WO 2011/ 089195PCT/ EP2011/ 050782 - 1 - Production of CNTs The present
i'nvent'i on rala1a¥08%0938 process conprising the steps aPCIYEMIDSETDT
carbon nanotubes (synthesis step), b) optional 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 materjal_ that_ is produced. Carbon nanotubes (CNTs) are
interestingP 0 Sa | arge 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 Thhpreﬂé:ﬁﬁﬁ'tfamon'féie&etd upesess@osipsitingfthostepsor) spathesis afwarlmn
of ordered carbon atons and have a core which differs in terms

mor phol ogy. NEARSH (RerbBRSiHESP)a Pe ORI Ieridng (@meQs aere ingrting ﬁtqpﬁ)o«m g
known For - 2 PURE 41 hebfERug (O, The sl B LIRSS ec 1RKEIACAD

(publ i cat i oRaci®ag bf the REsboNaknbtebebdteriblahaigs pldddgd.i s general |y
referred to as t%e di scoverer of carbon nanotubes, these materi al s,
in particular fibrous graphite materi als having a plurality of

Tat o and Bhecrn CBICHRESICATY To% Mifst il SRR aphydo diinber of

descri bed qu ﬁdaaoﬁg [Sdrbént m&rﬁr&scﬁ@@ﬁlﬁlymd@ﬁmﬁar% Beife cfliddiieslscarbon
.carbon from %e catal ytic deconposition of hydrocarbons. However, the

car bonl(f i | arwhes hapingcuidientetsn of fiwnbBSite 180 nsmend admathé*dnﬂwra)@ahmgf

are not charact.eri sed.i reat er ect eir net er
257he  pr odudit AT C BT A AT L Sheot Rg™ e P Pideleifieruo R 8o
100 nn is deggs 'abg&efﬂﬁlchhcﬁff%i‘sr ff tdrindofl hoEfholdls. Tebé nﬁﬂioti(@s'“are also
86/ 03455. There are used here for the productlon light (i.e. short-

" and medi um céaitadth & 'Icptbanifbridy omhallovoearbion fitreh's dor exetwplet i c)
hydr ocar bons and an iron-based catal yst on which carbon carrier
conpounds are deconposed at a tenperature above 800-900C. WD

20117 08P 195 RGH S 2bhifee QdR2been known for a long time in the expert literature. Although
lijima (publication: S. Iijima, 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



- 2 - The nethods known today for the production of carbon nanotubes
i'ncl ude arc VP 2ENABYES | aser abl ation and catal ytic prifeEBBEEI/050782
many of these processes, carbon bl ack, amwrphous carbon and fibres
having | arge diameters are formed as byproducts. In the catalytic
processes, a distinction can be made between deposition on 5
supported catal yst particles and depositjon on_netal centres f er“acfljIc

in situ havithg BFEwEs dnevmnioday TAp Mamereduction gt dehpne BimotPes| ipgu
processes). 4 : A, i i j Ldol
carbon fr omd#)‘}}}%ljgg’a@g%ﬁag %mﬁpcaﬁggggglﬁgg\égﬁgéégﬁl g?@egﬁct;higso gg%gl%sf IQ%PI(?{
( CCVD her ei mekowmdeplicalsytarbore and dibrespaving derges diabeteys aac doyhagines by-
nmet hane, ethane, et h%/l ene, butane, butene, . but agi ene, 10benzene and
further car Boedustnimihsicatphgcaresestssnadisingiion cap de madeibsiesngleposition on

possi bl g carhon n b QUS t . :
From tro prinrotd v RAHER D QARSRER, APRERIE Britd s R Haine
The cat al ystharg@sar al |tie C@nbictte NBhgd (so-oEllad floxi gpesceisesprin the case of
deconposabl e or reducible netal conponents. For exanple, Fe, M, N,
V, M, Sn, Quodutioandadhheetalyiice depasitionnal carbon Heom hxskocgrhongswhich' are
metal s. Al though nost of t.he indivi t,al ) e t
form nanotu t?@g%uﬁi 't%j[eﬁ-/ irgﬁcgfg R and 91“8\%9 g?r%@t%r%?&ger{r\g’r %%%ﬁ@g c(gd?%%] n gapé) re
advant ageousiepodfibh)eVaktA&e0" fthénd, 0 ethafe Peitglend) thutdneh WRéR), butadiene,
catal ysts whi ch contain a conbinati on of the above-nentioned netals.
20 Thel® or nehtengeneodndcurthencarboroeerbaipingridarting matejds aicagenffoned @s pasrele
that are fornmed depend in a conplex manner on the netal conponent
used as cat dt cgjf‘)“oétg'corrt)i nation 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 admi xtViarowsf ptogessesyand onatalysts hor kgewe sfromonthe hgiareat tfborhe catalytic
tenmperature anqg on the residence ti aor. the reactor used. P- A.
0208856 ( Hy paPHRA OBl SAPOR S aRTE e 10w GrieS deteerbt @ IS Fisials maioh dises
that age pr o%uge% ' ' 5 L | il

vari ousl§30hy rocgﬁg%swé;?ll %?gﬁﬁgghn%gygﬁ?gghgbg%e 80 _I%BF%O[&?@NV%WW,
2011/ 089195 P§,/GR 201l 4rld0& B8 Are- mBntionkid b thequtics petas mectal s oA Menigh omest| obihe

