10

15

3. The nethod of claim1l1l, wherein the gas stream of
suspended soot particles and condensable gases is

wohbv@ioagd9 usi ng a conbusti on device. 4. The nerboasefo3/021301

claim1, wherein the separations process is conducted
under 15 conditions of optimal fullerene stability.

5. The nethod of claim4, wherein conditions of

optimal fullerene stability conprise conditions where
consunption of fullerenes by soot particles or other
gpeci €he fivfhodiofeirh N, whéreinFaleraies @aving & volatlityl [ower thah a
The nethod of claimb5, wherein the tine-scale of

qasdisPldiskiRg aérsa?&rﬁt@d with$RBdukpendBd 56 gbﬂtﬂéﬁs §10thb es/solid
time-scale of full erene consunption. 49 WO 2004/ 039719

Pﬁ%%ﬂ@g@@%é 1301 7. The nethod of claim 1, wherein
£ erenes having a volatility lower than a selected

volatility are separated with the suspended soot
Bar t i Themeihodtofielagnd/ wbéreid thesgaatredn basa esidercsdimedof between
The nethod of claim 1, wherein the gas stream has a

raBsutd e mgec hndEbodf 10 sdcwpetfeanbofahossparhGonsmocan griatto s¢paration.
10 sec upstream of the separations process prior to

separation. 9. The nmethod of claim]l, wherein the ga
Stre a%&‘?\ gethod,of claia r]rc‘é(h?rFWéh%aS SEEAR éﬁs A TR5igERCeH ?@é’fﬁween
and about 2 sec upstream of the separations prqcess )
P09 613§<é§mir€ﬁl°llg% sec upgireamf the-$eRaALigns RIPEHSpPHOr Lo separation.
wherein the portion of condensabl e gases separ at ed

fioom The ﬁ}eu ARERAGH 15QBEreRAd pHi6S of SrBBRARIE Sdses '%e arated from

sel ected l'erene species to a greater extent

&l’bea%éefng?ﬁ[] S({OE é&l’gg@? goelilﬁ%%&f ﬁl seﬂe?:ted m?er%t ggesotfo a}lr@a'tép extent

Separati ons process 1|s
ncent r.at or roduci ng a hi gher percentage gas
@%Pﬁ@gﬁﬁﬁkw?§§§9ﬁf%h respect to suspended soot, and a
| ower percentage gas effluent streamw th respect to
gus pemie ehed@tof claim 1, wherein the gas/solid separations process is a

concentrator, producing a higher percentage gas effluent stream with respect to suspended

soot, and a lower percentage gas effluent stream with respect to suspended soot.

12. The method of claim 1, wherein the separation of at least a portion of the
condensable gases from the soot particles is accomplished at a temperature of less than

about 1100 °C.

13. The method of claim 1, wherein the separation of at least a portion of the
condensable gases from the soot particles is accomplished at a temperature in the range of

about 300 °C to about 2000 °C.
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12. The nmethod of claim1l, wherein the separation of
at least a portion of the 15 condensabl e gases from

woheo4gagtioparticles is acconplished at a tenperarmseo0sn21301

| ess than about 1100 C. 13. The nethod of claiml,
wherein the separation of at l|east a portion of the
condensabl e gases fromthe soot particles is
acconplished at a tenperature in the range of about
300 C to about 2000 C. 50 WD 2004/039719

LT/ RGP IHEGdm ﬂ%he?&@m%&;té?ﬁmﬁfof Gl Ehéva}aordl&ﬁ%“f @l

the separation of at |least a portion of th

&Qlﬂgl% g%s%s ﬁ%ﬁletﬁe 56}%&1‘&8& f‘soa%tcmﬁ thle& theastehlgf:ratur%m tPe range of

acconp ure In e range
ab Q-C. 15. The net hod of cla|n11,

%ﬁ?&%%% é%ﬁ% t§% 5 condensing at |east a portion of

the fullerenes in the condensabl e gases after

s%parhie mdth@f oft dEnCR Tk abhgrigages. 16. The nethod of

cl ai m 15, wherein the condensed fullerenes form as

susp endgd particles. ' 17. The nethaod of clai m 16,

wher eioRdesBE @l opstadpsionof tbrilerenss in dhesopdenadls gasep after

nucl eati on and/ or honbgeneous nucl eation, in the gas

- seppiadion fiheronderablerssssuspended  seed particles. 18.

The net hod of claim 15, wherein nucleation and/ or

ovvt
L R
%%@% |n sai d seed particles conprise soot. 15 20. The
od of claim 15, further conprising: collecting the
condensed fullerenes in a separations process.

17.  The method of claim 16, wherein the fullerenes condense by heterogeneous
nucleation and/or homogeneous nucleation, in the gas stream which contains suspended

seed particles.

18.  The method of claim 15, wherein nucleation and/or growth of particles is

promoted by sonic, ionic, or radioactive methods.
19.  The method of claim 17, wherein said seed particles comprise soot.
20.  The method of claim 15, further comprising:

collecting the condensed fullerenes in a separations process.

