BMS 07 1 050- Foreign countries -1- Catalyst for the production of carbon
nanot ubes by deconposition of gaseous carbon conpounds on a heterogeneous
catal yst The Bhﬁ%&ﬁiﬂﬁ@ﬂ@ﬁﬂgnﬁgmﬁlsﬁes to a process for the production of
carbon nanotubes, in 5 particular those having a dianmeter of 3-150 nm and
an aspect ratio of Ilength:dianeter (L:D) > 100, by deconposition of

hydr ocar bons on a heterogeneous catalystiwhich conprises M, Co, preferably

al so nol ybdenum and an inert support material, and the catal yst and the
car bon nanot ubes thensel ves and the use thereof. 10 Carbon nanotubes are

chiefly Under@%&%%t 361 ﬁ?@ﬂi%cﬁxgid}%}ﬁﬁl nﬁgttm@s Bgl?ﬁﬁompﬁ‘éﬂiw 0% ggée%mat er of
bet ween 3 an ,

t he di anet er . carhes eompbesdsnoe adwetiroggneotis ¢aglyss of ordered carbon atons and

have a core of different norphol ogy. These carbon nanotubes are al so call ed,
for example, carbon fibrils or hollow carbon fibres. Because of their

di mensi ons angiclgreldi@idveRAdn tedatbPfo PPrOR&S Fdifie pFdlticEsH BOrRAINYR\Es, in
described are of industrial inportance for the production of conposi te
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354, 56-58, 18@dystivehieORhridey MRS p@e?eraslbealsfélrﬁ ?B@é’rﬁm ahd Bﬁﬁl&&ﬁﬁ@ﬁont hese
materials, in particular fibrous graphite materia h several graphite

| ayers, were @mptedalgndiswatalyst and |cafcbpoea1}0tulzm@hqmwbvesvn@§w use heredie
depositlon of very fine fibrous carbon fromthe catal ytic deconposition of
hydr ocar bons was al ready described in the 70s and early 80s (GB 1469930A1,

1977 251and EParb6h Othndfibed B2, chikdllye andeistodihlae r hearliley esylinddie$ Scartidne tubas bon
filaments produced on the basis of short-chain h drocarbons are not
char act er i zedhdvingd diameiert ofi hetween b apd 8¢ nay, tha kepgthdheangeveral fimespatdeastt i on

Cnier alia, i D o dneagp R s e 25l SR SRR Bl G AGRET PeC

medi um chai n a&ld Ipdvata corernf miﬁﬁﬁentano@ﬂoldgmudlhew cabarmainotybel \atk alcarchiteds and a
cat al yst based on iron i.ch ¢ 0 orts are d nposed at
t enper at ur es g’BSW@‘B{Fa@W fg] laPéhQL%?qu@a FeDPERSERENSY dimensions and, gn

countri gs their particular properties, the carbon nanotubes described are of industrial

importance for the production of composite materials. Essential further possibilities

lie in electronic uses, energy uses and further uses.

Carbon nanotubes are a material which has been known for a relatively long time.
20 Although Iijima in 1991 (8. Iijima, Nature 354, 56-58, 1991) is generally named as
the discoverer of nanotubes, these materials, in particular fibrous graphite materials
with several graphite layers, were already known for a relatively long time. Thus
e.g. the deposition of very fine fibrous carbon from the catalytic decomposition of
hydrocarbons was already described in the 70s and early 80s (GB 1469930A1, 1977
25 and EP 56004 A2, 1982, Tates and Baker). Nevertheless, the carbon filaments
produced on the basis of short-chain hydrocarbons are not characterized in more
detail in respect of their diameter. The production of carbon nanotubes having
diameters of less than 100 nm is also described, inter alia, in EP 205 556 B1 and
WO A 86/03455. Light (i.e. short- and medium-chain aliphatic or mono- or
30 dinuclear aromatic) hydrocarbons and a catalyst based on iron, on which carbon

supports are decomposed at temperatures above 800-900 °C, are described here for



-2- the production. The known nethods include, for exanple, arc, |aser
abl ation and _catal ytic processes. In many of these processes, carbon bl ack,
anor phous car BMS 0 PForeagn epuninigs | ar ge di aneters are forned as
by-products. In the catalytic processes, a distinction my be made between
deposition on supported catalyst 5 particles and deposition on netal centres
formed in situ and having dianmeters in th2- nanonetre range (so-called flow
process). In the case of production via catalytic deposition of carbon from
hydr ocar bons whi ch are gaseous under the reaction conditions (in the
follow ng CCVge ﬁé&lﬁ:‘tiﬁh.‘ CTHeAK:RWh MR1MOHS iBRRRS Kir &k lé}ca%,]}’lhé%?%blatiﬁﬁtaﬂéne,

et hane, ethyl ene, butane, butene, butadiene, benzen(g and further carbon 10
cont ai ni ng edcatalgtiapmcasses.i dmevhnysofpibswi frioeesses; loarbod dianks amprphovacabyst s as

arule conpris tals,. tal oxides or deconposabl e or reducible t al
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nentioned as pwkeysss, i dishBetidd Ay B nadd Rl ddpdimion N dhySpoded datatyst ndeed
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nanot ubes and the properties of the tubes formed depend in a conplex manner
on the netal ewpimsin thedallowing (LLYRY satglytic sarban yapermieppBiony acetxleneal 20
metal componeptg, *k?ha%t‘ép&%gf ngcaﬁlﬁgﬂe?‘lbugﬁg,dblﬁeﬂﬂergeb% hidnE ra%ﬁtﬂxﬂﬂergp%ﬁﬁ’&?” t he
catal yst and suppdrt, the duet gas’ and I'ts par P al pressure, adm XI ng of
hydr ogenQor feotitdiring edasteare inbatisedcik ipossible tpboatdonersarithet daeal ghaedd a hilee and
the reactor used., Optim zatjon of the production p,r?cess is a particul ar
chal | enge f or CamPTIssAvaials; metal pxidessrdecompgsable or redugiblemetad compenentse Fogt al

component USEgkanfbIEAOMNNICY, Mifl b, €81 2LYAH olifers %qﬁaﬁgﬂeagsmw&fm@e of
the synthesis procéss. ThHis consunpfion Is to be attributed to a

deact i vati on pfiortdre Tid aldividugb omeals uswally.indhed Have dagmienty tnfooh maotobes, on
the entire particle,.which | eads t.o conplete covering.of the particle (this
s known 30t BUEREPTHREdE PR a8igh Ve agf ow onlsts S AmaTPhoRS SEPPRATT on as

a rule i1g not ,RAAGLYRIy achieved with metal catalysts which comprise a combination of the
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abovementioned metals. According to the prior art, particularly advantageous
systems are based on combinations which comprise Fe or Ni. The formation of
carbon nanotubes and the properties of the tubes formed depend in a complex
manner on the metal component used as the catalyst or a combination of several

20 metal components, the support material used and the interaction between the catalyst
and support, the educt gas and its partial pressure, admixing of hydrogen or further
gases, the reaction temperature and the dwell time and the reactor used.
Optimization of the production process is a particular challenge for an industrial
process.

25
It is to be noted that the metal component used in CCVD and called a catalyst is
consumed in the course of the synthesis process. This consumption is to be
attributed to a deactivation of the metal component, e.g. due to deposition of carbon
on the entire particle, which leads to complete covering of the particle (this is known

30 to the person skilled in the art as encapping). Reactivation as a rule is not possible

or does not make economic sense. Often only at most a few grams of carbon



or does not nake econom c sense. Oten only at nost a few granms of carbon
BMS 07 1 050-Forei gn countries -3- nanotubes are obtai ned per gram of

cat al yst, theBMxQ/1880Kereion enunirifisng the entirety of support and catal yst
used. Because of the consunption of catal yst described, a high yield of
car bon nanot ubes based on the catal yst enployed is a substanti al

requi renent of the catal yst and process.-%-For an industrial production of
carbon nanotubes, e.g. as a constituent for inproving the mechanical
properties or conductivity of conposite materials, as with all industrial
processes a hjghndpage/ c;th{Yﬁed/ h@rl gainSofl@taft, h&BMal ?9( her«‘!"{fﬁclhﬁhﬁf fl e'ﬁ'tlFEQy the
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industrial scale is usually possible only with difficulty. Thus, |aser
abl ationdis al so expensive and a scale-up difficult. Vari ous processes

described 15 in th |1t r Q roducti on of car not ubes b
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which, in addition to the reaction step o deposition, also describe the
targeted pr etllné'a%tﬁ%lrﬂm?%s%aﬁ‘ mgélmpaee/madﬂqlérlﬁ topberaEpefosswhily eiaining the,
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and, inlparti muﬂeaals t@ab emséd | Utesrtaked en ager alildimnrcfffoarlﬁmcxﬁ&nmtitzai ordylldvher ei n

are intended to |IJustrate t e prior ar 25 Vario processes  and tal ysts
are known forPPREEtonowtfs: 3hn kgh %F%Oﬁaﬁ’@méé carbs o €% %i’la}?gno E‘bes are

al ready descr{dioersioR dFithdéiRudifsnlind t%BFahdr9 BealCRbif! MBberloR rEO8E 4 AR ) -
The cited application for a protective right descri I ron-contal ning
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Ut recht j5NL, 2082 Jiterature for the production of carbon nanotubes by CCVD indeed show the

suitability in principle of various catalysts, but often have only a low productivity.
Catalysts and particular reaction steps which, in addition to the reaction step of
deposition, also describe the targeted pretreatment in particular reaction
atmospheres, such as, in particular, reducing hydrogen atmospheres, are also

20 described for the production of carbon nanotubes.