Shai khut di nov et _al . ham | ' K.. Shaj khut di nov, L.B.. Avdeeva, O V.
Gonchar ova, Ed%".‘d%ﬂﬁggés‘?v%. REndRBG §5\Panptupes, @%@8@3“8 low contents
" Copr eci pi ta ! | 2P afhntEoablY Sichiel & adBtd188%0 the prior art with
deconposi ti oél@%ﬁgllpg%%g%g%‘g&p%%di onT.", ¥Appllei edaCat aﬁgsi S eAI:mOr e
Cener al , 126mefkdO&alypagaschl@maiB 9 combination 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

nanonat er i aM 20CN089394848 (Centre National de |a RechddHd2011/050782
Scientifique, FR) discloses as a possibke process for the nass
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

10 b d . Ho , this, ti | | i d Ih

or ootas appBimbasapr sy Berie Py kg el St SRR RRR
t al. (Ph. n P , S

et al. ( Lﬁﬂ“f‘%‘éﬁ%’g%&?gw I]%)PKO%H BIN. N$R8EdovoL NREPIY 8<Ha,

A. Zuttel, D synthesis o arbon nanot ubes on
Fe203/ My0", "Copdecipnaed aNt ARedndt dii-Ovat e rdatallysts] Zon 200ikne 78@&onBBYition and
| i kewi se achieve only very |low yields in the pro ti of om
i sopent ane 6#rbaR Sepesetien Bbr(} Wlleﬂ&ﬁtg\ﬁﬁiélpy enegah, ﬁéé@@@w&ﬁ@?ﬂ%} as
Nat i onal Pol y : E i i on of
car bon%nanoib ﬁ%g%%eq%q&@%‘%%%@gg O;B\n}l}eﬂ%g‘fgﬁdu%g??ﬁeg@no%gégftég% for 20

inline catal yst production, wherein the catalyst can have a nean
particle size of from10 pmto 1000 f)m and can_achi eve an_ipncrease in

the vol ume 6A 2R3848fy(GerireatNationst depla; BeghgasheySeipnifiduen ERg fltriRscdas 2
I o Lt I d i .
cat al yst l adl%'g&}'ﬁ@(?&;é ?orttﬂen%gé B]E%ﬁlu&'i(g} 5'19%511‘9&1 ?%}n%beg Qﬁ)rgéegggizlglsch a

steps provi d&F" eam o e act ual” synthesi s i

for the produgdig®ns 9f CNTEhpraninRoidbeitewd G ai dhbeltdatahfst SAal fooylene as
al so of great inportance for the econom c and reliable production of

a hi ghlOqual icaspoprdoder: Hoxreaver, pris gerparpiivalie verydewitigld makanthedirpegss gpnser

reproduced. However,.the.prior,art nostly describes test results
whi ch were d’B?%‘iaﬁté%F%ﬁa?ﬂg{uﬁté]ﬁk?cﬁ‘ﬁeoﬁgﬁa? ale 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 Masgboges!. ¢Ph.svawonnGhnEmerenegeendd)Sudem\i.d¥engeovm s endseln H¢

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 CNT's 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/ 089195PCT/ EP2011/ 050782 - 4 - production step. The necessity
of an 'ef ficiwvatoowsbisng step for production on an i nduRET/ERI01HEWIR,
whi ch ensures rapid product cooling, ha_s4 hitherto not been

recogni sed, although cooling represents a potential bottleneck in the
production process as a whole. 5 For exanple, EP-A 1594802
(Universite de Liege) describes the production of carbon nanotubes by
means of CCwmodustignrsigrarkhet nasassity ofearc eHicisicorlipgister for pedussipy ongen

the reactor .outlet. At the.inle n t f r t h

pul ver ul ent BEIHE L5 tgﬁicgl Ensglﬁ% garpg%uérg Esluéér 8(;‘:?&1&3%%% g\ﬁh%eﬁtol ﬁgtr jpeen
gas Only tesbsibed, hRRADAL @oYind Gepresciite aapReits dottddch fin tthe production
exanpl es of the patent. Igecause both the exchange of material and the

di ssi pat i on mwhcedseas a whelegr eat | y dependent on the scale, this process
wi t hout_an efficient cooling step cannot be carried out on an
i ndustr al scal e because packi ng into suitable commercial containers

such as, forpgxampifle, BPHE 5043 OUBRESItE adNDIzgt AkEscAbas ehelipfRiblion of
because the tenperatures are too high, and the 15 production

capacity of dadeon mepaibeaby arcansof EDED ieduectady tubnlaaderctiromhick hes e flush
woul d be an acute risk of fire

. if th til hot duct i
contact with" Yo a4 HS; TATIon PptletpAt Aﬁez%égtllﬁ'@fl PEﬁ?}p(gfr '%ﬁ?r%ﬁt%?&ﬁeglgﬂfvgw%t
descri bes ansftérﬁﬁg&%&?wmac oh@cté‘%%%ﬁsﬁe@MQHﬁ%ﬁas?kﬁ@%&rsﬁvdrpﬁﬁboratory

of t n this 20

downst r eam production of carbon nanotubes. |
appar at@us, tdeelecarbiescritedonhube sxample iafsthe tpatene Bécenseebotbfthadhelrdngg of
associated materials, by flushi ng_w as, but the still.high

th inert ,
L enper at ur esmateriehe S dlRsPREPE Of Rt ot Spatly SBREndgR o ibe sPalfuthis process
reactions an\g{tﬂ&%t.s#reffﬁﬁgnt%gﬁﬂ% S8 b0 BE X duroy s BT Bl aRe
iT1ho t nmust

the product 1's 'S when eaves the reactor an

subsequent | ypdekingoit® duitable commetsial apeaiadrs anch Bhefancaxamply, tdeakns or Big
pul verul ent, highly 25 porous_ product obtained in the produyction of
CNTs by neanBags camgbiake Blars dirpethhPseauss dhg (RRegatlies ary t?‘hg“ﬂbtand the

t at t [ ' 1.,.56:+a0d
cont  nitus. pPaRiERGEp STt PERRARR Qophte oAl M R mere jrawd bp

conbusti bl e gasage fisk 6f firgaf theBtillabOFrodas came inta Sostabiyigntheamtemdiict
gas hydrogen), and nust therefore generally be carefully inerted and
cool ed before it can be packed 30and despat ched. Such production

