WO 2011/ 089195PCT/ EP2011/ 050782 - 1 - Production of CNTs The present
i nvention rel¥WPa814W9Y5pr ocess conprising the steps a) REMAEREEIASOEHR
carbon nanotubes (synthesis step), b) optjonal inerting (one or nore
inerting steps) and c) 5cooling of the product (cooling step). The
process permts problemfree handling and packing of the carbon
nanot ube matiial tt'hatgf; ﬁlgroduced. Car bon nanot ubes (CNTs) are

i nteresting = 0 | ar ge nunber of applications. Carbon
nanot ubes are mainly understood as being cylindrical carbon 10 tubes
having a dianeter of from0.5 to 100 nmand a length which is a

mul tiple of tThe méssneineenticTektes tabppceHenyrisifE tbﬂaepfra)mgntheﬁayfacrasbon
of ordered carbon. at whi.ch differs in terns

and hayv cor
mor phol ogy. SIPOHR GREREDL SRY &) SpHenal dfealing (e PTROe PBIg srqps} fiidse)
or "hollpw c g;gasqgﬂl)
known for a ?:gggﬁ% {)fntgé ?Il?diu Cﬂ;@g?(lpert ﬁ%ﬁ%siﬂ&nﬂ%ﬂ%ﬁ%ﬁtﬁﬁ%@ﬁﬁd%&d
(publ i cat i on:pa&king b} themarbNatmana&uBSatehibl th is pBRlhyed.s general |y
referred to as the di scoverer of carbon nanotubes, these materials,
in particular fibrous graphite materials having a plurality of

graphite | aygfsnoNaue @g\fq Al i rky

Tat es and Baker ?GB 191%883[?:0 , 9%19 g’ﬁ%é&%%@?%,ﬁ%ézﬁa}%ﬁ%ﬂ“w of
descri bed f orappheatibis. Sfarbémﬁalﬁd"lebe(dem@ﬁidnﬁlymndérswbﬂyasﬂ:ielmg Eylndeivsl carbon
carbon fromthe catal ytic deconposition of hydrocarbons. However, the

car bon 41 andhites heypgacdiamsier oh dopgnlido d100§%|afld atengie highds soapliphesof
are not char gt &iahlgfeh LBt & 8ns %f‘ Ihe blnma fg% oPbrdbldgic rb%%ﬁ;%&sea{nd

25The production of car on nano aV|n ers snal
100 iun is déace iabedtefwhich hdiffeisr ﬁlt tehlnﬁﬁjﬂ ﬁhoﬁ:lﬂoﬂ‘@,@ $Rebddlngotes Are also
86/ 03455. There are used here for the production |ight (i.e. short-

and medi um cRgieredAs "SRR Ebgts" #brpllodr cagharrfikietafor sxamalei c)

hydr ocar bons and an iron-based catal yst on which carbon carrier
conpounds are deconposed at a tenperature above 800-900C. WD

2011/ 08B5L 95 PQ ah2ahbtWb8y Bid/e-be@n known for a long time in the expert literature. Although

Iijima (publication: S. lijima, Nature 354, 56-58, 1991) is generally referred to as the
discoverer of carbon nanotubes, these materials, in particular fibrous graphite
materials having a plurality of graphite layers, have been known since the 1970s or
early 1980s. Tates and Baker (GB 1469930A1, 1977 and EP 56004 A2, 1982)
20 described for the first time the deposition of very fine fibrous carbon from the
catalytic decomposition of hydrocarbons. However, the carbon filaments produced
on the basis of short-chained hydrocarbons are not characterised in greater detail in

respect of their diameter.

25 The production of carbon nanotubes having diameters smaller than 100 nm is
described for the first time in EP 205 556 B1 or WO A 86/03455. There are used
here for the production light (i.e. short- and medium-chained aliphatic or mono- or
di-nuclear aromatic) hydrocarbons and an iron-based catalyst on which carbon
carrier compounds are decomposed at a temperature above 800-900°C.

30



The net hods known today for the production of carbon nanotubes

i ncl ude arc dVOAYYR19S| aser abl ation and catal ytic proteEBR11/454782
many of these processes, carbon bl ack, anprphous carbon and fibres
having | arge dianeters are formed as byproducts. In the catalytic
processes, a distinction can be nmade between deposition on 5

supported catgl yst .particles and deposition.on tal centres forned
in situ havi n@%f@#@?ér@(’?"ﬂ f‘ﬁéy rfgﬁglﬁFePFc@uFfé%é??‘(a?glogamr@ﬁﬁeF dthEe arc
processes). If C : i J i I £ d. O

B bon 1 om Ford s B el e Ao e TR Ot i
(CCVD her ei niidhdkyy; aneapladugt carbaambd rfibrep having dpresi diaow)ers acefyrhedess by-

nmet hane, et hane etgﬁ/l ene, . but ane, butgilr;e, but adi ene,. 10benzene and
further carbd®® therfglabiierpergseiet istingtion cap bewide bewpen deposition on
possi bl e5 car hgp, S0 ' - n -
fromthe pri %r B%rt f%a?alﬁxg{aigg?%l {/}{d?%e?’gglg 1111?{3 ﬁl&%@fo?é r%:‘%% E%%Ee?a}rﬁlo@%%asv e
The cat al yst digeetersaid {the ahametreratanges (sovedlird  Axwd@ocedshs)Orin the case of

deconposabl e or reduci bl e nmetal conponents. For example, Fe, M, N,
V, M, Sn, CAlrodyetignigithe catahic depesitignedf Faibemndrose ihydrogatbops which are
metals. Alth gqﬁm i ndjyvi LS. a

f or m nanot ubceété,ggb#l g f?loe aggg%ncgg{h\g\lcl)vg%ngﬁ ge%f&gm’pﬁ%ﬁg&ggg%gﬁgvag%r
advant ageous|depeditibie)y edteniae dhétlate) &thancpr étylend,t bwiah] Wateak, butadiene,
catal ysts which contain a conbinati on of the above-nentioned netals.
20 The r matheseensrand fupber ashrs ptxining gtarting patspelstdre sneptionddeas; pssible
that are forr@ﬂjo q}gg&g in a conplex manner on the netal conponent
used as catalyst or a conmbination of a plurality of metal conponents,
on the support material used and the interaction between the catal yst
and the support, on the starting material gas and 25partial pressure,
on an adni xt Wfa109F MgeRseRjetndocatblysishue kywss frogn thehpripe gttt fosnthe catalytic

t enperature h i den ti ar..the reactor used. P: A.
0208556 ( Hy persieh PEFEFLARRAR b, 75, e kPRl SonttPiBtiets.meel fides
that args produ@eebripctaBle dr redrcfNe hiitkd)icBsip6AdM. ok cRitfipleBe, NaCI, an \f,
vari ous 30hydrocarbons at high tenperatures above 800- 1006C. = WD
2011/ 089195PCH EP201 andstirsyare n@ntiongd- ipdbeprieyast armetalse Altheghoned off the

Shai | chut di nQy,.et. al . am | ' K, Shai khut di noy, L..B. Avdeev oV,
Gonchar ova, Iﬂ?quldkglc]ﬁ‘ﬁ%g&av_ﬁal\ie n%\%g? E%\/{laq?%es’ﬁlaégﬁ:{fg, and low Contents
" Copr eci pi t atogGntrptius @abobk afeladVan@aédshSichidved aBB#iaB8o the prior art with
deconposi tion and carbon deposition ", "Applied Catalysis A

CGeneral , 126 ,mqgg:@t,alypﬁg@lgicll Q@;tgiggl) coaﬁ)-ination of the above-mentioned metals.

20
The formation of carbon nanotubes and the properties of the tubes that are formed
depend in a complex manner on the metal component used as catalyst or a
combination of a plurality of metal components, on the support material used and the
interaction between the catalyst and the support, on the starting material gas and
25 partial pressure, on an admixture of hydrogen or further gases, on the reaction

temperature and on the residence time or the reactor used.