The following examples from the literature and, in particular, patent literature and

the references contained therein are intended to illustrate the prior art.

25 Various processes and catalysts are known for the production of carbon nanotubes.
Such carbon nanotubes are already described in EP 0205 556 A 1 (Hyperion
Catalysis International). The cited application for a protective right describes an
iron-containing catalyst and the reaction of the most diverse hydrocarbons at high
temperatures above 800-1,000 °C. The use of Ni as a catalyst is likewise described

30 e.g. in the dissertation of M. G. Nijkamp, University of Utrecht, NL, 2002
"Hydrogen Storage using Physisorption Modified Carbon Nanofibers and Related



"Hydrogen Storage using Physisorption Mdifi ed Car bon Nanofi bers and Rel at ed
BMS 07 1 050- Fore ncuntrl es -4- Materials". N -based systens are |ikew se

descri bed by Z¥® £igh coyntries  Shapi | ! K. Shai khut di nov, L. B. Avdeeva,
O V. CGoncharova, D l. Kochubey, B. N. Novgorodov, L. M PI yasova,
"Coprecipitated Ni-Al and Ni -Cu-A catalysts for nethane deconposition and
carbon deposition |I.", Applied Catalysis-fA: 5 General, 126, 1995, pages

125-139) as active in the deconposition of methane to give carbon
nano-materials. A further overview of production nethods is given, for

exanpl e, by Gemteriand. Dali-basd |sy"st@n§ QYé Qikedidel BéRribéd Uy SRekH@dmoanst d1. W
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of the production of carbon nanotubes which is described in these sections, the reaction
apparatuses used are closely linked with the catalyst used and the resulting

properties of the nano-material produced. Comparable catalytically active elements

or combinations thereof can indeed be employed, but the optimum conditions of the

20 industrial reaction procedures only emerge from the complicated interplay of educt

gas and concentration, catalyst properties, hydrodynamics in the reactor and product

properties.

EP 1 375 424 A1 describes an industrial device for the production of carbon nano-
25 materials and also mentions a very general catalyst composition. The catalyst
composition is stated with the presence of the elements Fe, Ni or Co. However, no
precise, particularly suitable composition is mentioned. In a work by Cassell et al.,
various catalysts for the production of single wall carbon nanotubes which are based
on iron/molybdenum are described. If 5 g of catalyst are employed, just 1.5 g of
30 carbon nanotubes are produced (Cassell et al. "Large Scale Synthesis of Single-

Walled Carbon Nanotubes", Journal of Physical Chemistry, 1999, 103 (31),



30 carbon nanotubes are produced (Cassell et al. "Large Scal e Synthesis of

Si ngl e- Wal |l ed Carbon_ Nanot ubes", Journal of Physical Chem stry, 1999, 103
(31), BWMs 07 L LgFel s -5- pages 6484-6492). Wang et al. (Y.
Wwang, F. We, G Gu and H Yu, "Agglonerated carbon nanotubes and its nass
production in a fluidized bed reactor”, Physica B, 2002, 323, pages
327-329) describe the use of a pure Fe cafal yst for the production of

aggl onerates snmaller than 100 m The use of porous materials (e.g. silica, 5
alum na or zeolites) |leads to the disadvantages that an increased fornmation

of carbon bl ggles angi-0498 MW AU S ¢RI DRRgi B WRS €. Rihrdd. YHeag Rkl
mat eri al s, because of their chem cal resistance, can be separated fromthe

car bon mat er i eareoropanptylies rand dist massuprogugtionhioua fluidized brsl regetar't Xbisice By t he

purification {4 urg, et al .y Conporation. US 5698175).. 10 For.the

U 11 cat i on $0% Has Beefor Tard e e et o e Ll fob e sPhasten
purification sf gagomedates Knhdllee thin NO@Mky Dhie Aiszi STOpdtoie hithertdd (g, diidayt € on
concentrated bases or conbi nati ons thereof are possible (K Hernadi et al.,
Solid SPate Bwingas zealites)ylgads todp disalyantagey thayjanausessd dermgtion ofgarhpysi s,

42, 2004, 307 3 0, {Q{E s]ga”g CA)
mention cat al ?/lg%lé’arﬁdﬁ%ﬁn%ﬁh&%%%a@%?]neﬁeoﬁ%%r@%g?A/é@glgég I, %@%ﬁ%n 0?1%!3 of
particul arly theirahemicat upgistafice, cdiéde sepaiatednfrymethdscatlich fiatdrialsabnlyalities of
manunbes/ nmeat al yst 5 he supports sel ected Zg are said to | ead to easy

- 6.
purification @\Eif@%‘hé(d%'gf"a‘ggk;ﬁ% bsmgpattacked byr then purbieatiogpddiura) eb dlic MEC

Hydr oxi des and,carkon Scagershentioned as particular supports, but, as is
known to the pce) son si‘?ﬁl gd f|a7n|5r3tahe art, these are converted into the

correspdfiding oxides at the tenperatures necessary for synthesis of carbon
nano-materi al 5. These ._.support.s_mnmust_ noreover be. prepared separately and the
active conpongft 5 p&‘B‘ﬁﬁ?t CQ\ 9 gﬁecﬂPOIhﬂ?aQOWé’F%llf“g'Q! geéglygr c?%&‘&&“ﬁl &8net al
conpounds mushyARa88R! {tesh With LNIRRE SUMREHY SoxilifiddimineANt £ds, Bilgeappunt of
active conponents which can be appliedis |limted, since only |ow |oadings
Wi th an acti veonsentraterk haseb eaccombizations)itherehif syye pobwble (Kd Heraadi qoral.mdpkid

particle dianglers, . a0d LNEILH80F JBMIR MOPSHRE & SN Catalysis, 42, 2004, 307-
15 315).

EP 1318 102 Al and WO 03/004410 A1 (Nanocyl S.A.) mention catalysts based on
the elements Fe, Co, Ni, V, Mo, Cu on particularly selected supports. The
maximum yields are still at values of Mpanotubes/Meatalyst < 5-6. The supports selected
20 are said to lead to easy purification with advantageous properties of the nanotubes
produced. Hydroxides and carbonates are mentioned as particular supports, but, as
is known to the person skilled in the art, these are converted into the corresponding
oxides at the temperatures necessary for synthesis of carbon nano-materials. These
supports must moreover be prepared separately and the active component
25 comprising one or more metal oxides or reducible metal compounds must be applied
to these supports. In this context, the amount of active components which can be
applied is limited, since only low loadings with an active component lead to a high
dispersion and small primary particle diameters, and therefore render possible the
formation of carbon nanotubes (G. Ertl, H. Kn6zinger, J. Weitkamp, Handbook of
30 Heterogeneous Catalysis, VCH, Weinheim, Germany, 1997, vol. 1, p. 191 et seq.,



formati on of carbon nanotubes (G Ertl, H Knozinger, J. Weitkanp, Handbook

of 30 Heterogeneous Catalysis, VCH Winheim Germany, 1997, vol. 1, p. 191
et seq., BNB%ﬁﬂ§i5b5@ﬂkﬁﬂﬁﬂghiﬁaﬁﬁﬁries -6- K. P. De'Jong, J. W Geus,
Catal. Rev. Sci. Eng., 2000, 42, 4, 481-510, dissertation by M S
Hoogenraad, University of Urecht, NL, 1995). EP 1368505 Al (El ectrovac)
descri bes coating of a substrate with anéi- or Co- 5 based catalyst. In
this context, there is a high industrial outlay in the preparation of the

substrate with a particular |layer of N - or Co-based catal yst deposited

W thout a cucrembe Jdndl §.her RLE CdtAl. RBE U AGBS 2000042y, 481100P&sRpaigE ed
only batchwi se, the catalyst is subjected to a thermal activation phase in

a reduci ng atoM¥phereogentdadhUniversity ofbtezdleli NLoh2?5)out | ay. 10 WO 200006311 Al
describes a process for the production of nanotube filnms, in which the
catal yst can conprise Fe, Co, Al, Ni, M1, Pd, & and m xtures thereof.