S, PTov! ey ADUpRERANL A o1 A0s HALARHBe50 A0} BRHHL b cohs
2011/ 089195PgtcER26dp pR@¥d2dowrstream 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 otherwi se be inpaired (e.g. |engthening of the batch
cycl es). Howewa¢11/088Phg to the conparatively | ow bul k REGHBRZ0{I/ A2
relatively poor thermal conductivity of ¢he 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 dissipation by passing a ¢ol as through th ul k
product is GaPAcHRCHn SHEr¥ISeRE 1%8%‘5"(92@;3- gwgﬂf&%m& Qt{}fée B%\ﬁ}" Bﬁ‘ﬁﬁgdgﬂ‘é'ﬂ?'
of the produyct. . onl o) ki d LB e o] L
abr asi on as i st AgHREELE b BRICHERS | ER rRi L Chod RS
accor di ngl y cohdetiiatof fthewatbbh alanctmbed) eapids sifiptdne dni gegtieabblyng is not a

limted, and _cool if!?% is accordingl g very ineffi ciﬁfnt, n&_r can t he
formation ofrivieh a0 wspeisbeEierterbBy thenabifemy ool sapdasiiged cooling steps:

t enper at ures. be_r.uled ook s addi t i I j .

Fequi v dment o8 SRR hAL issbo il Bl s 4 B a0 b lih e RN, BbatSs mot

nust be subjest efficledt BEcaB¥@MhY €0 eleclaii bglkaeasiat dDhel@bduce, diily lew gas

rel eased into the surroundings. 15ln addition to cooling, .inertjng_ of
}Ed%ls

the product velesitiesicen be aked vl erder forpveididirasion enwel s t Ghargsf preguct

heal th and saf.e and expl osi o eyent | t ngl ol N

as free as ﬁggﬁﬁ%ﬁ &5017¢ é‘f‘foﬁg&ngf«’%%i}%?uﬁé%a?g%o V‘Is?'ﬁcth i‘%’gl b%a 8%%?&'5%%}6%%%
residues of |ghiidd iaR@ oBKRY istdccOfindlP veReinefHlcdrl)! @it Wad thé Pa@esion Ufidead
process step too, which is typically carried out in the prior art by
passi nt t hr cwgks avitupoabtheougheflownandghighsisatperptures be éede guhydheaddition,
nitrogen or argon, .cahnot sinmply.be scaled up fram.the |aborator

Scal o to an TPk HEdIobig 0 AT Bhaght Bedl ofRly henlsr e
reasons as npakd pnedudiYe tpRbkNdo alPéRpdislve AdMRInY QRHEToh BR1dE ACE $E8&ed
described in the prior art 1ack process steps - 25 provided
downst r eam dhtd the sawtwngingsar bon nanot ube synt hesis - which, for an
econonmi cal and reliable process on an industrial scale, take into
consi deration the aspects of as short a residence time as possible on
cool i ngs rel @%hgioﬁ% lcb&ﬁx&, VRS SRRE BRIGuALuR 50 tAfe NAQAHChderh bidire,
are poorly flowable and n resistant to abrasion, as well as

adapt abi | i t yfor eedstues @ ledith tahd safptycaneisscplasionggpentionf thpioths iehd @roduct is as
operation in_30batchwi se or continpuous_operating.node. WO .
2011/ 089195HE ESBRISIPIOBAABSTIDE Fesiduen, of FaRInE TBAteHA @2 fad Fistige pf garting
process as fexi. SlcPknd | pditdcenaliby (b Wesh @Rl
provi de a pr%lgeeéggf g%samﬁ)lr @gﬁ%&g&%&%@;gﬁﬁgp@ﬂggr cprodulgét cool i ngIJ and ALy
i nerting whieliried ostlirt el widrart bptpassing throwghng isviteblrs ineetdeg gas such as, for
operation and virtually continuous reactor operatiqn (yery short

bat ch @9cl esCXamRipi HHOZH §F aagwmn%ﬁ%%rbt:i%ﬁe‘gflp g ﬁ?da‘aﬂf?waf ¥l

in the reactgrE irld%sﬁ-ﬁ cya?edwitp%ﬁae?ﬁcigﬁaﬁ?os%rs fo?rtheo&!i?ﬂ ﬁeagﬁk%%éﬁioned for
reactor operation. was, erefore,” an object of the invention
descri bed hegsling. devel op an overal | process for the production of
carbon nanot ubes conprising a) a synthesis step, b)
QOverall, 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 optionally a step for inerting and c) a step for cooling the
product, by wipahogrietess a product is provi ded whi ch RGIVEROGEINTRr ee
of all disturbing (gas) adhesions and i g cooled 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

production step w thout causing a bottleneck. 15 The obhject has. bee
achi eved by Ia opdeo@a@kmecmoﬁwgmrww%ﬁ%ﬁ@gbbfas@P&ﬁlwre 1% wpul@w@dltlonal?y

toi tjon..T ' : iy
he car bon RSt BBV S B BReh AR o BT S Fpg R Bl ToBifl and
nanot ubes, Gerig®hihih Bf suitdblePlopBuet fillly dBRANSOUS fredttEoabdraiprsyuRt einually
whi ch the product is simultaneously conveyed and noved, 25 wherein

t he i ndi vi duahtiproos exsacter «psration Cisar sbewr baiey cygles gn| Bhich gply a small