EP-A 0205556 (Hyperion Catalysis International) describes carbon nanotubes that
are produced vig an iron-containing catalyst and the reaction of various

30 hydrocarbons at high temperatures above 800-1000°C.



5bei ng active_in the deconposition of methane to carbon
nanomat eri al sWOCAUEIBA8 (Centre National de |a RecherRHHEP2011/050782

Scientifique, FR) discloses as a possibleyprocess for the nmass
production of carbon nanotubes a process in which a yield of 3 g CNTs
/g catalyst is achieved on a cobalt catalyst with acetyl ene as

or ocese appodV-Riiey SNk 8 TesToR PRattErotaSt berd st KonhaRRuR
et al. (Ph. Naprandedh; ORMTEARUGRNa, B1. IRy, B NVRBISS0dc, La@ni’ﬁﬁgbva,

A. Ziittel, "Fluidised-bed CVD synthesis of carbon nanotubés on
Fe203/ My0", 1'SDhpeacimidtcdniiRdl andkNiMEw-evli edtayt® fH2a0@hare8dedBijosition and

li kewi hi ly v | ields in th duct | f CNTs_f
| sopent ane. or HRB JPEHESR " ADP b CEGbaI A Cottpdia 160098 PR IAD) &5
Nat i onal 5 Pol WeGrhiatide s, thI%H% itio%@faﬂ&%‘é't@@&b&ﬁﬁa&ﬁr?ﬂ&%ion of

carbon nanotubes 1n a CCVD process wth an upstreamreactor for 20
inline catal yst production, wherein the catalyst can have a nean

particle size, of_ fr m 1000, gm and can achi eve an_increase in
t he vol ume ofC‘g @758‘3% i&%‘%ﬁq é@tIBIFalufﬂf {2 Reglerehe Peippttfiquee FRAglisplosss as a
catalyst. In ksl j en X

steps provid dggglwﬁéggrgﬁe%y?hoﬁgg ugf&%@% ﬁesi sge??f ﬂ;lﬁ%ér&%?g\ggwha
for the prodyiddaf dfy CHTbOP cambyt ibashievedadn iandbsk rdatillyss Gatheadtene as

al so of  great inportance for the econonm ¢ and reliable production of
a hi gh-Hlal i ©99psnet Haveven tys Gempyrbpdy veedownids makes thelpregsssanpear

r epr oduced. Iﬂg%g%veofﬁp?]ﬁg{#g%iggé a(l)%ﬁétlo% describes test results

whi ch were obtaine scale or on a small scale. The
descriptions are therefore limted to the 30process step of product
inerting (i.e. separation of conbustible gases such as, for exanple,

hydr ogen or MMayremgsah (Pl MavrpgCheltmmenssegad) SydeniPddenssinss Reatsehoh.
the Ziittel, "Fluidised-bed CVD synthesis of carbon nanotubes on Fe;O3/MgO",

15 Diamond and Related Materials 12 (2003) 780-785) likewise achieve only very low

yields in the production of CNTs from isopentane or acetylene on an iron catalyst.

EP-A 1399384 (Institut National Polytechnique, Toulouse, FR) describes the
production of carbon nanotubes in a CCVD process with an upstream reactor for
20 inline catalyst production, wherein the catalyst can have a mean particle size of from
10 um to 1000 pm and can achieve an increase in the volume of the agglomerates of

up to twenty times the amount of catalyst.

In addition to the actual production step, the process steps provided downstream of
25 the actual synthesis in a process for the production of carbon nanotubes on an
industrial scale are also of great importance for the economic and reliable production
of a high-quality product with product properties which can reliably be reproduced.
However, the prior art mostly describes test results which were obtained on the
laboratory scale or on a small scale. The descriptions are therefore limited to the
30 process step of product inerting (i.e. separation of combustible gases such as, for

example, hydrogen or residues of starting material gas) provided downstream of the



WO 2011/ 08919&5%’{1 838%1/ 050782 - 4 - production step. {%&%ﬁ(ﬁz&y

of an efficient "Cool'Tng step for production on an indus

whi ch ensures rapid product cooling, has-fitherto not been

recogni sed, although cooling represents a potential bottleneck in the
production process as a whole. 5 For exanple, EP-A 1594802
(Universite ' )t JE i he pro : | - b
nmeans of CCV ?érr]dcggrﬁostt %r’ ;ﬁ{eu%eﬁcﬁgﬁtpr%fg% gﬁﬁééﬁl?c%ﬁ%%%ig?@ ﬁ%ﬁ%ﬁ@g%ﬁt%
the reactor duflusafal Aald, hehichl efisuddsd rapid | @bdwh ¢tdvdingedas diitheitbenot been
pul verul ent starting materjals_and products are flushed with inert
gas. Only te§?%0%ﬁega pliight eooling gepresanés arrotedigl boleaekn in fee production
exanpl es of t ecause both the exchange of nmaterial and the
di ssi pation dﬂgﬁggéfgﬁgogfeatly dependent on the scale, this process
wi t hout sn efficient cooling step cannot be carried out on an

industrial scale because packing into suitable comercial containers
such as, for REexassgmele, dilns 169P4882g(Bayersité daoticgalkdesptibesethgi produdtion of
because the tepperatures are too hj and the 1 roduct i.o

capacity of (REHepdiBE PhmSPHCEdT BA S PRuaBERPRS it fush

woul d be an agleeat the ke@tor biitket] At teirddt ddd H@let RF QR edactRMhel Al Perulent
contact with the anbient air. EP-A 2107140 (G upo Antolin Ingenieria)

descri bes an stqsiyag matesialghandprodicissard fiushed with tesisgast @plypesy pdadaboratory
downst ream of t.he pr.oduction of carhon not ubes.. I n thi 0

apparat [, ¢ ENEGPDARHERS o8 s <SPRIRY PR BHEE’ Beadhsebolh Tumesbrnas of
associ at ed mahaekAlsdNe blsHpRidoMhdab afaﬂ%&aﬂ)g@?en&%ﬁrt ohhiRe 8dald, i ip@bess
tenperatures of the product are then to be used for one or nore

reacti ons andvighrous em £Himeentroehlirigodidp @msotdreosarmiadow owratindismial lealebéwose

t he product is stil.l, hot en it | eaves the reactor. and st .
Subsequent |y BEChS dMeaiod PR SERRT O RC e ToRcIR: drgms o Big

pul verul ent, gypg Maﬂn@tfstall[?rﬂébl%l cﬂﬁé&ggf@ec%%_@e@lﬂ Brati&s ere%%cmﬁg{lam the

CNTs by neans of CCVD is sti reactive to air in the

state alier tpeductartamwity phthehestelisienofoubdbdrddatahiv sddiberd there would be
cont i nuous productio{g, ven after renoval of the adheri resi dues of
conbusti bl e JALENCEsk Of fEeif the st Progiyet %aawn@sw@f%wgﬁgheo%mwwt
gas hydrogen), and nust therefore generally be carefully inerted and
cool ed before it can be packed 30and despat ched. Such production
steps provi ddiP-ddu31 4@ &enupd Artaisingtinea)sleserites an appmatos alhichciaiecdiine
essential to the producti.gn Qrocess beicause t he. production WD )
2011/ 089 195p@1=9qu£§,tfg /@%‘Ggﬁz owgstream of the production of carbon nanotubes. In this

20 apparatus, the carbon nanotubes are first to be cleaned of adhering associated
materials by flushing with inert gas, but the still high temperatures of the product are
then to be used for one or more reactions and/or surface modifications provided
downstream. Here too, the product is still hot when it leaves the reactor and must
subsequently be cooled in a complex operation. The non-inerted, pulverulent, highly