However, the ERU3bYTUSSARI(BldRabvAlg debdritRl cbatidghef a sabsiratd wigf &1 BICE C6- Made
to particularly suitabl e conbinations of these elenents. 15 US 2003/ 0148097

Al descr? bes baseeeaiddusti dn thineoptestd thers isre igh ipustaial evtlayinghe greparation abes,
wherein th | i ) The.
erein the Ctﬂé @u%gr%ltgl \B{tllé %g)ﬁftgcﬁ%aﬁr g&% ﬁg ml-O(f)r é@-%a&ﬁpcqlfﬁ%%}sé de cgasll_lgc;il R%Xﬁttpﬂ N

conprises one or group consi s

M, Pd and Gurenf. Fhebameks iRnhs pscedsi whivhess tber getated ohiyniechaisd) their t her
el ements or 20 oxides. No reference is made to particular combi natigns of
el ements frorfdalyss igPuhigsted ora thepnahachyationePhgse iya regicing #Hosphses, whigh whi ch

al | ow good iqg&g@gﬁqg&ﬁgn rQpgsties, in particular dispersibility, are said
to be obtaine y particular support / particle configurations. 25 The

structul@ of the carbon nano-materials has been optimzed in particular by
this neans. F roduction of a particular nodification of the carbon
nanot ubes sh@%]%aﬁgﬁpigf%¥dﬁg%gF%ang?ﬁ%ﬁgl3?H§°&§@°8F’sWBﬂHwF§%H§VPhg a
wel | - defined ghiEhGhdlERalybiScad! @AnprREFe! €8, A1.0Ni, iNIn URi, 358 BihGurk3 indrkdper i on
Catal ysis International "Inc.). "Partial parallel alignment of the |ong
nanot ubes anddéwéwees thentatallysts dire snoit sdeaerihedvfuither, and no reference is made to

particularly suitable combinations of these elements.

15

US 2003/0148097 Al describes a method for the production of spiral or twisted

nanotubes, wherein the catalyst influences the form of the product. The catalyst

comprises one or more elements from the group consisting of Fe, Co, Al, Ni, Mn, Pd

and Cr, or these elements or mixtures thereof combined with further elements or

20 oxides. No reference is made to particular combinations of elements from this group

for improving the yield.

Optimum structures which allow good incorporation properties, in particular
dispersibility, are said to be obtained by particular support / particle configurations.
25 The structure of the carbon nano-materials has been optimized in particular by this
means. For the production of a particular modification of the carbon nanotubes
specifically for use in polymers, the use of supports having a well-defined structure
is also reported e.g. in US 6,358,878 B1 (Hyperion Catalysis International Inc.).
Partial parallel alignment of the long nanotubes and fibres into bundles is achieved
30 by the use of support materials which have a structure of cleavable planar surfaces

or are made of crystallites having just such cleavable surfaces. These materials



30 by the use of support materials which have a structure of cleavable

pl anar surfaces or are made of crystallites having just such cl eavable
surfaces. TheldMSidt bPPQFereprqQuptries050- For ei gn countries -7- indeed deliver
a material which is particularly suitable for polynmer use, but the active
conponents are preferably applied by soaking and inpregnation processes. As
is generally known in the literature for-The preparation of heterogeneous
catal ysts, however, the anount of catalyst |oading with sinultaneously high
5 dispersing is limted. Needless to say, very high dispersings or |ow

di ameters of jhhged adiveYQ matedal $hicORPRREESRSEitANKY FoY pASRUE uk& buiBe 9r ot h
of carbon nanotubes. Small active conponent ‘di aneters aré achi eved during

i npr egnat i onsacyive compongits are pieseraly tapplieshbylsgaking apg dmpregnationaprokesses.

| oadi d & high di ion.. | h f f th
catal yots usens 16 Labahlr o e fericlr ol aRBas Rt findroegius,

yi el ds of thecapdlges, Béweker2%hd iawRsunt N 6akIghty Sdadi G¥ith eilieyREusly Hiigher
yields are not disclosed, Wth the catal ysts described, the content of

resi duesd of dgpeasipgis lanied uNprsiless ite sayp verydheh dispersinas er lossdigmesrsridhe be
removed for t [ I I I [ I I

a1 2y i orins SFBDE! solfBfonls'y?, i pitabebul Tofthe AELATRE Cub B IRROLEG .,
certain circusmhlanaed/et hnipohpitol digyetand atd pohipedt idasingf impegaaidaon or
nanot ubes are inf|uenced by the working up and, purification, depending on
the procedur PTEHBEAIPNS PRINE captystsuPRATt OR¥ a&&%l%émgf andyp ighydispersion. Apr

exanple, int i i i qulﬁli' T f
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i s mentil®ned mentinsdipitaloyields of hhe opleobf @025 tmes thecdapdlpst wdightpmaplewsles and
catal ysts kno as .prjor art. have. t problemthat th rati o of. ampunt of
cat al yst / amoufitehgt vl §rep?%dlffég’de‘il'su§@tt£§8”Etf‘]§?tégf§ﬂr'§'/’?‘i2§° SoRCT AT e
present invend da&m@ﬁn@%rp&)ﬁ i68Y BgRRnat Mest R&iARS nfusPbe ifovRE O th&Rlrther 2
catal yst and a process for the production of the carbon nanotubes descri bed
above whi ch wsendEhis pesuts bh @ntiheregned dudusironh owflaynvhich agprerless seaiedob furthenot ubes

havi n diameters of from 3,to 200 n r ef er abl -150 i cul arl
or et orably  BBH ePSand uheRugEe i, Pt rphstngs 1 BRatg atloy
particuharly popériealify R0 carbdnO@@hothbesabrel MgUEnteRIdyy tRE fweik@lpt upRaner .

i.e. in particular the highest possible
purification, depending on the procedure chosen.

Easy removal of the catalyst is also the aim, for example, in the abovementioned
Application WO 03/004410 Al. The use of hydroxides and/or carbonates of Ca,

20 Mg, Al, Ce, Ti and La as a support is mentioned as a solution to this problem.

In principle, the processes and catalysts known as prior art have the problem that the

ratio of amount of catalyst/amount of CNTs produced is not satisfactory.

25 The object of the present invention was now to develop, on the basis of the prior art,
a catalyst and a process for the production of the carbon nanotubes described above
which render possible the production of multilayered carbon nanotubes having
diameters of from 3 to 200 nm, preferably 3-150 nm, particularly preferably
3-60 nm, and an aspect ratio of L:D > 100, preferably > 500, particularly preferably

30 > 3,000, in an industrially efficient manner, i.e. in particular the highest possible

educt conversions and a low addition of catalyst.



educt conversions and a |low addition of catalyst. BMS 07 1 050-Foreign
countries -8-_The |nvent|on therefore provides a catalyst and a process for
t he depOSItloL““07 hEareigneounties usi ng such a catalyst fromthe gas phase
on het er ogeneous catalysts with the base conmponents M and Co, preferably
Mh and Co in simlar 5 ratios, preferably in the additional presence of M
and optionally further transition nmet al 8§ - hydr ocar bons whi ch are gaseous
under the reaction conditions being enployed as the educt. Surprisingly, in
t he experinents on heterogeneously catal yzed deposition of carbon 10

nanot ubes, it was found that a catal yst based on the elenents Mi-Co not only
pr oduced carbon nanotubes in a very good quality and with a high graphitic
content, butThehmvynfeCPrd tl@ﬂref@e@r D&chi;@rﬂ)t?@tbb’st ach geprooesst foe theidghesitedn ofit al yst
enployed, IS [ rly h un U|t bIe r actlon ondi tions.
Surprisingly, %ﬁlog gg&tﬁb Sa Su@h%t ﬁé{ &5‘ tfrhgln A% BT F %ﬁft?g%%f)}ff ysts
prepared in acamyaosamlhl the rnaﬁmedsfnpdrﬁntsthmIﬁi Conpreferably Mn @ad Einsnglatibes
surprisipgly growin the formof an "expandin uni verse", the catalyst
primary part it@lies pedpihlyniadthe gdditienad pregepeq ob 8@ Aieontionslly &irtgr Ugnsiieh apar t
by the nanot gr t C I C