Synthesj s of the.carbon napnot ubes 30The synthesi f

nanot ubes i PTHERYY ﬁ?‘ﬁpﬁ%@p\t@cﬁse&ﬁfﬂ a5 Or&:’%%m%?@%:neésag,ﬁ C% %gt% P?og PrESly
say the cat alayhisedeRas ddephtioaf carbon from hydrocarbons that are WO
2011/ 089195PCT/ EP2011/ 050782 - 7 - gaseous under reaction conditions.

As products for use there may be mentioned carbon donors such as
T e s SRS A RS B B 98, B over
S.Cts gﬁ's ] ggvo PRYQEDES fhe Hir8GRIDN| 6T RV dloRIPel BEMBRARE 3 aPéynfHesRIstep, b)
10 optionally a step for inerting and c) 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-

freatment steps are to be inserted independently into the time sequences of the

production 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,
¢c) 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 WD
2007118668 WD M H0g9eF er abl y used. There are gener al | YQIE30HE50782
catalysts transition netals on support _gaterials, the conposition of
whi ch is discussed, for exanple, in WO 2006050903 A2 and t he
preparation of which is discussed, for exanple, in WD 10 2007093337
A2. Preference is given to the use of coprecipitated Co-Mh catal yst
with Al 203 E#EOWHURSE Bapier EOndaHQns; éissprﬁlj’é"ﬁ%l&%rdW% re G Pru Blgatione
process acc Lhg 070 nﬁgg,g h t S r
t he synt hes?ésrgé{;e%gngrrée/\gtuﬁlgs% gg élsléérzl e ?’nglv%ngog%%ge%gb%%%ge&%ﬁ&e’
that is to gawmdichorbeaxarphme] fufthaedartiag niacaiisosontaiting varkonr eact or s,
rotary tubular reactors, mgrating bed reactors, reactors with a
bubbl e-form ng, turbulent or irradiated fluidised bed as well as

cact op accoPaekel b soEdG Bkt BRIy Bendil G B
Cool i ng of tLBgvedr SelitkdsisCaohiifigndlast descpibediliat WO 200605080DUA2 byndrVO

installation part which is arranged downstream of the reaction ..
appar at us oR00Tk18§p & 1edare ipeefeiahlyarrad Theppprcreenpallmsed pasatelyss Hangiim

conveyed and ved in the cooli st ep.i.n_or4ar. .
contact 25 W&#HSCRSUE ‘BﬁP’ﬁ%ﬂ?lSWQ%I SOHB%S%OPhOf%C%géOCﬁgC}%eE’T ?(%?egﬂmple, in
conponent s ot iR6EMMBI AEnd fRMpréfPitbnadTdyviaE RcditcdgsedricR@mplef i WO

inportant here that novenment of the product is carried out in such a
mannerlQ hat 280788337 AZ. Rmferemse df igiiendndhe hee gt sepreeipbeted el ¢ataly By

et i onsr Prschnaiogles el Bef Refbif pR3RE A1 EORHB prcess
2011/ 089195%@3’&5&%(%&#;@@%5%’93335 ma@ggégj_ ore, 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

correspondi ng cool ed built-in conponents of the cont.ainer i

The Sanm £ 1 ioheevti G oIS IReT B A s RE ARCHBHy 5y g 2ohgbes
within ¢he s ' i | ; Y€ FRBiord, hafary AubaRE
br ough%§ abou’%gﬁgat?{?ébzggfi g’rﬁ %ﬁg?ﬁ?ﬁ@%@ﬁa@wﬁugﬁpar at uées f/iﬂ h
active conveghnigs) heipeatingy béib reandrs,0needtors owitlexeabpbee-founiagy tunbblest or
cooling screws, fluidised beds of vibrat h}g%F EQI ra conve%(

...b
ot i onal i neFefisipdsiuigised bothas el @ igfemp taaall@s GipPyiptisg Bjgidied beds
provided downsf kR R é&%é&é%ﬁaﬁ@ 8 WHBI07118668 A2 is preferably used.

20 ¢) 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 gr anul a0 as0ssdhg di spl aced partially or conpl etPIIVERBQII/ASETIEZ of
intensive and uniformcontact 15with a_fl ushing gas that is passed

t hrough and the disruptive adsorbed associ ated material s being
partially or conpletely desorbed. In a further enbodi nent, the steps
of inerting and cooling can also be carried out in two separate )
appar at uses Thausfasectherepareogpablecfar this peplingcsieR Onith $1pse | APREAMSER: Whirh

synt hesi s step or %@ﬁlﬁgﬁﬁ%ﬁ?& St R Qﬁﬁﬁg@% %%@@%}8@%!&%@93&%& Fal

virtual ly c SR ES akes pl ace W se. e require

cont ai ner bgMepBnding coylel Rdli-tn séraporit dihte contineg wlhikpatahe stthenime
efficiently also performthe function of inerting, product novement.
not bei ng npradding Jowrveah aetiveonedienisal ¢onepyiage CgtVFoWﬂélgbthci sgope ot thiss
In a fyrther_enpodi nent., the S . nert | C [.n