21.  The method of claim 20, wherein the separations process comprises a gas/solid

separations process.

22.  The method of claim 1 or 21, wherein the gas/solids separations process is
selected from the group consisting of filtration, electrostatic precipitation, electrostatic

separation, and inertial separation.
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21. The nethod of claim 20, wherein the separations
process conprises a gas/solid separations process.

wa2z004Mhgrioet hod of claim 1 or 21, wherein the PCT/US2003/021301

gas/ solids separations process is 20 selected fromthe
group consisting of filtration, electrostatic
precipitation, electrostatic separation, and inerti al
separation. 51 WD 2004/039719 PCT/ US2003/ 021301 23.
The met hod of claim 22, wherein filtration is selected

f230m tThe ngiedpf eRRE 23 WRdeidfiltrsiof\Esdidctdd B &b erbiPShsisting of
filtration and packed bed filtration. 24. The net hod

Qfevs hilafbR QibeARES hQORIGAGRY i Ses condensi ng
tﬁz #uﬁlerehgs gﬁ?ga§9g%§(ggggnga%§{ The met hod of

claim 16, wherein the nmean size of particles forned

@dwns Themethefl of claim §8.swhantin dokesing atmpnises evnidessing thierfullerenes
the range of 0.1 gmto 500 m 26. The nmethod of claim

Db@to auefeed. n t he nean size of particles forned
downstream of the gas/solid separation device is in

f.1 to_200 27. Th thod. of claim
20, WAL Befo ool 36 VSR tificaaest paRcs formed downstream of
mai ntai ned at a 10 velocity selected to mnim ze
th5s3a8/solisk sepayptien davice is i the range e50.4 il i9gP08dmyeyance of
the gas streamto a collection site. 28. The net hod

| o ‘ L L h ded -t

28, okl o gL R 1 52 B s o
h f d I Ng. [ d ' first

IRl Prririit e BEPse 2ITR 17 890 Bltene

species. 15 30. The method of claim1, further

QORI Th MBtho@ Of L1686 DO\ GwHeRSn tHerBlochP BERB S8 stfdl 18 hEffained at a
species or set of fullerene species in a separations

PEB&iBSRlected to minimize losses of fullerenes to surfaces during conveyance of the

gas stream to a collection site.
28.  The method of claim 1 or 15, wherein a diluent gas is added to the gas stream.

29.  The method of claim 15, wherein the step of condensing comprises condensing

first selected fullerene species or set of fullerene species.
30. The method of claim 1, further comprising:

collecting the first condensed fullerene species or set of fullerene species in a

separations process.

31.  The method of claim 1, wherein the separations process is a gas/solid separations

process.

32.  The method of claim 1, further comprising:
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31. The nethod of claim 1, wherein the separations
process is a gas/solid separations process. 20 32.

woheosrmeenod of claiml, further conprising: 5PCWDS2003/021301

2004/ 039719 PCT/ US2003/ 021301 condensing a second

sel ected fullerene species or set of fullerene species
after condensation of the first selected fullerene
species or set of fullerene species. 33. The nethod
of claim 32, further conprising: collecting the

condensed, FeGAACLIdWe]|Bfe8 PR1ERR Gh&TesUr s&RIf fdlerérd sg@cﬁ@rtﬁter
species in 5 subsequent separations process. 34.

The et ho . ' i ' .
e e
met hod of claim 15, wherein the tenperature of the gas
83.r eamhd Method bhdairedly durttet cabpiidingri nus 250 C to 1200
C. 10 36. The nethod of claim 15, wherein the

e S Bl hlon s S RS s

wherein conditions are nmaintained in a reaction zone
BRAERIAPATHONS REOCGEs/ sol i d separati ons process to
pronote additional fullerene formation in the gas

841 eafe ﬂ'lét}xg@ of Jen TR LR Pihe GbrMoAd protbRigh Baskolid separations

second gas/soli1d separation process is carrie out

?;otcgsrs the formation of fullerenes in the reacti on zone
0

Seéparate at | east suspended soot forned as a
by- product of the additional fullerene formation. 39.
Ihe nEhdmethod of-¢laimri B Fherdie theitemperatprerofttihe gas stream is in the range
downst ream of the gas/solid separations process are

BRABYuRnRE 280° @kou2008@) C to 2200 C.

36.  The method of claim 15, wherein the temperature of the gas stream is in the range

of about 100° C to 800° C.

37. The method of claim 1, wherein conditions are maintained in a reaction zone
downstream of the gas/solid separations process to promote additional fullerene formation

in the gas stream.

38.  The method of claim 37, wherein a second gas/solid separation process is carried
out after the formation of fullerenes in the reaction zone to separate at least suspended

soot formed as a by-product of the additional fullerene formation.

39. The method of claim 37, wherein temperatures downstream of the gas/solid

separations process are maintained at about 500° C to 2200° C.