mat eri al havﬁﬁgﬁls lﬁﬁtﬂggﬁé?i&ﬁkk Q£5%ﬁe§h@uhggbgﬁhéé g?ﬁﬁ%gdggkgoagé%talyst
accordi ng to dnydoyedvarthé educt.s based on t he conponents nmanganese and cobalt.
An addition of nolybdenumis advantageous. In addition to the base
conponents, one or nore netal conponents can be added. Exanples of the
|atter are i n the
el ement s Fo, NI G P O B o A ion ST S PR

i nventi @ pr efapptbesy it ovgsr fosed th@- o atabistdbhsedaom tike Q&Hmnt@/&/tﬁs(:obmﬁnhl)on t he

content of acti onent s . nmetallic fo nt of 10-90 nol % Wn

Tnd 5090 ol WSEeH SARR e ip TP pR S BLA SE o v EreHis SOME ol 56
and 25-75 nol gk dee yieldRsrdattionl ihbibed) bededronatle whiltht 99 Gatalfyst ple (e, esnzn§o of M
and Co, or Mh, Co and Mo here is not 30 necessarily 100" % f further

el enents, as mfmulajbeulghbmder, sufableadension candisidal. t Banprisingly, higher yields are

obtained than with Fe and Fe/Mo catalysts prepared in a comparable manner.

15
In this context, the carbon nanotubes surprisingly grow in the form of an "expanding
universe”, the catalyst primary particles contained in the catalyst agglomerates being
driven apart by the nanotubes growing statistically in all directions and a looser
material having a bulk density of < 500 kg-m'3 being formed.

20
The catalyst according to the invention is based on the components manganese and
cobalt. An addition of molybdenum is advantageous. In addition to the base
components, one or more metal components can be added. Examples of the latter
are all transition metals, preferably metal components based on the elements Fe, Ni,

25 Cu, W, V, Cr and Sn. The catalyst according to the invention preferably comprises
2-98 mol% Mn and 2-98 mol% Co, based on the content of active components in
metallic form. A content of 10-90 mol% Mn and 10-90 mol% Co is particularly
preferred, and a content of 25-75 mol% Mn and 25-75 mol% Co is particularly
preferred. The sum of the contents of Mn and Co, or Mn, Co and Mo here is not

30 necessarily 100 % if further elements, as mentioned above, are added. An addition

of 0.2-50 % of one or more further metal components is preferred. A content of 10-



of 0.2-50 % of one or nore further netal conponents is preferred. A content
of 10 BM5 07 1 050-Foreign countries -9- 90 nol % Wn, 10-90 nol % Co and 0-10
nmol % nol ybdenBNS &7 pafd-Fordigt ¢conntrimsef erred. A content of 25-75 nol % Mn,
25-75 nmol % Co and 0-25 nol % nol ybdenumis very particularly preferred. 5
Cat al ysts which have simlar weight contents of Mh and Co are preferred in
particular. Aratio of Mi/Co of from2:1. 40 1:2 is preferred, particularly
preferably 1.5:1 to 1:1.5. The catal yst according to the invention can be
prepared in various ways. 10 Precipitation on to support materials,

i npregnation pPAaY tevials copregi-pi tatd on of the catalytically
active subst aﬁeﬁ&i@%héqgfﬁgﬁ%é oqo ﬁggu%'pl)gr{n?}ﬁcglﬁ yé)gfnﬂ)lfl?altsi B lg?lartzjl e
catal yti cal | ypraferiede metodhte@®poRRds mopetNal 26119 nidi® LaPRAd tO-258h6I%h al  or
coprecipitation of the catalytically active nmetal conpounds together wth
an inert conp@akbdenugniscrery parhgularly prsberad- nmterial in further steps of the
catalyst 15 treatnent, are conceivable. Various starting conpounds can be
enpl oyed, as long as these are soluble in the solvent used, or in the case
of precifitatCanlysts whighehavei siatilaonyeigltncaltaas d Mor end (Cd ate ¢préfogat ler .
Exanpl es of these starting co un are acetates,_nitrates, 20 chlqrides
and further smw@-&maﬁ@éﬁ@?ﬁp&%i%t% ﬁrprefaﬁe@epaﬁ%% pisfseAbily e.g.
by a change ipsthg lgﬁﬁperature, the concentration (also by evaporation of
the solvent), by a change in the pH and/or by the addition of a
precipitating agent or conbinations thereof. Light alcohols and / or water

are preferred_as th ol vent.. gueous synthesig routes are particularly
pref erred. ZST%)ﬁ@EYSEi PLOTOrE o ItﬁPFe RYHHEMefAls Dei Rropared 47y YATIOHS oW%queous

sol utiong e. gpredipithtidd€on agfli §ipPBrt Ofm AHEN)| UipreahRIAt & | yiedhagl; oxi de,
urea and al kali netal carbonates and hydroxi des, is advantageous and

t her ef ore pr efaprecepitativhed!f the eaiapitically ae¢tivsaubblanesarinithel poasenasi efhesuppatichwi se
or continuously. To inprove t 3 recipitati r rthes for surface
modi 11 cat§ on SPreRBBR AR olfrany 8l Rhedt dShpEe Bk bBniR e SopSt onrc
or noni oni ¢ spbfeAigl Gopreipitatlo® Ok theicataBgicldy actBR i&al compounds together with

an inert component, which forms a support material in further steps of the catalyst

15 treatment, are conceivable.

Various starting compounds can be employed, as long as these are soluble in the
solvent used, or in the case of precipitation or coprecipitation, can also be
precipitated together. Examples of these starting compounds are acetates, nitrates,
20 chlorides and further soluble compounds. The precipitation can be brought about
e.g. by a change in the temperature, the concentration (also by evaporation of the
solvent), by a change in the pH and/or by the addition of a precipitating agent or
combinations thereof. Light alcohols and / or water are preferred as the solvent.

Aqueous synthesis routes are particularly preferred.

25
Coprecipitation of the components, in particular from aqueous solution, e.g. with the
addition of ammonium carbonate, ammonium hydroxide, urea and alkali metal
carbonates and hydroxides, is advantageous and therefore preferred. The
precipitation can be carried out either batchwise or continuously. To improve the
30 precipitation properties and for surface modification of the solids prepared, surface-

active substances (e.g. ionic or nonionic surfactants or carboxylic acids) can be



BMS 07 1 050-Foreign countries -10- added. The catal yst, which is obtained
inthe formof a solid, can be separated from the educt solutions by

met hods knownBMS @hb0Fersigneauniries in the art, such as e.g. filtration,
centrifugation, evaporation and concentration. Centrifugation and
filtration are preferred. The solid obtained can be washed further or
enployed 5 further directly, as obtained.l0For an inproved ease of handling
of the catalyst obtained, this can be dried. As is known for heterogeneous
catal ysts, further conditioning of the catalysts may be of advantage. This
condi tioni Ng £@ABd bEhe @@th&k@kﬂx@clﬁ@%bﬁaﬂfeﬁ%khéf‘oﬁﬂtd}ﬁ%hﬁsca‘l’@e sefarafct $RTENt
with reactive atnmospheres or e.g. water vapour wWith the aimof |nproving

t he catal yti cthpreduatrsplusions By toheshods| knmmpnoehe peattsme skilled impheoatt,diugh ngje.g.

at nosphere at er at f betwee and 900 C i ferred. The
condi ti oni ng @ifﬁ %&‘Eﬁ@ %r & ?Rqr% aB SO aﬁ&ﬁ%&“@“&& ad in
certain Casesﬁlltﬁan@iﬁ)ér&?re&@h‘&m UL WK SBtaih&E caR el WashedMTusher & Elﬁplo?é‘d

enpl oyed industrially be pretreated with a reactive gas, such as e.g. H2,

hydr ocar Bons, futlErodiredtivh asiobtaineds dor taneimpseved easatafobandlingiof thechtalyst 5
pr et r eat nent I (o) P b i Xl dation
state, or th%bt[%tﬁ)?dgﬁ% o°§“5’ eglsca a?yg%l &'?&Bf:'?l l‘]’{rge)(g eneo‘% %l&%lu’eﬁggl The

direct use ofcdndiioniigabyshe catalystusiayVige Pf eldv&ehge ntTHIS c@ﬁdlhbﬁmgrcalﬂabél al
conversion of the catal yt| cal IP/ active subst ances | nt o thhe corresponding

carbi des are ﬁ?ﬂ‘é‘ﬂlégraé therppl freatpgng @p geellascleragingy vih reastive ganespberes 8h be
carried out i,V gﬂePR&ﬁ Ju¥RGiEh 9 Eﬁ?%%% roy '&%a%ﬁ Ep@mésbeAqﬁé]H apned.
here are fixed b reators t ube react rotary e reactors, mgrating
bed readbors preemmentslman tmxiaiiiin@latmesfphem atgpmlpanahnéenf beMeepe‘i()Ot‘ybend

f1 ui di zed bed ]ed r |1y or.externa circul ati f.luidi zed beds.