be int egr at &' ?%rf}‘ﬁg qgeaag{ol‘%%‘%%p%%{ ut rﬁ‘%.ﬁr%lﬁ%st%l%gma g#t %:él{eégtr}os%%gy
exanpl e, WhepnthRsEpEhiuesy RARAtMdISonveyig ChRe infiyHeshyntiuped afoé @xample,
rotary tubul ar reactor because, in such apparatuses, the product is
general | y afrotesdybey, eendimgedrest Bnidised bedsnragbrating sraré coFvesers3oa
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 steg)g iondlliRérBh@Mky. step b) takes place - at |east
partially - before step C). In a particularly preferred enbodi nent,

the ingrting is carried out while the product 5is still hot. In a
particularly preferred enbodi pent of the. invention, therefore, the
inerting takesmgItRgsGps Pue yﬁis&ﬂrﬂ\é‘ eidowtea it e PREeSS fleResi s
step by flushing of the reaction product while it is still at high
tenperatures, in order to ensure that even less readily volatile
adhesi ons carhibeard advintupgeakly ba itlegmteglaigy theheodlimgrstépn ghe indgrgranlanlged
take place in ,a heatable e_lpl ar at us. Oiﬂézthen is.rapid and effective
cool i ng 10t Petngedis #lly PRERIMPIStEY née&f]%"f)% SHG By MMy ERntact

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 continuously 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) and c) all take
pl ace in onevapparwews, for exanple the synthesis stepPGBREMIPIAER in
a rotary tubular reactor and the inerti step and the cooling step
are integrated into the rotary tube in terns of 15 apparatus. For
continuous production, the steps are spatially separate fromone
another in different zones in the rotary tube, g}roduct i nerting can

be ensured Ster hecamipkoplpcacbedergior nber dep i’hgqu?f YgHep briakepeplageer atilpast
region. Fig. 0 epati ¢ di agram of a correspondi ngly

conpar t nent zﬁa%éaig V\%tfgrref?egcgg apparatus with a synthesis zone as wel |
as an inerting and cooling zone. The desorption of 20 constituents of

the starti ngI mat erial gas or waste gas adhering to the pul verul ent
CNT product Ingt mf@dm@dpwﬁeﬁeﬁ@m@éwcrﬁgﬂ@ageﬂ% ixepryied peigwhile the product

count er- curren rod e e

came {1, chauiEpplbapeterah drEtrad Rt Rl DS i Yarelths i€
gas 25The prigesisg tﬁ&@%&b 2] ats&ptﬁ}SvMB&ﬁB%h%aﬁﬁ@f fhe spRBekivQEY by flushing
flexibly. It can"be used both in a batch (batchw se) procedure and in

a cont i nuousofpthocedtioe prdﬁmp‘swhée itrigetib ot ughotemphratyyes de osdengo ammg theat
and for the individu r. exa the S esi s
e by 1 reBi e Tty SoBRR: adibioRs SRR pistirec T RS e, B eilife step

conti nuousl yea,l figf faﬁ@' gﬁt':e i Mlefhms Qﬂ%dr%@@nl?ﬁﬁérﬁfs'rﬁﬁdrﬁ'ﬂd%ffeétwegcd%hﬁg
possi ble to choose a virtually 30conti nuous Operating node, in which

only al&nal | tophorartcraweoéquited for afustckpigessind duh 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 sga .:tuFb? FSf=l C ; lcfnS L0 £N8I1 take place i

i npl enent ati%négjﬁgﬁrrp efgffp%?efééeer%%ﬁgﬁgﬁég g Z\g@ous ejr]rbodl rfceﬁ asceé? one
the process ggaeite, figr &aniphethesyathtdiontep taked pldcetihe rdewvy abule cexctirrgd
to the invention are indicated in the suh-clains, and descri bed bel ow.

Furt her enboWriBetiBE Steptand ﬂlfh(?@ﬂtﬁgoﬁﬁewfﬂlmﬁé’@&ﬁ‘em TeRfy fubeipderms of
Kill
per Son ?I Ion %%}al‘aﬂug %raéogltlhﬂoﬂn}n%laﬁ%t%ff ﬁe i n ;{rIE %ﬁh@?’ Q%P%Pﬁ@tfrom one

descrip rocess accord

producti on Oincﬁladrbﬁ mlﬂﬁﬂﬂtm%IMG 16tahi mroetmamaﬁmag symbd esdused sy the
characterised in that it conprises the steps a) synthesis of carbon

nanot ubes ( spwPhEYe additian pf 1@1%%50%@(3,1%@% ARgiPdidgor Shpyea schematic
inerting ste Sgra?n”dofc)i %%%(L)ﬂo'ﬁﬁ %véi ; E%gg{t%%’t% 1se(dc9&gllp/ ngb%: %g)arau\i@%ﬁ{ 2

t he cooling St carrie I've novemnen oduc
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 nent, synthesis and/or inerting and/or cooling
are carried \HOR20UAENRI se or continuously. The synPREEPHEPWREZy
means of catalytic chem cal vapour depqgption 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

process. In an enbodinent, the inerting .step, and the.cooling st can
be carried dovenuqn£ap hgreopyeredsio a,indy 191t Bl e dé%‘%&h&t%sléﬁg 1
anot her enbaqdg; 99&5 step and the cooling step take pl ace
in one appaﬁg%tﬁag%ﬁ%ﬁ)g?l ng élﬁ% cooling step preferably takes place

in arotary tube, a cooling screw, a fluidised bed or a vibrating
spi ral conveyor. an enbodi nent, the t'}1nerti ng step, or _one of a