40.  The method of claim 37, wherein temperatures downstream of the gas/solid

separations process are maintained at about 900° C to 1700° C.
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20 40. The nmethod of claim 37, wherein tenperatures

downstream of the gas/solid separations process are
worinadned at about 900 C to 1700 C. 53 WO 20041@32003921301

PCT/ US2003/ 021301 41. The nethod of claim 20, wherein

condensati on and coll ection of non-fullerene

condensabl e species is acconplished subsequent to

collection of the fullerene species. 42. The method

of claim 41l wherein the non-fullerene species

QQNpr irRe ﬁleﬂﬁmb? Héirh 9? teﬁ&ﬁ%hlﬁeﬁé’a@iﬁﬁ GRd p(ﬁﬁ%%or?of‘r?bn fii&ene

nmet hod of claim 38 er conpr|5|ng condensi ng a

SGa8 <)L 0 LR PRERRT, LOBEMAL T FERGABAE R

and collecting the condensed fullerenes in a

g@par dhé mathopobclans 41 4herciihthe nBi-ROlirénk spéoddsBompeikesddlycyclic
wherei n the gas/solids separation device is operated
hfbnkatic dysioeabynsirode. 45. The nmethod of claim1 or 20,
wherei n the gas/solids separation device is operated

in an_un-steady node. 46. The nethod of claim15, 30,

43- or Themethad PgFlﬁm‘tl A% fpeheE cARARENGy wei ght of ,

full erenes to soot and other condensables in the

colle

Cobur IS FYI0RE I 8 OTPel ol 55 ARRSHE e
| erenes are enriched in

% P&ggﬁﬁgad%mggﬁggﬁﬁg dﬁphe full erene content of the

gas streamprior to separation of the suspended soot

f r om tdilectiresths toedensed48llerdies ime tdparhtiohs prloadssn 15,
wherein the coll ected condensed full erenes conpri se

0 0 '
%Q ab’?fi‘e met! 910/81 of clgi?r?lfltor Z(S) /ohe}/eu\ll\%e %Qg/sgl Is lsgpra?z&%% device is operated
in a steady mode.

45.  The method of claim 1 or 20, wherein the gas/solids separation device is operated

in an un-steady mode.

46.  The method of claim 15, 30, 32 or 37, wherein the percentage by weight of
fullerenes to soot and other condensables in the collected condensed fullerenes is in the

range of about 70% to 100%.

47. The method of claim 20, wherein the collected condensed fullerenes are enriched
in fullerenes as compared to the fullerene content of the gas stream prior to separation of

the suspended soot from the gas stream.

48. The method of claim 15, wherein the collected condensed fullerenes combrise

about 10% to about 70% by weight fullerenes.
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54 WD 2004/ 039719 PCT/ US2003/ 021301 49. The net hod of

claim1l or 15, wherein tenperature of the gas stream
wo20mmaenel | ed by use of conductively cool ed Barfuae®®s/021301

and/or inert gases, and/or heat absorption by phase

change. 50. The nethod claim 1l or 20, wherein

residence tine in the gas/solids separation 5 process

is controlled by addition of an inert gas. 51. A

nmet hod for processing fullerenes conprising the steps

ab. byhoiRhod of @faﬁﬁ B-or Q P{ PhdILiR Tenfpte éuxlé%g il n%l? LA ﬁ%%ntrolled

effective to produce fullerenes ate

e T T

ﬁlgegenes and 10 separating at |east a portion of
PRECEIHEENsabl e gases fromthe suspended soot
particles using a gas/solid separations process. 52.

Sbe nEhdedtholl cRiidile:20, wikieinebdiddnBeise PR 1‘g'aQ!?olﬁlfs s@aration
| east a portion of the condensable gases fromthe

?ﬁ%ssﬁs’iédﬂt@h@@b' §dcﬁ§&pgggnii§g}ﬁgasat a tenperature |ess
han about 1100 C. 15 53. T nmet hod of claimb51,

wherein the separation of at |east a portion of the
ebndefsagthed fapeosessingniutierenessomppising ihel seps iof
acconplished at a tenperature in the range of about

300 Cbﬁrﬁm%ka%bo QC%P&&IiI?%fuel \.E}%e{r@onlaﬁ%n ff%cu ve é%prgﬁléceerfullerenes

wherern e gas/so parattons 1's

{ f ful.l
%8%%’%9’@%9%@95 BIR G9n s FiopeRled s RS dnd Fordeasabie
gas’es sai rcg}lcglens%ﬁ]déatlsles? go%nlg)r{smog ftuhererllesf ajrldl erene stability

separating at least a portion of the condensable gases from the suspended soot

particles using a gas/solid separations process.

52. The method of claim 51, wherein the separation of at least a portion of the
condensable gases from the soot particles is accomplished at a temperature less than

about 1100 °C.