It is 25 al 3090&0§?S}sb[prg i nﬁ?‘ 1Q0iRe Eaé’tg? pracedad or g’lﬂ’ étlﬁ’r FRPE for
exanpl e, fal | &qud#iding. h?n @&%Y@@%@é it%@%&&@%ﬁﬁge&ﬁ%f fhefdatall R wifidhis to
particles. These particles can be I nert articles and/or can entirely or
partly conpritseeapfoyed hadustratlbl (o bcqirétyeamdt mith araeaztivel gas, Juvhsas pgr tHxcl es
can al so be | oner at e f carlﬂ_f notu %The p%}%ﬁfs an_ be rried
out, for exanpl "€ BN ulf YW lf:r8§1t(? uSyFs PR fous M ostuc 02t

di scont | RUOUS¥trédtmah, &g: Ihgfahc&ﬁpctdﬁas prkaltyeah bb eshifarin Befr RRidaBOPViale, Of the

car bon

or the morphology of the catalyst structure can be influenced.

The direct use of the catalyst, a reductive pretreatment or entire or partial conversion
of the catalytically active substances into the corresponding carbides are preferred.
20
The process according to the invention can be carried out in various types of reactor.
Examples which may be mentioned here are fixed bed reactors, tube reactors, rotary
tube reactors, migrating bed reactors, reactors with a bubble-forming, turbulent or
jet-type fluidized bed, called internally or externally circulating fluidized beds. It is
25 also possible to introduce the catalyst into a reactor which, for example, falls under
the abovementioned classes and is filled with particles. These particles can be inert
particles and/or can entirely or partly comprise a further catalytically active material.
These particles can also be agglomerates of carbon nanotubes. The process can be
carried out, for example, continuously or discontinuously, continuously or
30 discontinuously relating both to the catalyst feed and to the removal of the carbon

nanotubes formed together with the spent catalyst.



nanot ubes forned together with the spent catalyst. BMS 07 1 050- Foreign
countries -11- Possi bl e _educt gases are |ight hydrocarbons, such as

al i phatics a 0-Fo trie§| cohol s, carbon oxides, in particular CO
aromati c conmpounds with and w thout hetero atons and functionalized

hydr ocar bons, such as e.g. al dehydes or 5 ketones, can also be enpl oyed as

| ong as these are deconposed on the catallyst. It is also possible to enploy
m xtures of the abovenentioned hydrocarbons. Suitable conpounds are, in
particul ar, e.g. nethane, ethane, propane, butane or higher aliphatics,

et hyl ene, propyl ene, butene, butadiene or higher olefins or aromatic

hydr ocar bons or carbon oxides or al cohols or hydrocarbons with hetero atons.
10 Short- andPossidcurpdeetaignsest #rgt light hydoggrbpasyi shyhaat aliphities end felefinsl or

respectively, 1 lyd tic o] ef i i r r -
di nucl ear ar%&r‘g%‘?eé’ %g%—?oé%%? ﬁocc))llr}soxg&reg’ %‘réﬁé‘gﬁ%geﬁ%ﬁgﬁﬁm&f’ F%%g\%lt%gﬁd
(CH2x+2) and witkdiiteterg GtdYy ahd\furmgiofalZed iydedcarbont, stch-4 g, aldeisdectt vel y,

2-4 are particularly referably enpl oyed. 15 The carbon-rel easi ng educt can
be fed i f gaskdoRess GRmlsodhe qmapleY§dasdongas these e desamposeh aptisrcalysh Kust abl e
precedi ng app ibl I . | e, T I s or
ni trogen, caﬁﬂggbg%ﬂ%guggﬁgﬁglggﬂ%#”gas.Ef@gﬁgn%ggggﬁ?gm%gmggggyggg?ﬁ€he
process accoraimguhds tahg innpamtilan ¢.gr nteffenpy ethand,i propade, dartdienonaighietibes
with the 20 additjon qglan inerh gas or a nia%ure of, ﬁeve%?l i nert gases
with and wi t FBRIAUGy FHHGRIY. iRORAIGNC SN PRBATR AT BigherTRENPS A8 FBMAYGS
preferably cogRkdSRsons 88PN b0k ¥xide§ or AYSHRIGH I@Hﬂzc hORAH YeRRd Lidafst
conponent to éstablish advantageous reactant partial pressures. The
addi ti on0of aShwhrpamkmedirhehains thaterst to rsay Havingaet Comumber af fromet nerl
standard for anal ysis of t dyct. gas ,or .prooduct .gas or _as a detection 25
aidin procesrgs%ﬁyetl&r' n§ P@ glffgﬁhﬁg%c%lféggll&%%é oJul8n St Y5 arri ed
out under pregsMaBs h?&%%ﬂb@ﬂﬁa&%r@%rﬁﬂﬁ@ﬁx?l@@ﬂp AIRSRESH(EH,[hPald ofigs can
be carried out under pressure of fromO0.05 bar to 200 bar, pressures of
fromo0.1 to 16hHpahaving prefeymeat, X apld Xpl s Sur espestivelyord-4. aret partionlady 30
?;ﬁggaEEICU|%5%%nﬂﬁ$E££ﬂ$gd The tenperature can be varied in the tenperature
15

The carbon-releasing educt can be fed in gaseous form, or vaporized in the reaction
chamber or a suitable preceding apparatus. Hydrogen or an inert gas, for example
noble gases or nitrogen, can be added to the educt gas. It is possible to carry out the
process according to the invention for the production of carbon nanotubes with the
20 addition of an inert gas or a mixture of several inert gases with and without
hydrogen in any desired combination. The reaction gas preferably comprises carbon
carrier, hydrogen and optionally an inert component to establish advantageous
reactant partial pressures. The addition of a component which is inert in the reaction
as an internal standard for analysis of the educt gas or product gas or as a detection

25 aid in process monitoring is also conceivable.

The production can be carried out under pressures above and below atmospheric
pressure. The process can be carried out under pressure of from 0.05 bar to 200 bar,
pressures of from 0.1 to 100 bar are preferred, and pressures of from 0.2 to 10 bar
30 are particularly preferred. The temperature can be varied in the temperature range of

from 300 °C to 1,600 °C. However, it must be high enough for the deposition of



from300 Cto 1,600 C. However, it nust be high enough for the deposition of
BMS 07 1 050- Foreign countries -12- carbon by deconposition to take place
with a suffi cBME0&h8&OFarmignsepnntiibsnot | ead to a significant autopyrolysis
of the hydrocarbon in the gas phase. This would lead to a high content of
anor phous carbon, which is not preferred, in the resulting material. The
advant ageous tenperature range i s betweern2500 C and 800 C. A 5
deconposition tenperature of from550 Cto 750 Cis preferred. The catal yst
can be brought into the reaction chanber batchw se or continuously. The
catal yst can %J@W&&%mp%&u@ﬁs&uk@%@bce bﬁtfhoar ﬁlfﬁabﬁt%e&t hisHolldndt adast ual
reacti on chanber, ad In an oxid formof the chiefly catalytically
active 10 ne2 agslfmant@umpymiymhef ﬂlorhmdmf:arbhlenpﬂle(gawphamahtwmtdd{ieaé:to ar

carbonates. The, car bon anot bes produce n _usual | i.f. the
appl i cation alFBFEneRy a%? %p'F ‘?‘Tﬁ nt]1 @’ﬁ rB%’E %‘hlﬁflalt he | ow
catal yst contemnd ddﬂaﬁtﬁg’ecﬁBdtenﬂfeﬂﬂt&@t ranEBels%’éﬂﬁdei%' S06 a7 offd ®0p! by, bey
purifi ed e.g. by chemcal dissolving of the 15 resi dues of catal yst and

support, Sby osdcgmppgitontempesatatsrafdroms SHY *QieofOH6US peedesh  whi ch are for med
in very small anmounts or by a thermal after-treatnment in an inert or
reactive gas. It is possible for the carbon nanotubes produced to be
functional i zeThe edglysiCednl e biought thed tle. @actioh eHanieh bakhwiyéest dtidudgly. nto a
matrix or to adapt the surface properties to the desired use in a targeted

manner. 20 Thé f‘céE?‘BB/ﬁt fam oteu Brlicedt, ovpu degribed obefpreg intepdugtion irtenthe castuy e

sui table for Sc t n; i r al

el nf or ci ng. aaiE ChBe b Bladd PR GTRIE forf ofhe BRI coiidHR RTLE
nanot ubéd8 pr omuaischresen frutht fienmof the peecipitateld iy dobxades ar nabemaited. for gas and
energy storage, for dyeing and as flanmeproofing 25 agents. Because of the
good el ectrical conductivity, the carbon nanotubes produced according to
the inventi onrgagbsh ﬁiﬂ%bﬁ%@gr(ﬁﬁcﬁi RGhIsQHs d&ﬁtu‘éﬁdlﬁ}y' ifdhe bilichiién allUv%d yetion
of strip conductors and conductive structures. I's al so possible to

enpl oy the caﬂb]zinyﬂhWtithuwe}srqurWtkugdumbmaum m@t}mdowmtalmennuemmhe endtters