I
plurality offrekeedisng agiv@%g,eo’e%ﬁr@éméwp&cﬁ % PEPCSE 396 Prddghtoathp dRveRfipn

a bed that ig i ctivel chani gal ed.. |k . L
heat ablfg app?"gt]rd a utsh% &%%2%f%£%§%éfl %Egg)él%?olégl?@gg-lhﬁg-s%%&%ng ind
preferred endditedriclal. Fuihepembedifens ofahaliwehtorchilibedimevappateht to the
deposition in a rotary tubul ar reactor, and at |east one of the
process st epeersapakilledgn Hifcprtinan ahyiqus mapnairamdbe pissent desripBemr v

tubul ar reactor in ternms of apparatus. 5 In another preferred

enbodi nent, the synthesis step takes place by neans of catalytic
chemi cal vappyy pReeRSictbdihg @ e fihtintios e BROprbeéadioarof caftsbn! Rotubes by
inerti 2& and cooling steps take place in _one or nore apparatuses :
arrang®d dowrigh+ieraparatucy gynthesie ibJuiiranterised ithat if sompsises the sisps 8) synthesis
oper ated batchwi se and the jnerti.ng, ste or one of. a ,plurality .of .
Therting st el thrpn MARaPG: (RS Yo P oo ipétting By o sponkRbring
inert gas flyshynadrsosdoliag coesihaan @bolimestey))tviesdia the @Boling sleP is
anot her enbodi nent, the synthesis step 1s operated continuously or

virtual | y 15caried outovidh sctivnagnaviemenhelrthe prpduciep, or one of a plurality
of inerting steps, takes place

15 In a 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 apparatus arranged downstream of the reactor. In an enbodi nent,
at | east twowvappanatigses, in which inerting and cool i RRCTBERWIHPREE,
are arranged downstream of the reactor_jat |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 sh ' ' : i g f : :
arrangerent SEre i hOGBEFLL o SRS R YaRH Heplitop in 2
bat chwi se), rbtshf ambubentaitdieend 2t 1damesre sfythe poctesobtapy ireoig agl tadbieg is
(3, operated continuously) for a possib]e enbodi nent of the described
process. Furintseratas) intpethe §0tasy bagcadtphig s @Ppataisof 30cat al yst, 5
suppl y é)f starting material gas, 6 supply of inerting gas, 7 optional
supply ~ WD 2011/ 089195PCT/ EP2011/ 050782 - 12 - of inerting gas, 8

wast e gas, 9nle6meeprefire@NmpaRAkE] the E@ihdshastepeakésalacelsy memis o datalytc
cool ed CNT product for packing. FIG 2 shows, in di agram’ratic form

and by way ofhemicahyppourglepositiom iroadlujdiseddbrdr reacter. ape Ahs/inerfng ad cooling
t ith. int ted i ti d | i which th
hort i ng gactti 1 i gHe Ft iee B EReE e dk b et e " 1"

pul verul ent product. Elenments of the drawing: 11 rotary tube, 1 |la

synthesis zone, 1 Ib inerting and cooling zone, 12 heating, 13
cool i Y0 14 kuwent snobrdimente thelFnthesis istepfis epgrhtad dachwisetandghe inestimmgiep, or

baffl e plate (rofatjng.or .stat.ionary). .17 suppl f catalys 8
supply of - 10°% 54 PHERIRCEIMEIng EPY 1S R oo frebinfl ot g of en
wast e gas frfﬁ@?’cggﬁﬂﬁmbr%@idealio%%éal-rpwtﬁé sya¥lesiy @gpict for packing,
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,
iperting) 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



WD 2011/ 089195PCT/ EP2011/ 050782 - 13 - Exanples Exanple 1 éaccording
to the i nvenY@aMi/08Mast of efficient and gentle cool i EFVRFAORENGar y
tube 5 The rotary tubul ar apparatus usegybas an inside di anmeter of
300 mm 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.tuhe is 1% no built-in.c ents such as lifting. bar
o the 11 ke OhiETREEEN S Vg ERe AFBPVALAS CESbPI ot BOERE srretos BFingded
zone in whi QG dlst B The rotary tube is charged
continuousl%ﬂa%?ﬁegonne@%idﬁly %&gﬂﬁéble car bon nanot ube aggl oner at es
(Baytubes(r) C 150 P, Bayer Material Sci ence AG bul k density 150-160

kg/ n8, heat capacity 710 J(kg K)).via an qQscillati conveyor and a
conveyor scra: 4 shewe By digiagyaats e @83 Heatay nﬁpgi’m{l : Br sfbippously

t akes ace ' ' | i I 5: [ g .
si mul tgalneousq\ggy}.alte?tlfokaﬁ meb %%I\é\%écﬁge% Lh(rala%%gaééégggfnt%haggg?ﬁucgé?oéﬁlighlp i%IHCh
shiel d in onBelndring gakl(ee.t Migroge)ifhtvwsosoudterieaatntly writichpulieraiede priduct.

the druminto the cooling zone. After the heating zone, the product
passes t hr oddlements ofi thecdamang: sHcrotan Bdrod b2 siiBesih gonpel Hr inpging and

indirectly coogl.ed t e of; <t [
the f1ni shed orsuaar 14reetiends tBhiedn bRy AR 15 JPPp A A deili.
head. The deld ygd YoaBle phid Qrdtainge@aﬁtaﬁ@ch_ ), am §upplyaebicatalysgi IS Bypply of
doubl e-flap sluice. The double-flap sluice is followed b