25 porous product obtained in the production of CNTs by means of CCVD is still
highly reactive to air in the hot state after the reaction, in the case of both batchwise
and continuous production, even after removal of the adhering residues of
combustible gases (e.g. carbon donor gas such as ethylene or product gas hydrogen),
and must therefore generally be carefully inerted and cooled before it can be packed

30 and despatched. Such production steps provided downstream of the synthesis on an

industrial scale are essential to the production process because the production



capacity can i be inmpaired (e.g. |engthening of_th tch
cycles). Home@é?ﬁ{l\%?ﬁa to the conparatively | ow bul k o@%&fﬁbﬁ’é‘%mZ
rel atively poor thermal conductivity of tshe carbon nanotubes, rapid,
efficient and gentle cooling is not atriviality and cannot be
effected by the arbitrary use of standardi sed cooling steps: 5 For
exanpl e, heat__di ssiRati L d s 1 h I
product is no%agé\l/cz&ycgg ;ﬂ?eg‘fvgétb%%%%g@%ie,&%\?\% nrgg%ﬁgng( %ﬁ?g%c%ﬁf%gsgeﬁgwg ‘f/er’
of the produaiwingnty thevedasarmbleBeilbiveSulanddpsity!Sad irfla@Vdler pd? AURindl
abrasion as well as the discharge of product with the gas stream
accordi ngl y, néudteity of| thoy carbos masatbps rapidseffiwiand and ggndarpeling is not a

e, e GRS Sy BER RS W b S0 e
tenper atsir es Mg ekithflé, Bekt diskipafsidby b&Ring £64181028 tHrb&sH he PRINSroddS is not

requirenent is also relevant in ternms of costs, because the waste gas
must be subj egreetficienh heeanps waving ta Healnivplb plensityi afithb giadust, ionly w gas

rel eased into the.surroundings. ,15In addition to ol Lng, inerti.ng of
he product . Mot dhn B REd A racith Pt iRl ritischBs ok Pt
heal th and safigi hePftd ReROSEQRAREISY B AN flobFhich NEn PRI R HCEs dréat]
as free as possible of adhering resSidues of starting material gas ang

resi dues of dimited, agd watlery &l acgadingly véry ineffieiegt, anoulcar tispfcmsatioT bf dead
process, step t oo ich is typically carried out in the prior _art by

passi ngChr odghes "4t Ba @f?t?%@rff% hgoBeh Erpgaturs e Tolggutn by eddition,
nitrogen or 3e@Rkhg HeMhin 'gﬁP}e)ﬁuH%néﬁ*‘ﬁ% %ﬂplfgle{re{rf? 7 tdhis |o?g§’srt§tb%éﬁse the

scale to an industrial scale wthout efficiency |osses, t'he sane
reasons as nevasiecogrednisobe sugbitedjio @verpghiye tleenipg oderatiorobefpreoit &sisbeased
described in.the gri or t lack process steps - 25 provided
downst r eam of MPHRC SHEWRAINESr hon nanot ube synthesis - which, for an
econonmi cal and reliable process on an industrial scale, take into
consideration the aspects of as short a residence tine as possible on
cool i ngl5 r el ilnbldtional caudingwhentiag ap freqpodat envat slgo take praoeircérdenbicnbure,

are poorly flowable a g%r]a{ resistant to abrasion, as well as ,
adaptability f%feﬁ%?élw? ST Fshoaity aed sxplpsipr prsyentiqns thab dhe gadgproduct is as

operation in i ti c at i . ) . )
031, 089105 PAH R8BS Hins AU ARG b TPER ana Midpcs of tarting
process as f Ingatérid] ezagdn phs sitligeantar wpides. BHWi grocnslstey tbe, Whwhriahscdlly

provi de a process conprjsing process steps for product cooling and
i nerting whi CAIed itk dhg BIPHAr Byt passing ((Rrough i sHifeklg 1petipeg gps such as, for

At ch coml o0 TR bl okl §F HeBi i d SRERE n RAA b T IR ML R} seleo

in the react an ihdusttiBusle withoanetficikhs® Joseds, ferrthpWimé Yeab@ischiwh&ioned for
reactor operation. It was, therefore, an object of the invention
descri bed herc@oMig.-devel op an overall process for the production of
carbon nanotubes conprising a) a synthesis step, b)

Overall, the production processes described in the prior art lack process steps —
25 provided downstream of the actual carbon nanotube synthesis — which, for an
economical and reliable process on an industrial scale, take into consideration the
aspects of as short a residence time as possible on cooling, reliable cooling, where
appropriate also of products which are poorly flowable and not resistant to abrasion,
as well as adaptability to the production process in respect of possible operation in

30 batchwise or continuous operating mode.



10 opti onaII inerting and c) a step for coolin

pr oduct , vw{gczﬁhztgg%gss a product is provided which |]§CT’§$@H’VO?8\2ee
of all d| sturbl ng (gas) adhesions and i s gooled to such an extent

that it can be packed wi thout problens, wherein the after-treatnent
steps are to be inserted independently into the tinme sequences of the
roduction st ne 5 The J.ect ee
gchi eved by aﬁ%{%ﬂéé@%ﬁéﬁ?ﬁ%ﬁ%ﬁ@d %ées u g%mgltjé aélpgf’ lt ‘F’O?lﬂéladf%ongﬂly
present i nverte dirabibeo gfcﬁ@@se PERER dongFistipCrrob R Stepd f@r %fo&wlceomg and
t he carbon nanot ubes, tional inerting of the car

nanot ubes, c)ln%@g |Vﬂngbe %lhféb riedbeth ﬁt}flymeahlsucmfs reacterodricrayionyandevirtinally

whi ch the pro i S Sinmultaneously con ved re n
t he i ndi vi 8 uaclon%?%él 3sEAEPE A e'ggl@nc V§Fyac§¥%‘¥'el§ae %IIPoWﬁICh nly "2 small
Synthesis of grbgorigh BPMe pAsREUN8Sens A r&)ﬁﬁi‘ hkel%h‘r%vé’ci irf d38h E&”éé%)é‘fnfor Purely

nanot ubes is preferably carried out by the CCVD process,

say the cat albptdhavistapasotdpsratiofh. car bon from hydrocar bons that are WO
2011/ 089195PCT/ EP2011/ 050782 - 7 - gaseous under reaction conditions.
As products for use there may be nentioned carbon donors such as

acetyl ene, mgi hABCheRYARNE 08l bERR inLitBACdesBHb &N Rere QHt£Gé1$ﬁ%n overall

benzene, and further starting materials containing carb e

actual CCVD gyexeseirsthprpoodsson f kaban danombésheomgenisugk) prsynthesds step, b)

di scussie(fi optionally a step for inerting and ) a step for cooling the product, by which process
a product is provided which is largely free of all disturbing (gas) adhesions and is
cooled to such an extent that it can be packed without problems, wherein the after-
treatment steps are to be inserted independently into the time sequences of the

preduction step without causing a bottleneck.