[ di spl Pr.ef bl t ub I d I
composi Lo 30 MU e Mt r G oRRr: Rigs FecohaRet a1 e Pbis SFbvi ng

the el eqsri cafesfies of catalyst and support, by oxidation of the contents of amorphous carbon

which are formed in very small amounts or by a thermal after-treatment in an inert
or reactive gas. It is possible for the carbon nanotubes produced to be functionalized
chemically, in order e.g. to obtain improved bonding into a matrix or to adapt the
surface properties to the desired use in a targeted manner.

20
The carbon nanotubes produced according to the invention are suitable for use as
additives in polymers, in particular for mechanical reinforcing and to increase the
electrical conductivity. The carbon nanotubes produced can furthermore be
employed as a material for gas and energy storage, for dyeing and as flameproofing

25 agents. Because of the good electrical conductivity, the carbon nanotubes produced
according to the invention can be employed as electrode material or for the
production of strip conductors and conductive structures. It is also possible to
employ the carbon nanotubes produced according to the invention as emitters in
displays. Preferably, the carbon nanotubes are employed in polymer composite

30 materials, ceramic or metal composite materials for improving the electrical or

thermal conductivity and mechanical properties, for the production of conductive



thermal conductivity and mechani cal properties, for the production of
conductive BM5 07 1 050-Forei2n countries -13- coatings and conposite
material s, aBMSf/ek03(-Foreign apantriesi es, capacitors, displays (e.g. flat
screen displays) or lanps, as a field effect transistor, as a storage nedi um
e.g. for hydrogen or lithium in nmenbranes e.g. for purification of gases,
as a catalyst or as a support material -43g. for catalytically active
conponents in chemcal 5 reactions, in fuel cells, in the nedical sector
e.g. as a matrix for controlling the growth of cell tissue, in the

di agnostics sQafifds Encgconﬁﬁos?te”iﬂﬁﬂéﬁﬁls, and dy@stﬁﬁ‘?ri‘ﬁ Gatterild paﬂh'&ﬁéﬂs?éispﬁ?@' ysI's
(e.g. in scanning force mcroscopes). The process according to the invention
and the cat al(gpst Satseesnddisglays) or teanpsy ae atfiettheffedd trangstot, | ag sit steragel mediurthe
following with tFe aidd of song.exanpl es,, but the exangle§ aroef\ not to be
under st ood as™& 17 MPEEREEBNO VIR drh (REMRranss & Bt PUTBIGEUER of &6 B#5rdi gn
countries - 14utdRBPhes sasorl fhRfal Og oL cAtyaEllyolttikX 86Mpenehts inrc@B@lcal i on of
the catalysts with different stoichionetry, solvent, precipitating agent,

t enper at ¥r e Feautiengainafugh cellsndn ahg medicah pégjorpe-gpay ednafixafor gioptrolling the

precipitation t t. 0 | | . Thre I ONS
wer e prepar eogm@oﬁ%l %:?lgls;su(% ;@%G%ﬁwg%eigh yggﬁ?ﬁﬁ( %é?%(pnfl’nz%gﬁl\?\%? éJF(P 17.8
g Co(N®B) 2 oiti6icalldhalysisFe.ghin sdenring foek mikescopesyl 15.4 g M(NO3)2 4H20 in
50 m deionized water. The sol utions were conbi ned at room tenperature and
stirred for 5 mn. The non- cloudy m xture obtained was conbined with a

sol ution of 0, ; S AN k ing was
di ssol ved by o r\gmcéé(ag@s?@igotﬁIf%?ld(yle?tbﬁaﬂm%ﬁ[?ﬁ?%gﬁﬁgﬁ%ﬁqg%%\{%ﬁgé in
this way0i s sarbslbgtretetl liy tleafolledrimpovith ittenaid .of Sorh® esarhples,dut theel dxachphslant | on B

in the foll owi ng was prepared .stirring.70.0 g NH4) 2CC8 into 225 m
dei oni zed Wat‘?ﬁi.?o 5,60 %g‘%‘{)‘f%ﬁ&%%u%‘glﬁgegﬁ‘vﬁgf@ Q8 dropwi se at room

tenperature, with intensive stirring, into a nmulti-necked round- bottoned
flask with a reservoir of 200 ml deionized water, the pH being kept at pH




= 7. After the metering (approx. 20 mnutes), the mxture was subsequently
stirred 20 for_ a further 5 nln and the solid obtained was filtered off. The
solid was twiBMS G LB0Hareigncopatries and di spersed by stirring for 5 mn and
filtered off. The fllter cake was dried over night at 180 Cin air and
subsequently calcined at 400 Cin air for 4 h. After the calcining, 14.9 g
of a black solid were obtained. The theorldt-ical ratio of the active netals
enpl oyed, based on the support material, is 25 M Co: Mo: A12Q8 = 23:7:11: 39.
Catal yst 2 (MCNOO7l _20Wn_2l Co_20Mb_39Al ): Three sol utions were prepared

from6.8 g (Wﬁ:ﬁ-@?%rd@%@ theimQnfibn dei oni zed water, 19.8 g Co( NOB) 2
6HZO in 50 nT deronr zed water an .8 g MW(N03)2 4H20 in 50 m deionized

wat er. 30 The sol utions were conbined at roomtenperature and stirred for 5

m n. The non-pcl oudy, m,xt ure.obt ained VRS CO Wi, t S t|o fSOOg
RN R S e g g R R R T T R
stirred. The @hqﬁgaﬁmg@gbm mﬂ%watﬁﬂal s way i s subsequently called soI ution

A. A solution called solution in the followi ng was prepared by stirring
70.0 g (NH4) 2038 into 225 nl deioni zed water. The two solutions A and B were

added dr opwi ring, into a

mul ti -neckedsgjeﬁ%aeﬂgbqg%fe?g%?%b gﬁgpﬂe{iﬁyg'}{)@g ?HEMO 200 m deioni zed

wat er, the pH being kept at pH = 7. After the neteri ng (approx. 20
mnutes) the m xture ubse ent | tirred f rther 5 mn and the
solid obtai negatRdyst di m@%@@@;ﬁzﬁ Cg’glfM"m%&A Dy ﬂ“’@é SEE’%‘B%&’@H’ PRPHEd er and
di sper sed by ghhrrs PONHQIMY 0L ARG hidoter &oflda wdide 1779 4 LoINGAkeuRs dri ed

over night at 180 I'n ar a sequently cal ci ned inar for
4 h. Afder tha iihhﬁldnlmgz,ed]Waté’r gldoiSngMal(EN{Os)ol |4(ﬂlz®eme5(bhﬂa;ierwdaedmer

t heoreti caI r o.0f the acti aI S , based g he SURR ort

materi al , ﬁi?nsc&“% K9 §9™2 %-gﬁ)pe{%{% stigred for 5 Hiin > fH o
(MCNO068_ 5'\/h_él Bvbre 3Bned Mgr&%b%@duavitm§o1wﬁ6@095@9%0@1@~10})2 b 9<mn2 59
(NH4) 6M7Q24  4HZ20 in 50 ml dei oni zed water ) H20 in 50 m

dei oni zed wat¥r mdndater andy smduo@l@dmw@s dl&aelvsvblbw dronwmﬂmdéltmm;ﬁ dibde  at
oo LeTmer L, 20 e bl sl SRR e UGB L =S
stirredi5The solution called solution B in the following was prepared by stirring 70.0 g
(NH4),CO3 into 225 ml deionized water. The two solutions A and B were added
dropwise at room temperature, with intensive stirring, into a multi-necked round-
bottomed flask with a reservoir of 200 ml deionized water, the pH being kept at pH
= 7. After the metering (approx. 20 minutes), the mixture was subsequently stirred
20 for a further 5 min and the solid obtained was filtered off. The solid was twice
suspended in water and dispersed by stirring for 5 min and filtered off. The filter
cake was dried over night at 180 °C in air and subsequently calcined at 400 °C in air
for 4 h. After the calcining, 14.9 g of a black solid were obtained. The theoretical
ratio of the active metals employed, based on the support material, is