53. The method of claim 51, wherein the separation of at least a portion of the
condensable gases from the soot particles is accomplished at a temperature in the range of

about 300 °C to about 900 °C.

54.  The method of claim 51, wherein the gas/solid separations is conducted under

conditions of optimal fullerene stability.
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conprise conditions where consunption of fullerenes by
soot particles or other species contained in the gas

woekoEasyiieg mninm zed. 56. The nethod of cl ai m B6T/US2003/021301

wherein the time-scale of gas/solid separation is
small 5 relative to the time-scale of fullerene
consunption or enbedding. 57. The nethod of claimb51,
wherein the gas stream has a residence tine of between
about 10 nmsec and about 10 sec upstream of the

sgpary é'ol;a@@f)@ BP&E@%&%&&E@& SorJRRAL BF btinal fBrentability

alm , erein the gas stream has a
i d A f t ] ;
LR P s S5 Eon ARtrared By D6t Qi pecies

S%Ear%QFOQ% 10 59. The nethod of claim51, wherein
algediindig gay SEEPR ISPURY Hr ocess is a concentrator

produci ng a hi gher percentage gas effluent streamwth

58S Pethe BthSd SPERRESS, viRalin thaMiEnasdaRWE izafSulidiesspagtondasmall
effluent streamw th respect to suspended soot. 60.

Th8ivaRS BRAA, sGlcadThitene | ﬁiu?ﬁ;ﬁioh ReedBSdd. | ds

separations process Is selected fromthe group
consisting of filtration, electrostatic precipitatian,

& ect Thsmathiod of clpian &t.i verein 16 gap strdamelrasiagpsidensa figejob hetween
61. The nethod of claim60, wherein filtration is )
abdue ¢0 eded sraimbohel (seo wpstcamsifshd segarefionsgiresess prior to separation.
filtration, fiber filtration, and packed bed

filtration, 62. The thod af claim wh in..

b1 1 1 3bt Bified oL el R By e Srelocig 80D e of beween
particulate filter, 20 63. tge net hod of claim.6 5 .
B AR mpREATdoRH %555 APE R 4Tl FPPRRPISABHeSy RLoo separation
catalyst to pronote thermal regeneration of the

fsol t errpd pheltRARY BlafiR 5h BFhcRéin ﬂﬁ‘%?sls&ﬁi MEurdBOH I8REdR a
PCT/ US2003/ 021301 64. The nethod of claim63, wherein

%Q&eﬁ@ﬁt@ff@fodﬂaﬁ iagl' lfgg %Eérﬁ&{g@ load SrTIREdtQEEAA withQBIpe&i@o suspended

group consistin lerite, silicon carbide,

as!)o n an'?iaa lo%re]ldpe%elﬁggg %/afc'—:i;ﬂ'u&ﬁ s&@iﬁ?%h%s%@cﬁ'to suspended soot.

60.  The method of claim 51, wherein the gas/solids separations process is selected
from the group consisting of filtration, electrostatic precipitation, electrostatic separation,

and inertial separation.

61.  The method of claim 60, wherein filtration is selected from the group consisting of

sieve filtration, fiber filtration, and packed bed filtration.

62.  The method of claim 60, wherein filtration is accomplished by the use of a

ceramic particulate filter.

63.  The method of claim 62, wherein the ceramic particulate filter contains a catalyst

to promote thermal regeneration of the filter to remove collected soot.
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65. The nethod of claim63, wherein the catalyst is a
metal. 66. The method of claimb51, wherein the
wgael4adilgd separation is conducted at a tinme BCams2003/021301
| ocation selected to provide soot particles that have
an average particle size in the range of 0.1 m- 100
m 67. The nmethod of claim51, wherein the gas/solid
separation is conducted at a time and |ocation
selected to provide soot particles that are
[ S dat A . i
&L eﬁa%%? tod 8} Hhifn gﬁt}%ﬁéﬁl th?%r%n{crﬁ%ggu%% ﬁgéré%.gel%ﬁ%cﬁrom the

Stze I n e range o

TR R T .

gases after separation of the condensabl e gases from

e sisREIKRTLITRe - 630 VhertREh&BLtA106 104 netadi M 68,
wherei n the condensed full erenes formas suspended

$artic|es. 15 70. The nethod of claim69, wherein the .

QI | ehemeshedpfsdaine lpyrhereindhe gastielid sepaation dngqngpcted at a time

and/ or honogeneous nucl eation, in the gas stream which

andriecatios sedeptqskin geevidssootipgticles thatdwyve 71 aveTege petidhosizai the

claim 70, wherein said seed particle conprises soot.

rédge offoel pmt-hiwd af. cl ai m 68, further conprising: 20

coll ecting the condensed fullerenes in a separations
rocess. 57 WD 2004/039719 PCT/US%OOS/OZlSOl 73. . The,

t holdegrethadpiiplapm Slybersinihe gas/solid seniratiga hgondurighet a time
of fullerenes to soot and other condensables in the
and|lpcation gelectsde psatds spof prglesthatare pollegwblepigefilisr having a
about 70% to 100% 74. The method of claim 72,
mkrareffentitehre sikd mahe thngo nfiahose@ 1 furd + #0@pms i s enri ched
in ,

68.  The method of claim 51, further comprising:

condensing at least a portion of the fullerenes in the condensable gases after

separation of the condensable gases from the suspended soot.