. . sl ul y a ,
col | ectd ng ctmting materidl genel® supply off mevigargasTH: waslgap Atom thegpagtioa, 21

oven zone in_t te s 1000C, the speed of the rgtary tube . was..
o e nnr, ney i R Beat bR e BE Rl et 85T 5 el oB e
Val ues of 5.4¢ 23 BulRNTO. 0 kg/h were set for the solids throughput.
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 613C, respectively,.a he,product tenperatures

det er mi ned i PG HESGH E’E’E’é‘?@’ew@éﬁ]ﬁﬁeﬁgﬁﬁ%t}’g t%eG,Oﬁg?l%n%aglfifS'
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 mn-1, 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 |ess than 50C. In the sluice, the CNT
product is fYO3NA@SEWE|ically with nitrogen and then eREEEAAHINE2an
absol ute pressure of 100 nbar; after 3_.sgch 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 od%ur i Fercei ved, that is to say the desorption of the
20r esi due of ng 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

i nerting in Bxastpdel (htaording éal thecidversim:ofesh @l iefitrient dnd getids cofling0o the
mm cooling in a 25di scharge container without novenent. In a steel
f1ui di sed bd8y W¥fde di aneter 100 nm bed height not nore than 1000
mm heajed electrically to a bed tenperature of 650C), carbon

nanot ubes are produced in a batchw se process. At the beginning of a
charge, 24 drtefrotarpulindardppatatiz0Bed Mas Ah A608ddvlnetaradf\30 raog ardimgweld

WO 2006050903 A2 are _introduced info the act or .vi.a slyice, and..

then 36 | n/ fhickagspf éﬁ@naﬁualan{?ﬁeﬁgﬁu ergégéwnéflé 2 lpgth cooled by Sprmihng
2011/ 089195P 0 32 - ok 0 j e: t ¥
34 m nut es. \%{%ﬁg%t%ljcgng%peég? ’sjdgen g[réhdg&%aggﬁlg%trbt{a éllm\}e 15{:2?%()%5 biff-in

nanot ubes angmpodeegasnch tabdiftiag dhyssor tiar likechresprageat. ipdteamopethe €ling
aggl onerates are fornmed and the _bed height in the reactor increases.
At thel@nd orgionds @harvgs zopen Whigh Sgappducsfis Beaigd. e motarg fehspis shavesd

the product bed is fluidised 5.with 40 .1n/rmn _nitrogen,unti [ E€®
et hylene. andoramarly yheBameraitl Seln et FhoGoeoibates POuRES
reactor outletysohpaafd VEmBLISTieact iAGL BElkddnkig 1501180 kg, Hdaeka

g of pul verulent ONT gggl oner at _les (bul k densiti;?)gl48 kg/r%VB‘fﬁ are ittty
di schar ged tHhrolfkin KJ) dicsarh asagidating| soavéyasrandeeconygieroicrgwit lp the oven zone,

cylindrical di,scharge container flooded wth argon eavi er than.

2l 1) hen +RETFASOTE Srthn PGS FS TeRR R S A GG icd out
contai Rer i Sgiz@ital@ueNeA ierd (B howsd AoRe &R is draiBoR ishieldfAGbrieY 1B
of argon are thereby passed through the unnoved bul k product via a

| ance, in orgdncd iheeadiatien ¢hizpt frhm thetingdieooliibe dingn imn dey exbling eone. after
to avoid conbustion in the air,. During,thi i ne, the next charge.is
o oduoed § D der g P, T pgisct s dBt B it P eapd soio et g
m nutes), th &f g2 i 1y i i i gl-gnt|
Cooled 15 ( borREAgYEidieRy Bt NaAAEIcAhE Mohelcha i the Elgiile dfum, the
st orage drunfinBhe&l efodabiefslls Shieethe defieeri duitapf)¢hec distlargrehedds Thieudelivery

euall aghe, 160 A0S, N ShaLge, Tl verul el ST Lo spbim e
sanpl e cal Cuélﬁ%ciqu)féild%dab}p H%gﬂéé?iﬁgecgntainer 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 1/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" Ien =1 m there are m= 150 kg of uI ver ul ent

pr oduct . (P\%‘Hﬂ’ %"éi?)%\mty cp, of the CNT product is (ERPE P> 3&820 7
kJ/ kg and the thermal conductivity X of 14 he bul k product Is estimted
at 0.4 W(mK). The starting tenperature To of the bulk material is
650C, as in Exanples 2 and 3, and the anbient terrperature Tu = 20C.

The product s tg reI yagéfnuoﬁ%lg ted ofary tube

conducti on.

appr oxi mat ewpaﬁtstﬁyr(ﬁism Bl@lﬂe&@ ml hﬁfi\ﬂ R4 H@Jtéd)elecﬁrlce‘rll)z fﬁ)nl?ché Ttside
Tu )- (TB Tu -T)) WD 2011/ 089195PCT/ EP2011/ 050782 - 16 - Wth the

menti oned d&043 mam spepd i iyt egradmm Eh@ tcarbentnapbtubss Brenprodycddsat 650°C
obt ai ned. This yal ue h f dust I L t

because the? é&gt‘? Woaﬂ)%éﬁg@ga 59ﬂ &&ﬁrerggﬁgrsé@rp&gg \WE? 158’ S
drasti gal |y L,RAHEEH C@F\Ad?glzmqﬁg@r 2 I'ynd @tﬁ%ﬁn@%@pﬁfaté)fs Wﬁﬁfmm the

cool i ng cont'al ners wou Even ger cooling 5tines are
obt ai ned i f nidse fldinehtadns 15)112@ . §itdrﬁn@rrmtermd: gesamedcatal ¥ 226 Added s $He