25 Mn:Co:Mo:ALO; =23:7:11:39.

Catalyst 2 (MCNO0071_20Mn_21Co_20Mo_39Al): Three solutions were prepared
from 6.8 g (NH4)sMo07024 - 4H,0 in 50 ml deionized water, 19.8 g Co(NO3), - 6H,O
in 50 ml deionized water and 16.8 g Mn(NO3), - 4H,0 in 50 ml deionized water.
30 The solutions were combined at room temperature and stirred for 5 min. The non-

cloudy mixture obtained was combined with a solution of 50.0 g AI(NO3)3 - 9H,0 in



solution obtained in this way is subsequently called solution A A solution
called 20 solution Bin the follow ng was prepared by stirring 70.0 g

(NH4) 2CO8 i ntBMB2 h{50-Hegeign coutrigst er . The two sol utions A and B were added
dropwi se at room tenperature, with intensive stirring, into a three-necked
flask with a reservoir of 200 m deionized water, the pH being kept at pH =
7. After the netering (approx. 20 m nutd$), the m xture was subsequently
stirred for a further 5 min and the solid 25 obtained was filtered off. The
solid was tw ce suspended in water and dispersed by stirring for 5 mn and

filtered of f.35The vitdri 8l GRKE. VAR SR Biehed ird fHis Wa%l]iggu&ehﬁbnt@‘id'all@dqd

subsequently calcined at 400 Cin air for 4 h. After the calcining, 16.8 g

of a bl ack swlitpnwer &\ sblutipmealledTioduttondd e thectollowing was prephred Ayt stiveingret al s

R o1 0sb 5 Tl S i RGEEs TR Rl TP SAASR R Btk 3°- 20
( MCNOO70_35Mydlisdardpiiibe 30 dom tdiip@eiuss | with fiensiey ﬁir?i%pﬂﬁ@d mltiof8cRed

(NH4) 6Mb7Q24 4H20 in 50 m deionized water, 11 g Co 3)2 6H20 in 100 n
dei oni zed watrerndrhettamedyflagk wigts p zeseraofi 20010l deioriesdbyates dhevpkldeing kepe

sol utions wer nbj n r . I 5.1 non 5
o oudy 1 xt o Bbt o risfebihe BETME FBIK 4 TnTR R I Fifuiethas” Bl "
91-120 in 35stided ot erfuthet % tmihra@d.thd belid obtdined wahfiladre®dffl NThdkddidvays i S
subsequently called solution A A solution called solution B in

h

fol | owi ng was™ifeepupeuiesyn swaterand lispersed by stirypg oocamim ard ﬁﬁsremof%ei%%i zed

water. The tvwySQLid 00§ éy 8 nl?%lﬁ‘“a{ £80 %’Eﬁeﬂr %@Ws&ﬁleﬂﬁ}/ LRl GIRGY &t ur e,
a r e as W

with intensive stirring, 1nto ee- nec h a reservoir of
200 m dei oniinedr Yt €rh, WAfer pir¢ bacimghgkdFt7 atofpiHblack .soldd tveare oblagnedet €hé ng

(approx. 20 m nutes), the_m xture was, subsequently stiyred for a further 5
P and the SBFTBIGbialh o6 i acthve PERis TR RYec s Pt dhé Sl waeshl fonded
in water anqwgk§ppk§§gog¥ggﬁi[fggg for 5 mn and filtered off. The filter
cake was dried over night at 180 Cin air and subsequently cal ci ned at 400

Cinair for 4 h. After 15 the calcining, 16.8 g of a black solid were

obtai ned. The %ting%F §t mwﬂ%l_ %43%@{_1 lﬁf&_%ggl)rzmlth%es solu 1c|>n0sy\%g1’e I?rgga?gd on the

support mat er§
15 from 2.5 g (NH4)sMo070,4 - 4H,0 in 50 ml deionized water, 34.5 g Co(NO3), - 6H,0

in 50 ml deionized water and 3.2 g Mn(NOs), - 4H,0O. The solutions were combined

at room temperature and stirred for 5 min. The non-cloudy mixture obtained was
combined with a solution of 50.0 g AI(NO3)3 - 9H,0 in 35 ml water and stirred. The
solution obtained in this way is subsequently called solution A. A solution called

20 solution B in the following was prepared by stirring 70.0 g (NH4),COs3 into 225 ml
deionized water. The two solutions A and B were added dropwise at room
temperature, with intensive stirring, into a three-necked flask with a reservoir of
200 ml deionized water, the pH being kept at pH = 7. After the metering (approx.
20 minutes), the mixture was subsequently stirred for a further 5 min and the solid

25 obtained was filtered off. The solid was twice suspended in water and dispersed by
stirring for 5 min and filtered off. The filter cake was dried over night at 180 °C in
air and subsequently calcined at 400 °C in air for 4 h. After the calcining, 16.8 g of
a black solid were obtained. The theoretical ratio of the active metals employed,
based on the support material, is Mn:Co:Mo:Al,O3 = 5:45:11:39.

30



35:15:11:39. Catalyst 5 (MCNOO74_29Mh_3Co_39A1): Two sol utions were prepared
from 20 29.5 g Co(N0O3)2 6H20 in 50 M deionized water and 25.1 g M(N03)2 -
41-120 in 508 B{-Farpigiegauntricshe sol uti ons were combi ned at room

t enperature and stlrred for 5 min. The non-cl oudy m xture obtained was
conbined with a solution of 50.0 g AI(NG3)3 9H20 in 35 mMl water and
stirred. The solution obtained in thi s -Méy is subsequently called solution
A. A solution called solution Bin the followi ng 25 was prepared by stirring
70.0 g (NH4)2CX into 225 m deioni zed water. The two solutions A and B

were added dr@m)%wa(Mcmmmqtswoenmt@mi BR&E \46lusibhd WeROprepdréd 0 a
t hree-necked flask with a reservoirt of 200 dei oni zed water, the 5 H bei ng

kept at pH = from 2. 1gt(RiHa)dvéo7Ret etlrY i é‘fbprloiﬁlonmdnweﬁm &)z CoMNO x§
subsequent | tidyr e [ th i ned ¥as flltered
of f. '(Iq'he 30y51§|f(f(9 mfidel?) ngcé satésrp%ﬁid%d M n%t?’e}’r g%%Bleglp?g i%alolglzestl MEaa ng for

5 mn and filTigr effutiodkfwerd kémbidet &k r&ﬁkﬁenvmatdfelm divied for gimimat'rhk%nc in
air and subseq(iuently cal cined BMs 07 .1 050- Foreign countries -17- at 400 C
in air for 4 Houdymixturepbtainad yas cognbined withya selutomphal0 g (Omer @HefBimi ned.

The theoreti Oﬁl\/ﬁﬂ g%a{t(%l%?}t: goggvgoéu A alﬁP&’ Ytgg walas SHbsRudnlG AHRPOr t

material, 1Is
( MCNOO72_23Msolitica Al M sGlatity callddr exdutionl Bitin dimsfol\bmgaww @re@dredfbymﬂrﬁn@ g

(NH4) 6Mo7Q24 _ 4AH2O0. i n 50 nl dejoni zed water, NQ3) 2 in 100
n dei oni zed Z/Qaé_{gra‘liﬂﬁz% 1t %skﬁmﬂg)@lzeﬂ%e g?) é‘@PB%ﬁ 2 t"\?lre The
sol utions wergqe@bNede at réd}ﬂ%ﬁlﬁgﬁﬁﬁ@twftﬁ 1&9&51% St g 06 a5t}Hée'3necI&P non-

cl oudy m xture obtained was conbi hed w'th a solution o g My(NO
6H20 1010n 35ﬂaskwvﬂtaaresanvdlrsiflmf)ad.deiﬁmezedovmnthnpdabbanglkcpt|aMpHm§ Myrl S

subsequently aII d. solution A. A solution calle

ol Tow o wasTpmsingd SByo I ity 3¢ o orensen SErsoritbo B4 thia B 2ed
water. The twnﬁﬁlaualtﬁmowd aminﬁdez{seﬁu@fdai%@f dTRPUHIRE vab thRRMubFIHasd &t ur e,
with intensive stirring, into a three-necked flask with a reservoir of 200

m  dei oni zed waterand difeergad tyestitng éptS win pid filtared Aff eThelﬁltqrh:@kmedncrg
(approx. 20 m nut e Xt.ur e Se sub ent | ed f fyr.t her
min and the sOITd gi%?t Myeéfn\ﬁaslr ?nq teret! gﬁ?ﬁledé éd nalf c‘fgh ségpended

in 15 the calcining, 16.8 g of a black solid were obtained. The theoretical ratio of the

active metals employed, based on the support material, is Mn:Co:Mo:Al,O; =
35:15:11:39.