69.  The method of claim 68, wherein the condensed fullerenes form as suspended

particles.

70.  The method of claim 69, wherein the fullerenes condense by heterogeneous
nucleation and/or homogeneous nucleation, in the gas stream which contains suspended

seed particles.
71.  The method of claim 70, wherein said seed particle comprises soot.
72.  The method of claim 68, further comprising:

collecting the condensed fullerenes in a separations process.
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5 fullerenes as conpared to the fullerene content of

the gas streamprior to separation of the suspended
weaoei4/Byam t he gas stream 75. The nmet hod of clarmszd3/021301

wherein the coll ected condensed full erenes conpri se

about 10% to about 70% by weight fullerenes. 76. The

nmet hod of claim 69, wherein the nean size of particles

formed downstream of 10 the gas solid separation

device is in the range of 0.1 gmto 500 gm 77. The

th f .cl.ai.m 69,,,Wh it [ [

o e B ER VBB TR AR P ALK 4 oo
isinth . 1 t 00 78. .Th t hod.. of
sl gl Sopdefbeinine Faliy soader e alrrdes AR pee Bt fgut 70%
gas/solid separations process. 15 79. The nethod of

te180% 78, wherein the gas/solids separations process
is selected fromthe group consisting of filtration,

Al ectpeMddorRiah78! &/ﬂér.éiﬁg%e éd_’ll‘_lﬁ&tedi BdnRERATRdORs i9iiched in

el ectrostatic separati on. e method of claim 79,
erein filtrati j L .
th
SRR b G e Pl Bl ot URTRe MePl M sppp of e
%ﬁﬁ?&d bed.filtration. 20 81. The nethod of claim 68,
Pa§dsopHiEom e &5 SEE - conpri ses nucl eation sites to
pronote the condensation of fullerenes fromthe gas

Bt I eame nthodr 2004/70 3R Bin kel ¢ dUSA0H 361k AHA Fullddenes Thmprise
met hod of claim81, wherein the nucleation sites

ABHPIISR HBALT00RALY IwelgBBfullefenesdt her suspended particles
having a particle size in the range of about 0.01 m -

100 m 83. The nethod of claimb51, further

Tonprihiheimpghods stem SO nyherein| themeanssigrpfnagiclestionned downstream of
non-ful |l erene species in the condensabl e gases 5

thé pasrsoké papastion devdte is e theaage s 8| ten tas¥kUmr om t he
suspended soot; and

77.  The method of claim 69, wherein the mean size of particles formed downstream of

the gas solid separation device is in the range of 10 um to 200 pm.

78.  The method of claim 72, wherein the separations process comprises a gas/solid

separations process.

79.  The method of claim 78, wherein the gas/solids separations process is selected
from the group consisting of filtration, electrostatic precipitation, inertial separation, and

electrostatic separation.

80.  The method of claim 79, wherein filtration is selected from the group consisting of

sieve filtration, fiber filtration and packed bed filtration.

81.  The method of claim 68, wherein the gas stream comprises nucleation sites to

promote the condensation of fullerenes from the gas stream.
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col l ecting the condensed non-full erene species in a

separations operation. 84. The nethod of claim 83,
woher@ssrib he condensation is carried out at a PCT/US2003/021301

tenperature in the range of about negative 250 Cto

about 600 C. 85. The nethod of claim51 or 68, wherein

tenperature is controlled by use of 10 conductively

cool ed surfaces, and/or inert gases, and/or heat

absorption by phase change.. 86. The nethod claim 51

82repg?gef {Vﬁgﬁ 8 BE 81r esgfi Ceg%{t% f?aatg% sﬁ%%éé Jlée%ﬁ?t partlcles, or
t t hod of, cl 20 72

R p@aclesﬂ%és%aé’rpeﬂ%s@% bt (o€ ieg gﬁ%@pﬁﬂﬁﬁ%i'r 190 .

free of polycyclic aromatic hydrocarbons (PAH). 15 88

g3he Tﬁéﬂl@&o@%fﬁhﬁhm%ﬂﬂércz grﬂﬁ’ﬁ@r ein the collected

condensed fullerenes are stantially free of soot.