15
The object has been achieved by a process which has the features of claim 1 of the
present invention. The process comprises the steps
a) synthesis of the carbon nanotubes,
20
b) optional inerting of the carbon nanotubes,
¢) cooling of the product by means of a cooling system in which the product is
simultaneously conveyed and moved,
25

wherein the individual process steps are characterised as follows:

a) Synthesis of the carbon nanotubes

30 The synthesis of the carbon nanotubes is preferably carried out by the CCVD

process, that is to say the catalytic deposition of carbon from hydrocarbons that are



above. Synthesis conditions as described in WO 2006050903 A2 and WO
2007118668 AVARALSREr abl y used. There are general | y RSEEPE1/050782
catalysts transition nmetals on support materials, the conposition of
whi ch is discussed, for exanple, in WO 2006050903 A2 and t he

preparation of which is discussed, for exanple, in WO 10 2007093337

A2. Preference is given to,.the use of coprecipitated Co-M catal ysts
with Al 203 arfdSS® WYk &FH56PR © JEps AS gmHatﬁe“fqr Uie Ahere FRGYh e Gaentioned

process accorgiydd 4endie JRE7993331 1A (np%% 8) e or e
the synthesis step are thoseggs dgscr’l bed 10 agg’oé%@g‘g%fs b%ldgl%ﬂg),uft&%’
that is to sapntadiar, ketamy, end firthedstemig heaaiay sontdinibglcarboneact or s,

rotary tubular reactors, mgrating bed reactors, reactors with a
bubbl e-form ng, turbulent or irradiated fluidised bed as well as

i nternal or j .at i dise _ | ui di '
e el ot nck g 0T LA ot oAb
Cool i ng of t hbope.oGethesfiodondigions dsheeguridddicin (VBOC 20066B9031t Aby aigh WO

installation part which is arrang’ﬁd downstream of the reaction -
appar at us or 408Y 048 &t wsarelerabhneser nThise ere ganerabuused ay catelystparansition

conveyed and %1§gﬁﬁgsﬂg%&%ga?egi§is\’;\gﬁ5%o o5 ioR It S bRis TSR aI R Leample, in

contact 25 w par PSWTh any coo

conponent s of WONEDOGOHOFN3INE? and e praRicdioand vafifiektdisaswaolor Bgampit, lSWO
i mportant here that novenment of the product is carried out in such a
manner that 29P3338A7 A2-tRrefersncers givearia thtusmes eeregipitatpd Saddni aatalysts

dust is mninj. ed‘dhi orde (gté] s to nm.ni.n se, | osses  and ensyre or
obtain dust _][Hrngle légﬁlalnﬁgﬂd ¢ esugpglaucqenawrepared m a COIHIIIUOUS process

2011/ 089195PGELE2@1d MDE Q0682093387 A2lBegeeore, there are suitable for
this cooling step only those apparatuses which ensure good heat

transfer of the bulk product at the cooled container wall or

at
correspondin 09l ed huilt.-in components of.the container, i
Che same 1 natEaSeditts k4 by e SHTRGR Ub a8 cnifi it hiop  wi 20d6o8boos
"Activel's wi t A7) thitgs 36 QRE fof ckdthSleSrikaveat féa&ofs‘;ftwlﬁellrt@a@oﬂgéycﬁﬂ?%bular

that is not brought about by the action of gravity al one.
appar at uses weackprac tigrativg rivedy reagtorsa ereactomsy wih  arelutibberamingyr turbulent or

le, rot 1 .00l | f1ui di sed hed Vi |
il - convey st o, Gl & Rprea ST S R Rl Srfanie dhi i eas
optional l'y alsguliedibdeckad@pasdor@aptPive heoAY BEALAD $s SefPably used.

20 c) Cooling of the product

Cooling of the product is carried out by an installation part which is arranged
downstream of the reaction apparatus or integrated therein and in which the material
can be both conveyed and moved in the cooling step in order to ensure good contact

25 with the apparatus wall, or with any cooled built-in components of the container, for
rapid and effective cooling. It is important here that movement of the product is
carried out in such a manner that abrasion of the material and the associated
production of dust is minimised in order thus to minimise losses and ensure or
obtain dust-free handling of the product.

30



Thi s can advant ageously be integrated into the cooling step, the

i nt er granul arGF8HEY di spl aced partially or conpl et PG BEROREENT201
i ntensive and uni formcontact 15with a flgishing gas that is passed

t hrough and the disruptive adsorbed associated materials being
partially or conpletely desorbed. In a further enbodi nent, the steps

of inerting d oling can al e garried out in.t separ at e .

appar at uses. i#ﬁffgfgﬁ?aﬁh%% 35%631&?%3?1305 1H &PP T PP m%@&%@@#%@s Fpich
synthesis steps@t dddd 1%PkialeesS bERABER NBUuR RGRE LoSRAORURME WalLbr at
virtual ly continuously but takes place batchwi se. The required buffer

cont ai ner betogeespandmgsypotddelniik-is cempamuhts ditthe wohiaingr,swiipe atathe tshi@n time
efficiently al sa.performthe function of inertipng,.product novenenf .
not being neégg‘élgﬁfﬁ IPW"P%&C%%F@FWWFFwﬁ&gn?fg&‘t}‘%ﬁ “§§1é” fhegecony 9%@1‘?
In a furgher iepbedh TBRls tof PencVeRRAt at Edqﬁéttbrrﬁ?%lﬁrhgog@% a4 & giflvity

be integrated into the reaction apparatus. nt ageous,
exanpl e, wherldree Asepotiatieapthraativs comveping oldre magusd mestipeed; fod example,
rotary tubul ar reactor hecause, in such apparatuses, the product is
general Iy al rTBQES/mgFSe% INEFCEYSo idised beds A VibRENg e genvE¥ors0a
result of the wall cooling necessary to protect the reactor nounting.
WO 2011/ 089195PCT/ EP2011/ 050782 - 9 - Step b) can take place before
or after step)OptioRsldhatiakep step b) takes place - at |east

partial|ly - before step c). In a particularly preferred enbodi nent,

t he ine]r(i/i ng is carried out while the product 5 is still hot. In a

particul arly f i f i Lon, e . he
i nerting takéﬂgH %leg{cnfg%?eﬁg‘a g?‘!é‘%ﬁgﬁag@ipé‘é‘ﬂ& 0%@?%%%08#&(3&@%%1%%% Si S
step by flushing of the reaction product while it is still at high
tenperatures, in order to ensure that even |l ess readily volatile
adhesi ons can Db cy) agyratageensly Re dpegratedsiato theecopling stepg thet asreranular ges

take pl ace i iserapid and effective
cool i ng- 10t o Fe EOARAGERAR & Kbl BERY SrllRife 200 Fulgf bt
15 with a flushing gas that is passed through and the disruptive adsorbed associated

materials being partially or completely desorbed.

In a further embodiment, the steps of inerting and cooling can also be carried out in
two separate apparatuses. This can be expedient in particular when either the
20 synthesis step or the cooling step does not proceed continuously or virtually
continuously but takes place batchwise. The required buffer container between the
synthesis step and the cooling step can then efficiently also perform the function of
inerting, product movement not being necessary in that container (representation see
Fig. 1).
25
In a further embodiment, the steps of inerting and cooling can also be integrated into
the reaction apparatus. This is advantageous, for example, when the reaction
apparatus is a contimuously operated rotary tubular reactor because, in such
apparatuses, the product is generally already precooled before it leaves the reactor as

30 a result of the wall cooling necessary to protect the reactor mounting.