95PCTTEP201%£I91§%Z1§20f-th% 7mae;ctol:.razgne(\:ln‘ho'\gu:rl(:(’j(‘)I glf}rently 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 is a non-rotating baffle plate, vig 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-AlO3-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 (afier 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 Tp of the bulk material is 650°C, as in Examples 2 and 3, and the
ambient temperature Ty = 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, —Tg)
.(Ta"TU)"‘(TE -1y)

ln[(TD —TU)J
(TE —TU)

=

2-4-6-1%




6. 30 Process according to claim1l1, further characterised in

one or nore %PaHd/08UPRct ed fromthe group containing s%Tfﬁg@lgng@p,
inerting steps and cooling step take plLage batchw se or conti nuously.
Process according to any one of the preceding clains, further
characterised in that the synthesis step takes place by nmeans of

catalytic c our 05|t|on in b
f1 ui di sed bggqhﬁﬁ% %ﬁ’ng%F%?qgﬁwﬁyoﬁﬁéﬁélogo égéﬁoasﬂétﬁgﬁ%gr
by means of ﬂi"@vﬁﬁ@&hﬁ@k@keﬂﬁﬁﬁf cBG8S MduRHACAPFcRARTBRhNG the caia¥itpBLan

of the preceding clains er characterised in that the inerting
step, or at upsem cymthesis appﬂramalwctujd b drassically gedsiced or @nunqcmomlcally

cooling ste Laec rri in a pluralit connec

appar at uses. 6@8@’5‘3 gcsb‘o}i‘j icRYMR% C‘g’ﬁ?mgrﬁ %‘*lgtq‘?ereﬂ}né%deﬁvﬁa (Q,P%ﬁr rﬁ? oling
furthers ch artﬁﬁésec{rt': sidinedl if tlB@lehé}ﬁlan %f fHe 8o %}eeﬁcre@éedat | east one of a
plurality of 1nerting steps, takes place in a buffer container with a

bed that is not actively nechanically noved. Process according to any
one of the preceding clains, further characterised in that cooling is
carried out in a rotary tube, a cooling screw, a fluidised bed or a
vi brating spiral conveyor. WD 2011/089195PCT/ EP2011/050782 -18-
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Patent claims

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 continuocusly.

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.



25 13. Process according to any one of the pr ecedllir:lé cl ai ms
f'urt her char‘ﬁ??%‘ﬂ{{’g’@asl n that the synthesis step and tHe"Fia! PNE?

step, or at least one of a plurality of jgnerting steps, take place in
one apparatus. Process according to any one of the preceding clains,
further characterised in that the inerting step, or at |east one of a

plurality of, i ne ng.ste aks a b t
Process accgrdl ndj ct?g%ﬁ@/wgcﬁgg %r% afgcg%l nlgzcj:% %’sdg %RB %ea?%cgeéﬁm
in that the synthgeias ﬂfetlaértﬁlgls@@ @ﬂétQ@astnéT@iadlﬁlu&ﬁlt)C@ﬁlﬂbﬁfﬁlg%tépB%QHé
vapour deposition in a rotary tubular reactor, and at |east one of

the process stepgoplieg sttmtpkaplice sobrawppreatisat egrated into the rotary
tubul ar reactor in terns of apparatus. Process according to any one
of the preceding clains, characterised in that the synthesis step

takes pj ace goy ”@B&SQEC&%I% ¥ Ay &ﬁ%ﬁtﬁ@bre&%@élaﬂﬁépﬁﬁﬂfet Sfarhdlersed in
fluidised bed reactor, and |nert|ng and cooling take place in one or

mor e appar at uses thaftrthngmthmmgp apdthe Pesingsdermor ot Wastoorteonicd piumality of
characterised in that the r actlor IS operated batchw se and the
inerting step, orinGHfing Slgps, t%??é’?ff”ﬁoﬁ? gPl%ﬁrimr‘% of inerting steps, is
integrated into the reactor in the formof inert gas flushing

provi ded downstream of the synthesis step. Process according to claim
10, char act &.i sedPrbeest hetordihg to godnerofitbe pmceﬁcﬁngdaizmﬁirﬂlmuhdryctaﬂsed in

virtual |y continupusly and the inerting step, or a st one of
2011/ 089195PCT/ Eﬁgeiltilﬁoswg@ stepy gr at éeagi BF%Pf gyPlge lwn%f PEResttess }a\ﬁos

takes place in an, 4RAR" A HHSHRY: E)ﬁ.g}gﬁg downstream of the reactor.

10.  Process according to any one of the preceding claims, characterised in that

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



14. Proocess according to any one of clainms 10 to 13, characterised in
that at |ea¥¥O 388 Phar at uses, in which inerting and F&déFi2RE/4418

pl ace, are provided downstream of the rgactor, at |east one of which

apparatuses is operated with active nechani cal product novenent. 15.

Process according to claim 13, characterised in that at |east one of

the 10apparatuseg Bt ol d3ndoMnshhs ek 1.0 % & Sbar O LML W¥wnstream

of the reactor.

14.  Process according to any one of claims 10 to 13, characterised in that at least
5 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.

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

10 apparatuses provided downstream 1s operated continuously.