89. The net hod of cIa|n187 wherein the polycyclic

ar omaeridensingiatdeast dDPFLOPAH) non: SREHE SPACISS ﬁ%th@&ﬁe@ﬁé% gases
gases i s reduced by reacting of the PAH with soot

afrar separhtben of tRdcontinmsabietgasad fivin the anspendedrsosts and yr t her
conprising the step of: 59 WD 2004/ 039719

PCT/ U 2130
soot Sleg g g 08?)%6&@ Srgolélln llargréezg g S ﬁ]haos%g%% 1(Srgn$ferah

i ntroduci ng an oxi dative species into the gas/soli ds’
sgeparmraé irethoplod cRES 83} wheesin eiextondasatidias catredwuif 2. temperature
oxi dation of the collected soot. 91. A nethod for

iR FRGERR IR Ebdud hb BV 250 °C @aous60brd.he steps of @ 5
burning a carbon-containing fuel in a flame under

conditions effective to produce fullerenes ﬁ<§
8§enefra@ methedof Flaifa i 058, WsHEIR fesnegrtwig dhenniretie b of

particles and condensabl e gases, said condensabl e
cgadistvalp npled suntces, Rhdprsiness 2assw pad/ar hew absegption by phase change..
condensabl e gases fromthe suspended soot particles

8%?’i NY1h& method claim 51 or 68, wherein residence time in the gas/solids separation

process is controlled by addition of an inert gas.

87.  The method of claim 20 or 72, wherein the collected condensed fullerenes are

substantially free of polycyclic aromatic hydrocarbons (PAH).

88.  The method of claim 20 or 72, wherein the collected condensed fullerenes are

substantially free of soot.

89.  The method of claim 87, wherein the polycyclic aromatic hydrocarbon (PAH)

content of the condensable gases is reduced by reacting of the PAH with soot particles.

90.  The method of claim 1 or 51, further comprising the step of:
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gas/solid separations process to obtain condensabl e

gases reduced in soot content; and 10 introducing the
woand@asdabl e gases conprising full erenes into RCT/US2003/021301

subsequent | ocation where further treatnent or

reaction of the fullerenes is conducted. 92. The

nmet hod of claim91, wherein the condensabl e gases

conprising fullerenes are condensed to provi de at

| east a portion of the fullerenes as suspended

parti cﬁJ‘rﬁ% ok B epars @SBRI B8R IES condBbable &asdd HP GREGEMent

particles are introduced into the subsequent 15

| ocation. 9 . . [ , [

gas, 1 érﬂg%%rrgea{% oxﬁ‘a‘ﬁx@%ﬁ%ﬁ’e@ ifb élfe!t %F/lg?)]?&k serRidH fRoddi€at

gases conprisin erene conpri se

aseous fullerenes, .and t as fullerenes are
FBteut Ty ‘ehudiodd hidRerdliBhon " oa. “an
apparatus for the processing of fullerenes conprising:

30 a gageiRdd for pricessMigriakerampadohprishg genaemtafng a gas
ef fl uent conprising suspended soot particles and

condensabl e gases, said condensabl e gases. co i Sin

f ul | ebuspiag a catbopsORBIUrDHeR§ P DESRPBALSRB fectiyf b produce
inlet conduit for directing a gaseous effluent to a
fullesrnessadde genesnie goeffluentegas corpriging suspendgd e Rauticles and
device |ocated at the first separation point; an
ooridentablecashsi aid condehsabletgaseg camprsingfillereans: from t he

first separation point to a first collection point; 5

a col l ecti.on_.device |.qc d ir L QL

poi i wpéﬁ&tl%ﬂfﬁﬁﬁéeng%bﬂ? éésgsofﬁ?fﬁﬁ@ﬁsééng?%@gt%ﬁ%fgk filae @
enperature, o € gasgous e nt . . e )

SBURG CeRgIone PiCRIS A SO BT L Eiser AP T ot gyt and
conprises use of conductively cool ed surfaces and/ or

| nert j#dagsin@hd/Bhddnestle glsdoipridihgtivllgrtiees éntoaanigrequent

96. The apparatus of clalim94, wherein the apparatus

GRS SESe Furblel tr@MeNt &freaction of the fullerenes is conducted.

92.  The method of claim 91, wherein the condensable gases comprising fullerenes are
condensed to provide at least a portion of the fullerenes as suspended particles in the
condensable gases, and the suspended particles are introduced into the subsequent

location.

93.  The method of claim 91, wherein the condensable gases comprising fullerenes
comprise gaseous fullerenes, and the gas fullerenes are introduced into the subsequent

location.
94.  An apparatus for the processing of fullerenes comprising:

a gas effluent source capable of generating a gas effluent comprising suspended

soot particles and condensable gases, said condensable gases comprising fullerenes;
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10 gas/solid separation devices and/or gas/solid
coll ection devices. 97. The apparatus of claim 94,

wohewn@3srip he separati on device is sel ected froRCTHS2003/021301

group consisting of filters, electrostatic
precipitators, electrostatic separators, and inertia
separators. 98. The apparatus of claim 97, wherein the
filter conprises a sieve filter. 15 99. The apparat us
of claim97, wherein the filter conprises high

t enpep i@ ofduiNtoP diredABAH Sased b IUEHR 61 Pisst 8dpagatioh point;
claim94, wherein the apparatus conprises a plurality

of collection devices. 101. The apparatus of claim
94, whdirssigas/sdlid separptiqnrdesise insoled at e Alsytiseragatipn point;
condensing 20 surface. 61 WO 2004/039719