In a particularly preferred enbodi nent, steps a), b) anch(é all take
pl ace in one ‘gﬁﬁé}%qsﬁls?? for example the synthesis step FEKEB20M1/@50882
a rotary tubular reactor and the inertingstep and the cooling step
are integrated into the rotary tube in terns of 15 apparatus. For
continuous production, the steps are spatially separate from one
another in different zones in the raotary tuhe,. product inerting ca

be ensured b tf’%éff)a[?rtﬂlgesﬁ\?%e 'écéa'ieﬂféﬁero%tgl? ‘r"?cP qu?fgbléaséeﬁwtﬁh?ﬂlﬁgfﬁtﬁ%a“
region. Fig. p%ﬁw@msbgoﬁ.cgt@r@;i c diagram of a correspondingly
conpartnmentalised rotary tube apparatus with a synthesis zone as well
as an inerting and cooling zone. The desorption of 20 constituents

e o B e T e g 02 B B
counter-gurrgatliy Hf Whe 8%111@];18 S#therr@dq gmibﬁ?iﬂ{e‘ﬁp %Ftélﬁedlél&gﬁ]ﬁ? Yaer&brd, gﬁe

sanme time, the CNT producCt iIs ¢ espondingly coo e’inertin
gas. 25The prioetisg takes plade higa steptprevided énynstreamast the sysiedisvwespyby flushing
flexibly. It cag be used both jn a batch l(_l_batchvvi se) procedure and in
a conti nuous Prite RGN Predpet Whils g sild ah el temperalyrese 8 Qrdss toaeniHe that
and for the iRdi vyl : 3 [ I . n [

pl ace by the éggﬂtl Xﬁgggggzgggﬁ}engﬁeflﬁéég%dﬁe c%%{hﬁlr‘%ﬁafrngﬁ%ac}? ‘?g@e %%F‘ﬁlg step
cont i nuousl y.cahnisbdalt pllcainf dihéayabto ajparated) Dby eeatis Rpidracke efféctive cablsty
possi ble to choose a virtually_ 30continuous operating node, in which
only a Yhal | ®isiemprarerequped frsagaacngsared PRt t he reactor is
renoved in very short batch cycles. The process according to the WO
2011/ 089195PCT/ EP2011/ 050782 - 10 - invention can be converted to an

i ndustrial sdalepwticilatly péfefred ¢hibvdingt, Sesh@Wh) iaddtd)eal] take place in one
i mpl ement ati on exanples. Preferred and advant ageous enbodi nents of
the process #ECBYRHRNET cyample the gekesisrsterstakerdplage inharaeryitetulacicastol angl

to the inventy i.ndi [ he sub-cl ai.ns. and descri bed. hel ow.
Furt her enbodrisPlt 3 OF REPHEoblIng Hep ARG RE B R 1 pd St or
person BXi | | egparatus hBoflcbntiniodd REMicaYS, RNAEPs hrcomatiiRy RESSEBE from one
description. The process according to the invention for the
product i on ofanehenndifErest sones ipyhe mearkitgte, peadpelriacting coy beleasired by the
characterised . t.h1 C ri.ses the,steps. a) synthesis,of carpon ..
nanot ubes (sié’rllJ gfsvigg‘ldg%t}é’g)? h FTUDg &S AL IS gfn[ngr{agl on gols' shgpsa Scpema_ltlc
inerting stepsggrafdoh eafdsholiMdly t dvenfi@tbuedliséd @St Guint @Pparatibianiel
t he cooling steEl is carried out wth active novenment” of the product.
synthesis zone as well as an inerting and cooling zone. The desorption of
20 constituents of the starting material gas or waste gas adhering to the pulverulent
CNT product is effected by the inerting gas, which is fed counter-currently to the
CNT product and is preheated thereby; at the same time, the CNT product is

correspondingly cooled by the inerting gas.

25 The process according to the invention can be used very flexibly. It can be used both
in a batch (batchwise) procedure and in a continuous procedure. This is true both for
the process as a whole and for the individual steps: For example, the synthesis can
take place by the batch process, inerting and cooling are carried out continuously.
Instead of a fully continuous operating mode it is also possible to choose a virtually

30 continuous operating mode, in which only a small proportion of the product present

in the reactor is removed in very short batch cycles. The process according to the



15In a preferred enbodi ment, synthesis and/or inerting and/or cooling
are carrpi ed o\‘jgzﬂg{n’%ﬁWse or continuously. The syntHeSFR0IVE8743y
means of catalytic chem cal vapour deposijgi.on preferably takes place
in arotary tubular reactor, a fluidised bed or a fixed bed reactor
or by nmeans of 20l aser ablation or by neans of the arc discharge

rocess. In an _enbaodinent, the inerti st.e nd..t he caoling st can
Be carried odfwelng;%g} CSE??F aciowv?egftorﬁ?t ’&aﬁﬁtg)alc%ﬁﬁe%’ﬁ@ﬁ&bfﬁ&‘rllgf’%éé% %"FP m
anot her enbodhgrﬁﬂlglemeﬂ@ﬁbl{l@(agﬂm&_step and the cooling step take pl ace
in one apparatus. 25 Cooling/the cooling step preferably takes place
in arotary tube, a cooling screw, a fluidised bed or a vibrating f

spi ral conveypr L n.an, enbodi nent., the _inerting step, or one of a
plour ality of %ﬁﬁfgfrﬂl Agd efhvans ,geP%@Eng%gﬁP’étéé)fitﬂe Eroﬁ?fgfaé?org’@ﬁttai%‘e}nvﬁtﬂﬁ
a bed that i snAddf @etdevRbacBBaRRNCRk! i%yvaRBaGre itdiEAR (2R Q.{b@&gilﬁyar?d
heat abl e apparatus. WO 2011/ 089195PCT/ EP2011/ 050782 A preferre

enbodi ment ofdesdribeg el Furtherenmlad dnmients ofi drd inaéntivapailirbedepe sppdrent to the
a rotary tubular r ctf.ior and at | east one of the process steps
inerting and p@BSBPiSE@]e é“ﬂ’r’?taétglpé‘flé? ViOH? B1apRg o resGRLISSFTIRtERet or i n
terms of apparatus. 5 In another preferred enbodi ment, the synthesis
step takes place by neans of catalytic chem cal vapour deposition in
a fluidised bée preesst according to ke imentiom@rahe peainkiioig of t&psn hak@ubes by
| ace in one or, nore apparatuses arranged downstream 10ln an )
erbodi t, thﬁ%i'???ﬂe%gf% B§s 1S§%6&9éﬁe%ﬁ@dnﬂh%téh9w%@m&ﬁéhetSﬁ@Siahémth%gs
step, or one Gf I I f I teps, 48 Lntegrated int
reacl?t or in tk?g %‘agoro% g%%ﬁe%ne tth%gsggtlfe%slﬂi ﬁjgl%g?lo&egg% g’gﬁn‘%t & é)fa%m‘r-hoe#ﬁheg
the synt hesi stepsepnd c) cholimnof hike peotnod(coelihg stdpy, Sakhediescalliap $t& is
operated continuously or virtually 15continuously and the inerting
step, or one “8Fied Oyt Withiactive Bevematof e medsss, takes pl ace

15 In g preferred embodiment, synthesis and/or inerting and/or cooling are carried out

batchwise or continuously.

The synthesis step by means of catalytic chemical vapour deposition preferably takes
place in a rotary tubular reactor, a fluidised bed or a fixed bed reactor or by means of

20 laser ablation or by means of the arc discharge process.

In an embodiment, the inerting step and the cooling step can be carried out in a
plurality of mutually connected apparatuses; in another embodiment, the inerting

step and the cooling step take place in one apparatus.

25
Cooling/the cooling step preferably takes place in a rotary tube, a cooling screw, a
fluidised bed or a vibrating spiral conveyor.
In an embodiment, the inerting step, or one of a plurality of inerting steps, takes
30 place in a buffer container with a bed that is not actively mechanically moved. It can

take place in a heatable apparatus.



in an apparagi Err ed downstream of the reactor. In an enbodi nent,
at |east two § &8s, in which inerting and cool i ngd{HRRIOBISATS2
are arranged downstream of the reactor, -at -l east one of which
apparatuses is operated 20with active nechani cal product novenent.
Preferably, one of the downstream apparatuses is operated
continuously. The invention is explained in detail belowwth
reference to drawi ngs showi ng exenpl ary enbodi nents. In the draw ngs:

25 FIG 1 showrefededléBsRmeRd dChé QfJ&%nl@l cRdIyARYeherhicaK 24P depdiion in a
arrangenment of fluidised bed reactor (1, synthesis step,” operated

bat chwi se), botafefubplantredctnsr afdat feagraniend)thandbcesst gens inatingrgdtasblng is
(3, operated cont oss i bl.e enbodi nent of the descri bed

f
process. Fur th&§" uours{k% ?r?"[t‘ﬁt&ll TSR A QL RPRBHUDf 30cat al yst, 5

supply of starting nmaterial gas, 6 supply of inerting gas, 7 optional
supply WO 2011/ 089195PCT/ EP2011/ 050782 - 12 - of inerting gas, 8
wast e gas, 9 Inenethal preferr€@iEmpodichent, thia symtitekie step dalktes placd By hreend d:baeahyiic

cool ed CNT pro duct for ckl ng. Fl in dia rarmatlc f
and by way oelERabyeoE e finias Ty B retckhy, 7L eynertingras cooling

reactor w th it emedifd ik Hﬁ% tt;u' 1H9re gargfuggué}fan &P(Iiéth%trehtﬂ whi ch the

inerting gas (e g. nitrogen) ounter-cu rent
pulverulent product . Elenents of the drawing: 11 rotary tube 11a

synthes zone, 1 | b jnerting and cooling zone, 12 heating
cool i ng, 14 3{5@9.@8#%?% the dynikssis,sieh tsé)PﬁFaé?Ceb?t?lﬁtlé? awb}he Ineﬁ;z&atep, or

baf f I I
affle plate (Lokat ?1{%11%11 oﬂlf%h?r%g%éﬁ,@z iSQ&%i%%P@ ﬁt? Ue FAERL VS Ehe 190% of an

supply of 10 start teria Inerting

wast e gas fr amart fes fhshinipoowid@ildoustrbdr of dfe sgihesis stdplct for pack| ng,
22 waste gas fromthe reaction and inerting gas, 23 bulk CNT. The
present invention is explained further by the foll ow ng exanpl es.

In another embodiment, the synthesis step is operated continuously or virtually
15 continuously and the inerting step, or one of a plurality of inerting steps, takes place

in an apparatus arranged downstream of the reactor.

In an embodiment, at least two apparatuses, in which inerting and cooling take place,
are arranged downstream of the reactor, at least one of which apparatuses is operated
20 with active mechanical product movement. Preferably, one of the downstream

apparatuses is operated continuously.

The invention is explained in detail below with reference to drawings showing
exemplary embodiments. In the drawings:

25
FIG. 1 shows, in diagrammatic form and by way of example, the arrangement of
fluidised bed reactor (1, synthesis step, operated batchwise), buffer container (2,
inerting) and rotary cooling tube (3, operated continuously) for a possible
embodiment of the described process. Further elements of the drawing: 4 addition of

30 catalyst, 5 supply of starting material gas, 6 supply of inerting gas, 7 optional supply



WO 2011/ 089195PCT/ EP2011/ 050782 - 13 - Exanpl es Exanple 1 (accordi ng
to the i nventWBAVBEYE of efficient and gentle cool i ndS ?zﬁem}sﬁgéry
tube 5 The rotary tubul ar apparatus usedipas an inside dianeter of
300 mMm a drumwall thickness of 5 mm an air-cooled |l ength of 560 nm
and a |l ength cooled by sprinkling with water of 1860 nm the gradient
of the rotary .t 19 bui t-in co nt ft| bars
or the like aFd prle%gﬁ’ éq‘ffﬁg? $En rgpm(aﬁgw “i‘of%?l’égﬁ%lﬁ?aftgf igerss
zone in mhlcmnahgmgaQmupﬁﬂﬁﬁdhgﬁﬁﬁﬂm_The rotary tube is charged
continuously with commercially avallable car bon nanot ube aggl oner at es
(Baytubes(r) C 150 P, Bayer NhterlaISC|ence AG, bul k density 150-160

kg/ nB8, heat a 710. J an o IIat| onveyor and a
conveyor scr 3&/8 Cjn ’Ef‘h"& S oe i at}c g‘?‘?’e@?‘?ﬁ’é{ PER P onat“FFé €.t dipiipuously
takes place Wpetated rb%ﬂ?'fdﬁglaﬂ'éalato? Wlﬂlqgf%@ra'te?l 1ﬁ@1‘%ﬁl%‘§ﬂd Pidudiooling, in which
simul t aneously. At the end of the heating zone there’is a rad |%t|on

shield i n ordeg ineoting dascée. g hetroged) dioivs nconfiteheatrerftiyotm thh guivesilee mbduct.

the drumintq.,the coql ing, zone. After the heating zone, the product
passes t hr ougHePfYs it tlheoflfﬁ‘@algsel&t 19y Eber bl ﬁxrgl?qswgzce% 14kt ngrting and

indirectly cogbgsh ¥&aLi2 6oy dl?@ f
the finished product falls I io t%lnfﬁﬁé&gvﬁg%@el%rﬁt he g%h(g({t&mg)
head. The dellitv2nd/ b2@lecplatee (romting par aitehafy) 00y tshpplanddi enzilyﬁj 18 bsylpply of

doubl e- flap slui.ce. The double-flap sluice is followed by

col | ectithg cewgla}amahgmd%ﬁwwymfﬂ%‘ge& gaspR %ﬁﬁepefr‘SaﬁrWéh%rea@h@h 21
oven zone in

4 mn L, tRsorIsest SN et e ph e R Pl sl fphabetkehlipfnd fRrine
Val ues of 5. @as,23%ulln@NI0. 0 kg/ h were set for the SO|IdS t hr oughput .
For these three throughputs, the product 25 tenperatures determ ned
at the end of the heating zone (entry into the cooling region) were
582, 561 and a0 . es
determned in ﬁ%ﬁ&%{i@gﬁ%ﬁog\{%{% tlaéll ner }ﬁ\}%@f@g?&@%ﬁgﬁ%&
respectively. A change in the bulk density or the particle size
distribution of the product as an indication of mechanical stress
caused by the treatnent in the rotary tube could not be detected. WO
2011/ 089195PCT/ EP2011/ 050782 - 14 - Exanple 2 (not according to the
invention): In a continuously operated rotary tube apparatus (inside
dianeter 254 mm |ength heated electrically fromthe outside 3048 mm
speed 5 m nd, gradient 1), carbon nanotubes are produced at 650C
according to WD 2006050903 A2 using ethylene as starting material gas
and 5 pul verul ent Co-Mh- Al 203-M0 catalyst. The ethylene flowrate is
120 In/mn, the mass flow of catalyst is 120 g/h. Starting materi al
gas and catal yst are added at the sane end of the reactor and fl ow
co-currently through the apparatus, there being formed a pul verul ent
product of CNT agglonerates with a yield of about 40 g of CNTs per g
of catalyst and a bul k density of about 140 kg/ nB. Downstream of the
10 heated region there is provided a second regi on of about 1800 mm
inlength, in which the rotary tube is cooled fromthe outside by
free convection. At the end of the second region there is a
non-rotating baffle plate, via which the pul verul ent CNT product
falls into an alternating pressure sluice; the waste gas contai ning
et hyl ene and hydrogen is fed to waste gas conmbustion. On entering the
sluice, the CNT



15 product has a tenperature of |less than 50C. In the sluice, the CNT
product is fI‘ﬁQH@H""gE]é’Fi cally with nitrogen and then eVcH/BR¥EY/$878n
absol ute pressure of 100 nbar; after 3 sygh alternating pressure
cycles, the product falls via a weighing systeminto a storage drum
which is standing ready. When the storage drumis opened, a marked

et hyl ene OdOLﬁ i S lEercei ved, that is to say the desorption of the

20r esi due of g material gas adhering to the product has been

i nconplete at the | ow sluice tenperature. Exanpl e 3 (not

according to the invention): Laboratory scale: CNT synthesis and
inerting in Exampdd 1f(hetodliseth Bednvedonir Tdsavl officient aadmgtwie afolih@Gn the
mm cooling in a égdi scharge contai ner without novenent. In a steel
f1ui di sed bed®@Ph¥P8e di aneter 100 nm bed hei ght not nmore than 1000
nm heatgd electrically to a bed tenperature of 650C), carbon

nanot ubes are produced in a batchw se process. At the beginning of a
charge, 24 g Tk ratgoylveiar apphraBR3GeedthaPbR Bidddiamatesloy SO0 agaps diwg vl
WO 2006050903 are _introduced into the reactor via a sluice, and

then 36 | n/ mtACERSyPEAS B Ar-£00led lngfhiof 6@ mmaped a igpeth cooled by sprinkling
20117 0891 95PCIMERARET 0P SR682nim e oI BICHE 1S LE 0961 Ao oflit-in

34 m nut es. yl ene reacts on e catalys 0’glve Ca

nanot ubes anaohydnageruct be lifikigabys torae tlike | 26 padsentb UPs@ean® REthe ChTling
aggl onerates are formed and the bed height in the reactor increases.
At the ¥hd offegifie it A oyen gphfein Whichdhe produst isdiegipde Abe iretast b duicharged
the product bed.is flui.dised 5 wth 40.lnhnin nit en until n €@
cthylene.and SooBrEv STme b Ry b Pinoh e SRelt e apBbS
reactor outl et 15hemtBagr NesBliAISciefdd W& afiddehdng 130-560 lé%/?rﬁ, hBancBehty
g of pulverul ent CNT agglonerates (bulk density 148 kg/nB) are

di schar ged t W8dtg B)dvig cinarsgBlating wentayormnde coawsyposciewt tn the oven zone,

O SRR BP0 LR e A RN i o
contai ngy is sﬁﬂﬁltén@o@gﬁ A te eAder ﬁiﬁl HWG: Ed?leQHth Bt lﬁlﬁédi'ﬁiogﬂ shield @0oldef 1

of argon are thereby passed through the unnove product via a
| ance, in or deduct theradintion tolf heattfiven st inpide dfitte dremrietedbe edolingercne affler

broduced Lo dhohitergns, Ge il Hesni ot b g, seian, bripks cnering
m nutes), thenPRQ GhdirdrilyBoRHSENALQRIGOR! AEthe él_dsdrr]ff tg% E{)jcgn drum, the

cool ed 15 (bel ow 250C) that it can be transferred wtho er to a
st orage dr umfmesded gprodivedillssindelthe d¢levedi sinftarndgehe distlarpe heads THeudelivery

e e oL e e g Tyl ver ent, Ol ol bl AL e
sanpl e cal culsffiPR)folibRed by 4RS1BNARLCDntainer flushed with nitrogen. The temperature
of the oven zone in the tests was 1000°C, the speed of the rotary tube was 4.5 min™,

the flow rate of water for indirect cooling was 300 I/h. Values of 5.6, 7.5 and

10.0 kg/h were set for the solids throughput. For these three throughputs, the product

25 temperatures determined at the end of the heating zone (entry into the cooling

region) were 582, 561 and 613°C, respectively, and the product temperatures

determined in the discharge container were 36, 39 and 51°C, respectively. A change

in the bulk density or the particle size distribution of the product as an indication of

mechanical stress caused by the treatment in the rotary tube could not be detected.

30



20 silo (edg en there are in = 150 kg of pul verul ent
CNT pr oduct . e‘ﬁ‘ﬂ&“ﬁé"ﬁ?lgéapamty cp of the CNT product i stE¥EPARAYEY78%

0.7 kJ/ kg and the thermal conductivity Xi4of the bul k product is
estimated at 0.4 W(mK). The starting tenperature To of the bulk
material is 650C as in Examples 2 and 3, and the arrbi ent terrperature

conduct on. - Ttk ee ¢S AeleRab8RuE nleudlhc 7 g P Fonkly Soer e elEa T

appr oxi nat el yapag@eRisdiifgdd Qidni@er’ 954 @anmen%ﬂm&at@dl ‘elebtriallg m&f[%éf@utﬁde
A6 /2 L(TE -Tut WD 2011/089195PCT/ EP2011/ 050782 - 16 - Wth t

ment i oned dat®®48asmappredx§ meine, gadidnhd ®),icaebon wEnol®eS anoprelucal at 650°C
obt ai ned. Thlsvluel n y. i hfo |ndustr|a_.l appl i cation
because the @ﬁﬁ%f gy é %@@Sb%&n@y ’i‘i‘gs‘? Vg &% AU ierigegas and
drasticadly redHeqdn: @5 ML AYIS.CONRON ﬁgtyThf‘ gleﬂy TG r8d isS 0 ymin, the
cooling containers would be Tequire ven er cooling btinmes are
obtai ned if trhessdlovenscaalystdt 120e/1siStartiag endterizl gas et cathdt are added at the
2011/ 089195PCT/ EP2011 %50782 - 17 - Patent clains 5 1.
same end of the reactor and flow co-currently through the apparatus, there being
formed a pulverulent product of CNT agglomerates with a yield of about 40 g of
CNTs per g of catalyst and a bulk density of about 140 kg/m’. Downstream of the
10 heated region there is provided a second region of about 1800 mm in length, in
which the rotary tube is cooled from the outside by free convection. At the end of the
second region there 1s a non-rotating baffle plate, via which the pulverulent CNT
product falls into an alternating pressure sluice; the waste gas containing ethylene
and hydrogen is fed to waste gas combustion. On entering the sluice, the CNT
15 product has a temperature of less than 50°C. In the sluice, the CNT product is
flushed cyclically with nitrogen and then evacuated to an absolute pressure of
100 mbar; after 3 such alternating pressure cycles, the product falls via a weighing
system into a storage drum which is standing ready. When the storage drum is
opened, a marked ethylene odour is perceived, that is to say the desorption of the

20 residue of starting material gas adhering to the product has been incomplete at the

low sluice temperature.

Example 3 (not according to the invention): Laboratory scale: CNT synthesis and

inerting in a steel fluidised bed reactor having a diameter of 100 mm, cooling in a

25 discharge container without movement.

In a steel fluidised bed (inside diameter 100 mm, bed height not more than
1000 mm, heated electrically to a bed temperature of 650°C), carbon nanotubes are
produced in a batchwise process. At the beginning of a charge, 24 g of a pulverulent
30 Co-Mn-Al;03-MgO catalyst according to WO 2006050903 A2 are introduced into

the reactor via a sluice, and then 36 In/min ethylene and 4 In/min nitrogen are
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introduced into the reactor for 34 minutes. The ethylene reacts on the catalyst to give
carbon nanotubes and hydrogen, the catalyst particles are broken open, CNT
agglomerates are formed and the bed height in the reactor increases. At the end of
the charge time, the supply of ethylene is stopped and the product bed is fluidised
with 40 In/min nitrogen until no more ethylene and no more hydrogen are detected in
the waste gas at the reactor outlet; heating remains activated during this time. Then
826 g of pulverulent CNT agglomerates (bulk density 148 kg/m’) are discharged
through a discharge valve from the reactor into a cylindrical discharge container
flooded with argon (heavier than air). When the removal of product is complete, the
discharge container is set to one side and allowed to cool in the air. 100 In/h of argon
are thereby passed through the unmoved bulk product via a lance, in order to ensure
that the hot product is rendered inert and to avoid combustion in the air. During this
time, the next charge is produced in the reactor; before the end thereof (after a
further 34 minutes), the product in the discharge container is sufficiently cooled
(below 250°C) that it can be transferred without danger to a storage drum made of
sheet steel; the discharge container is thus available for the next charge. The

pulverulent CNT product obtained is absolutely odour-free.