PCT/ U 302, -l al i
wher efh PG i for i SEARRGAEHR, B gy gty point o2
rgu c?nsisikng of of filters, electrostatic

8? 85%?18?8?@7 el ectrostatic separators, and inertial
separators. 103. The apparatus of claim94, further

conpr agsbdtiob dévicsSlocabdlatsecndediestaopdint; separ at i on

devi ces, each said device in flow comunication with
the inlet conduit; nmeans for directing th gases from
the i AlkaEDEERHERFORiPpBoanHeling g (SRPeRin Ah é%?%soﬁfﬁ'&em-
separations devices; and first and second outlets for

@sr ectrhg gp&@&u%ff d1M8194, {vh&Rint the tehipefdiura REntE ¢oMPriset Ase of

gas/sol i d separation devices, respectively. 104. The

ABRRLALHS cOdled biitbdTestidror tHdEd SAGLs ARQMP héat 'aB&brption by phase change.

96.  The apparatus of claim 94, wherein the apparatus comprises a plurality of |

gas/solid separation devices and/or gas/solid collection devices.

97.  The apparatus of claim 94, wherein the separation device is selected from the
group consisting of filters, electrostatic precipitators, electrostatic separators, and inertial

separators.
98.  The apparatus of claim 97, wherein the filter comprises a sieve filter.

99.  The apparatus of claim 97, wherein the filter comprises high temperature alumina

beads.

100. The apparatus of claim 94, wherein the apparatus comprises a plurality of

collection devices.

101. The apparatus of claim 94, wherein the collection device comprises a condensing

surface.
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a first inlet port for introducing material into the
first gas/solids separation device; and a second

wonbatospast for introducing material into the seTmseno3/021301

gas/ solids separation 15 device. 105. An apparatus
for the processing of fullerenes conprising: neans for
generating and directing a gaseous effluent conprising
suspended soot particles and condensabl e gases from a
gaseous effluent source to a first collection point;

n@ans Therapp&Rm@s of ¢lhigh 4, Whesin B8 lcbledib Ab¥ibeis das Qe Fom the
effluent at a first collection 20 point; 62 WO

2064 Q3%itdh S Hed0N34RRHAL reclPRAR, fefé_l':tré’sita[tf%%&ﬁa?ﬁofsbﬁld

gas streamtromthe first co lon point to a secon

gg&hggﬁgﬁgogpint; means for separating a second solid
rom-t gaseous effluent at a second collection

point; and 5 tenperature control neans for controlling
t198. t dinp@ppiraiue obflaint®d, Gateocenpidfidgient.  106. A

nmet hod of cleaning a gas/solids separations device
conprising.,a filter, .. conprijsing: during. or afte

separ BTG Second g ol seRaratign dedes, Sechiivid desicp dbhe

of the sgot on a filter, contacting the filter with
ARMERniLipy ¥R inked copdui;  enperature that oxi di zes
the 10 collected soot. 107. The nethod of claim 106,

wher e inﬁbahbﬁ)rfdﬁr’eétﬁfg theggﬁesoﬁ&h% AR p(lﬁﬂduftQﬁto H Bt diREcond

met hod of claim 106, wherein the filter 1s a ceramc

%%5/531{;}146 eﬁ%slc%e@fces; 109. The nethod of claim 106,

erein er conprises high tenperature al um na

first and second outlets for directing gas effluent from the first and second

gas/solid separation devices, respectively.
104.  The apparatus of claim 103, further comprising:

a first inlet port for introducing material into the first gas/solids separation device;

and

a second inlet port for introducing material into the second gas/solids separation

device.
105.  An apparatus for the processing of fullerenes comprising:

means for generating and directing a gaseous effluent comprising suspended soot

particles and condensable gases from a gaseous effluent source to a first collection point;

means for separating a first solid from the gaseous effluent at a first collection

point;
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particles. 15 110. The nethod of claim 106, wherein
the oxi dative species conprises air. 111. The net hod

wofowadsry 106, whereby an inert gas is added t®eCcrhs2003/021301

ef fl uent gases of the thernmal regeneration so as to
reduce the tenperature sufficiently that reaction of
full erenes coll ected downstream of the thernal
regenerati on does not occur. 112. The nethod of claim
106, whereby the effluent gases of the therma

regener.at jon. e - . : second
fur aranls Bupf el R YuRaTRER AOR-Fpolliof AL secor
not occur. 63 WO 2004/039719 PCT/ US2003/021301 113.
coHetieBPRBY of clai m 106, wherein the filter conprises
a catalyst for the oxidation of soot. 114. The net hod

of clraimy &RGepatktRizisBeondablidfbaiahé greanmifient arcecondnt
with the separation of soot fromthe carrier gas. 5