Example 4 (not according to the invention, sample calculation): In a cube-shaped

silo (edge length / = 1 m) there are m = 150 kg of pulverulent CNT product. The
heat capacity ¢, of the CNT product is estimated at 0.7 kJ/kg and the thermal
conductivity A of the bulk product is estimated at 0.4 W/(m K). The starting
temperature Ty of the bulk material is 650°C, as in Examples 2 and 3, and the
ambient temperature 7y = 20°C. The product is to be cooled to Tz = 50°C purely by
thermal conduction. The time ¢ required for the cooling is then calculated

approximately according to the following equation:

I-m-c, (T, ~Tp)
21612'(210 HTU)_(TE _TU)

ln((To “TU ))
(TE _TU)

=




6. Proqﬁﬁgnbyﬁ ﬁ%e production of carbon nanotubes_b
hi gh terrperat tHasis, characterised in that it coffpVFRRILIANE2
steps a) synthesis of carbon nanotubes (ggnthesis step), b) optional

inerting (one or nore inerting steps) and c) cooling of the product
(cooling step), wherein the cooling step takes place with active

novenent of t r

characteri sed\ﬂﬁg%g%ﬁé%ﬁo&q Hror e exﬁlgla%gﬁogﬁP%&n} ngo?lﬁ ]ti\g 518}“8 Jp obtained.
cont ai ni ng sYTHifeslus isSeRceptdby highFoSindBstrialng ﬁ@ﬁldn%cﬁs@@hé é’éfﬁmﬂ} 8C4n
bat chwi se or continuously. Process according Fb any one of

precedi ng cl aipgEcant @Vltlthéﬁfls gbparaios evaudd Ye jdnastibalty tddeC@ymmasuIEcsmcemcally
t akes pl ace t]Xr neans cat.al gtlc cr}gm cal a

rotary tubul af & 5 5F Ofﬁuf}f GPingeEriuReTS W‘?il‘? ;;raqtﬁgegs:E%{ g%‘?geércoﬁl?‘g

neans ofs | as Qfm@st&r@bmﬂle@ﬁfthydiﬁ?@lefon%f&@%ﬂafaf‘e lqbl%séear ge process.
Process according to any one of the preceding clains, further

characterised in that the inerting step, or at |east one of a
plurality of inerting steps, and the cooling step are carried out in
a plurality of nutually connected apparatuses. Process according to
any one of the preceding clains, further characterised in that the
inerting step, or at least one of a plurality of inerting steps,
takes place in a buffer container with a bed that is not actively
mechani cal |y noved. Process according to any one of the preceding
clainms, further characterised in that cooling is carried out in a
rotary tube, a cooling screw, a fluidised bed or a vibrating spiral
conveyor. WD 2011/ 089195PCT/ EP2011/ 050782 - 18 - 7. 5
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Process for the production of carbon nanotubes by high-temperature
synthesis, characterised in that it comprises the steps a) synthesis of carbon
nanotubes (synthesis step), b} optional inerting (one or more inerting steps)
and c) cooling of the product (cooling step), wherein the cooling step takes

place with active movement of the product.

Process according to claim 1, further characterised in that one or more steps
selected from the group containing synthesis step, inerting steps and cooling

step take place batchwise or continuously.

Process according to any one of the preceding claims, further characterised in
that the synthesis step takes place by means of catalytic chemical vapour
deposition in a rotary tubular reactor, a fluidised bed or a fixed bed reactor or

by means of laser ablation or by means of the arc discharge process.

Process according to any one of the preceding claims, further characterised in
that the inerting step, or at least one of a plurality of inerting steps, and the

cooling step are carried out in a plurality of mutually connected apparatuses.

Process according to any one of the preceding claims, further characterised in
that the inerting step, or at least one of a plurality of inerting steps, takes
place in a buffer container with a bed that is not actively mechanically

moved.

Process according to any one of the preceding claims, further characterised in
that cooling is carried out in a rotary tube, a cooling screw, a fluidised bed or

a vibrating spiral conveyor.



13. ording to any one of clains 1, 2, 5 and
further char g‘&ﬁ%ﬁt@éﬁ”ﬁn that the inerting step, or at %%Etzobwe"‘tﬁl a
plurality of inerting steps, and the cooljgng step take place in one

apparatus. Process according to any one of the preceding clains,
further characterised in that the synthesis step and the inerting

step, or at least g9n ralit nert| Iace|
one appar at us7‘3 Pr 0%8%393%%’6@85 ﬁ%a?yog%n?fc?tglsc}f g?ff‘i@’eﬁiﬁﬁ CE'FIQF
further charact erijgeghtithe bBatglshp, btnﬁflédsﬂgneséted)pluﬁiht)a&f hesk sRp§ aﬂH i
plurality of inerti nIg st eps, takes pl ace in a heatabl e apparat us.

Process accordi ng @@ @mvemﬂéﬁe@iawmomw&mﬁmg clainms, characterised
in that the synthesis step takes place by neans of catal ytic chem cal
vapour deposition in a rotary tubular reactor, and at |east one of

the process s eps pro&dsh h%r(ﬁﬂgtcpﬁﬂel deSfkife ﬂr@@éﬁﬁfga&ﬁﬁls' Ri@ef QfrdcfEREY in
tubul ar reactor in terns of appar at us. Process accordi ng to any one

of the precedi ng dhatithe symthessastte and dut inartingastept be asleatthmsiof aspleflity of
t akes pl ace by neans_.of cata tic chem cal vapour deposition in a
f1ui di sed bed reacdPgHos sighs: takelagsdn SRRV hg t ake pl ace in one or
nore apparatuses arranged downstream Process according to claim 11,
characterised in that the reactor is operated batchw se and the
inerting step. or Rabcdsgasbrdingtodnyaongloditled pregedafg dlaiersy ﬁm@etsttatmterissd in

integrajed into the reactor. in the formof inert gas flushin
provi det downst r eéﬁ‘t &ﬁe {HEURY SiRe ST &0 Sp¥Preppiot @E%aléﬁ,’ élfrla?rﬁﬁg 1SkePe) tgken

10, characteri Sedéilébeﬁﬁ'ﬂth étﬁ'lﬂe aﬁlr?]{rétﬂé is operated continuously or
usl d e

virtually continu rting step, or at |east one of WO
2011/ 089195PCT/ EP2011/ 050782 - 19 - a plurality of inerting steps

t akes place in an ag ar atus_arranged downstream of the reactor.
Process accorldi ng receshpcidngfo apyopg of thg Breggimg;ﬁlama%t%aliagf@asqdnm that

that at |east the synthesis step takes place by means of catalytic chemical vapour
15 deposition in a rotary tubular reactor, and at least one of the process steps
inerting and cooling is integrated into the rotary tubular reactor in terms of

apparatus.

11. Process according to any one of the preceding claims, characterised in that
20 the synthesis step takes place by means of catalytic chemical vapour
deposition in a fluidised bed reactor, and inerting and cooling take place in

one or more apparatuses arranged downstream.

12. Process according to claim 11, characterised in that the reactor is operated
25 batchwise and the inerting step, or at least one of a plurality of inerting steps,
is integrated into the reactor in the form of inert gas flushing provided

downstream of the synthesis step.

13. Process according to claim 10, characterised in that the reactor is operated

30 continuously or virtually continuously and the inerting step, or at least one of



5two appar at i ich inerting and cooling take pl re
provi ded domﬁgﬁﬁggﬁﬁgﬁgthe reactor, at |east one of mhi@%ﬁgﬁﬁéyg?ages
Is operated with active nechani cal produdp-novenent. 15. Process

according to claim 13, characterised in that at |east one of the
10appar at uses provi ded downstreamis operated conti nuously.

14.

15.

10

a plurality of inerting steps, takes place in an apparatus arranged downstream

of the reactor.

Process according to any one of claims 10 to 13, characterised in that at least
two apparatuses, in which inerting and cooling take place, are provided
downstream of the reactor, at least one of which apparatuses is operated with

active mechanical product movement.

Process according to claim 13, characterised in that at least one of the

apparatuses provided downstream is operated continuously,