c%ﬁénkﬁg%nH%hBOd of claim 114, wherein the oxidative
Spécies 1s introduced at or immediately prior to the

soot filter. 116. A method of fullerene recoverg fromffl
soot ternperpiurestamtyol meave fertcongoling the teppPeraNTCY i §aspay oftluent.
suspended soot particles and condensable gases, said

ndepsahl ases. [ S : I 88 a filer,
Dt R T e e e o e
fromthe suspended soot particles using a filter;
PHR§Y8or after separation and coll ection of soot from
t he condensabl e gases on a filter, contacting the

filteduritigton aftéx s@fiﬂrﬁtﬁini of SostIemi & sargibr gastagdpelication ef thgeot on a
oxi di zes the «collected soot; and

filter, contacting the filter with an oxidative species at a temperature that oxidizes the

collected soot.
107. The method of claim 106, wherein the filter is a packed bed filter.
108. The method of claim 106, wherein the filter is a ceramic particulate filter.

109. The method of claim 106, wherein the filter comprises high temperature alumina

particles.
110. The method of claim 106, wherein the oxidative species comprises air.

111. The method of claim 106, whereby an inert gas is added to the effluent gases of
the thermal regeneration so as to reduce the temperature sufficiently that reaction of

fullerenes collected downstream of the thermal regeneration does not occur.

112. The method of claim 106, whereby the effluent gases of the thermal regeneration
are by-passed and do not contact fullerenes collected downstream so that reaction does

not occur.
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15 condensing and col lecting fullerenes fromthe
condensabl e gases downstream fromthe soot filter
wa2004/0801m2t hod of processing full erenes conpri BCIAS8/021301
steps of: generating a gas stream conpri sing suspended
soot particles and condensable gases, said
condensabl e gases conprising gaseous full erenes; 20
condensing at | east a portion of the condensabl e
gases; collecting the soot and condensed condensabl e
g85eS TAL nRielof 8i6inh 906, haeRlid @B filtePlon¥fisd PP B4tHFR FdShe oxidation
PCT/ US2003/ 021301 heating the coll ected soot and
?p qEnsed condensabl e gases to sublinme at |east a
ul'lT"érene speci es; and condensi ng the sublined

full erene species. 118. The nethod of claim 117,
Wwiver eiThe tieéhod @b tlasm 06 ovhdeeins swbt oxidetéonseriotine cgemeentawih the
5 collected on a filter and are sublinmed using heated
kéRFdtiog @ 8ot fibhthe Tardien@ishod of claim 117, wherein the
soot and condensed condensabl e gases are collected on
a filter and are sublined iin_a conhustion devic
351 atBE oA G 8BbE |hg i GREYS B20es B HEtae Bor
processing fullerenes conprising the steps of. 10
iamedigtelnprics teyths seetfdigfn conpri si ng suspended soot
particles and condensabl e gases, said condensabl e

€S xC Y rating at
B S G e
suspended soot particles using a gas/solid
separ genepasgey s sissym conuising suspeated ssasparticlpoand condaskable
the fullerenes in the condensabl e gases after 15
sepayatd andafsable ghseasdmarishay gasevus ddlldréres;condensabl e
gases from soot; and

separating at least a portion of the condensable gases from the suspended soot

particles using a filter;

during or after separation and collection of soot from the condensable gases on a
filter, contacting the filter with an oxidative species at a temperature that oxidizes the

collected soot; and

condensing and collecting fullerenes from the condensable gases downstream

from the soot filter.
117. A method of processing fullerenes comprising the steps of:

generating a gas stream comprising suspended soot particles and condensable

gases, said condensable gases comprising gaseous fullerenes;
condensing at least a portion of the condensable gases;

collecting the soot and condensed condensable gases at a collection location;
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coll ecting the condensed fullerenes. 121. The net hod
of claim 120, further conprising: heating the
woabd4mseag full erenes to subline at | east a fuPCems®3/021301
speci es; and condensing the sublined fullerene
speci es. 65

heating the collected soot and condensed condensable gases to sublime at least a

fullerene species; and
condensing the sublimed fullerene species.

118. The method of claim 117, wherein the soot and condensed condensable gases are

5  collected on a filter and are sublimed using heated inert gases.

119. The method of claim 117, wherein the soot and condensed condensable gases are
collected on a filter and are sublimed in a combustion device operated in non-sooting

conditions.
120. A method of processing fullerenes comprising the steps of:

10 generating a gas stream comprising suspended soot particles and condensable

gases, said condensable gases comprising gaseous fullerenes,

separating at least a portion of the condensable gases from the suspended soot

particles using a gas/solid separations process;

condensing at least a portion of the fullerenes in the condensable gases after

15  separation of at least a portion of the condensable gases from soot; and
collecting the condensed fullerenes.
121.  The method of claim 120, further comprising:
heating the collected fullerenes to sublime at least a fullerene species; and

condensing the sublimed fullerene species.
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