Catalyst S (MCN0074_29Mn_3Co_39Al): Two solutions were prepared from
20 29.5 g Co(NO3), - 6H,0 in 50 ml deionized water and 25.1 g Mn(NO3), - 4H,0 in
50 ml deionized water. The solutions were combined at room temperature and
stirred for 5 min. The non-cloudy mixture obtained was combined with a solution of
50.0 g AI(NOs3)3 - 9H,0 in 35 ml water and stirred. The solution obtained in this
way is subsequently called solution A. A solution called solution B in the following
25 was prepared by stirring 70.0 g (NH4),CO3 into 225 ml deionized water. The two
solutions A and B were added dropwise at room temperature, with intensive stirring,
into a three-necked flask with a reservoir of 200 ml deionized water, the pH being
kept at pH = 7.5. After the metering (approx. 20 minutes), the mixture was
subsequently stirred for a further 5 min and the solid obtained was filtered off. The
30 solid was twice suspended in water and dispersed by stirring for 5 min and filtered

off. The filter cake was dried over night at 180 °C in air and subsequently calcined



wat er and di spersed by stirring for 5 mn and filtered off. The filter cake
was dried over night at 180 Cin air and subsequently calcined at 400 Cin
air for 4 h. BMSOQT10pQ-Feraign equaliies7 9 g of a black solid were obtained. The
theoretical ratio of the active 20 netal s enpl oyed, based on the support
material, is M Co:M: MO = 23:27:11:39. SEM (scanni ng el ectron m croscope)
phot ographs of the catal yst prepared werd7-produced after drying and after
calcining for 2 h at 650 C, i.e, at a tenperature which corresponds to the
reaction tenperature. These show that the coprecipitated 25 product is

aggl oner at es Qf409P0shi fofor A Y.S AHep tl{eﬁ'aﬂi_ﬂﬁiﬁ?,lz 1289 of)a blAK S3lidRere dbimidrent
(Figure 3 and 4), the size of the spherical primary crystallites has

i ncreased i n Thretheorgheatwaticot the getivebuetalsigapleygidobased pa the suppet materiakds ns

conpar abl e. g@ﬁla@m 425\5%28%6_28% 33Co_39My): Two solutions were prepared

from 30 21.8 g CO )2 in 50 m deionized water and 18.4 g Mh(NO3) 2
4H20 in 50 m deionized water. The solutions were conbi ned at room

ienperature and BM5 07 1 050-Foreign countries -18- stirred for 5 mn. The
non- cl oudly mi &atatyst é&WN@W%&%MﬁCﬁeﬂWﬁMQg dibige; sohutions Wele preparss( NO3) 2

6H2O0 in 35 t i LRed. | U i . ' [ j Vol
subsequently féeé\?lzg%g?gﬁﬁ{%yoo%bﬁ. 4@%?1@%%&2%?1?&@?%3? isg%bgw(r)f)f he :0
followi ng weais [0aphdedniayd svatet randd 540g Mg NON4) 4GB in 50 enl 2R Pnideddedterni zed
wat er. The tV\ghS ﬁol, utions A and B were added dropw se at roomtenperature,
wi th i nt ensi vERStqlptqnggrere cpmgingd ah roamm frapnessfure apdistifiedHon S mpi8e r§inonof 200
m dei oni zed : hej : WA r i

(approx. 20 maﬁlﬁjcfy;? )&&?hdgﬁrhﬁﬁ %%C&mg@hecgtvétgedqﬁéﬁﬁﬂﬁiﬁg %%g@ﬁ% ﬁzrot her 5
m n and10he siol35dnbiyatwr aed stvasd. f The sdw@ibnoftftaindthm thsobaydiswabsefuéntly @ilepended

in water and dispersed, by stirring for mn apd filtered 10 qff. The filter
cake was ar i GG AniAyRvluien sabeCeaion s Ty Bllouins. Sa¢ e iie: 400
Cin air for 7.f6g eNm?{c@mt&@_tshnldwmizﬂea-xea_tgr. ofhé@ tob 361tiSA ACanes Qvere

obtained. The theoretical ratio of the active netals enployed, based on the

support mat erddded drepwikér:aCoodvh Qempargtudd: 8ith intgnsive aflisyisig, sto a three-necked
6120 i n 50 mi PR A S aeuaiar 2Rt st iteiscc B BitnhOMee BB 1P AR o 2
wat er. The sothtimeditigi@psros O agesdithé ARxtuicanesudidguentdngdirred for a further

5 min and the solid obtained was filtered off. The solid was twice suspended in

water and dispersed by stirring for 5 min and filtered off. The filter cake was dried

over night at 180 °C in air and subsequently calcined at 400 °C in air for 4 h. After

the calcining, 7.9 g of a black solid were obtained. The theoretical ratio of the active

20 metals employed, based on the support material, is Mn:Co:Mo:MgO = 23:27:11:39.

SEM (scanning electron microscope) photographs of the catalyst prepared were
produced after drying and after calcining for 2 h at 650 °C, i.e. at a temperature
which corresponds to the reaction temperature. These show that the coprecipitated
25 product is agglomerates of spherical crystals (Figure 1 and 2). After heat treatment
(Figure 3 and 4), the size of the spherical primary crystallites has increased in the

nanometre range, but the agglomerate structure remains comparable.

Catalyst 7 (MCN0076_28Mn_33Co_39Mg): Two solutions were prepared from
30 21.8 g Co(NOs3); - 6H,0 in 50 ml deionized water and 18.4 g Mn(NO3); *+ 4H,0 in

50 ml deionized water. The solutions were combined at room temperature and



stirred for 5 mn. The non-cloudy m xture obtained was conbined with a

sol ution of 6H20 in 35 M water and stirred. The sol ution
obtained in t¥ e I GHEEHIESNt |y cal |l ed solution A. A solution called
solution Bin the followng was prepared by stirring 20.0 g NaOH i nto 200
m deioni zed water. The two solutions A and B were added dropwi se at room
tenperature, with intensive stirring, i-i8c a three-necked flask with a
reservoir of 200 m deionized water, the pH being kept at pH = 10. After
the metering (approx. 20 mnutes), the m xture was 25 subsequently stirred

for a furthersihredifbr §8fint MBe AGA-CHuBP LAk NRDBMMRd Whi E5B8In&d (vith BRBlutidAlokd Was
tw ce suspended in water and di spersed by stirring for 5 mn and filtered

of f. The filt#r0gade(N@e: dbHe@ in\3Srmhivgter and stiged. CThe selutiomnbitaingdde dhient | y
calcined at 400.C in air.fon After,the .calgining.. 16, 8 f.. a.bl ack
ol 1 wer e obtay feb ety flisd atouah W T SRS eled 8ol B e udtafeyec
based on the GuppRpired®yssiirdhg 709 g AVHNMCOPilW 025 nBledtiizl wiMs THe dwo

050- Foreign countries -19- Exanple 2: G ow ng of carbon nanotubes, fixed
bed, | ab#r at ofQutEHms AcandByeare a roR¥ise at fopMgeMPRIBEIrpSHith HSBESETER. t he

| aboratory sc _1hi g, ' | Sthb M § y

i ntroduced i nl?l(kjoe% ﬂg‘g‘ér“ %éﬂe? uf})agk r@@f %gggﬂ,%ﬁm i ntog%hgﬁggﬁzg%ag?’ t(l)le r%f tﬁ"?hh%nd
heat ed ext er nkdpt yatbyHa=heat Atfteartké anetomad (apprdhe20 emprues),uthe mfixtiiee waeaps of
solid was regulated yia,a PLD reqgul ati on of the  e|ectrical heat ed heat
transfer medi ﬂweqﬁﬁ%thaﬁﬁ%f arfartir ) e the yekid ﬁ@agleerwaéffjlﬁ/ef%oflf- Tl

cat al yst ] nanolytiey il i &isHBiRied h Sialined dipeRel BSTHMAAURES RAFLASARES an

inert quartz capillary. E gases an t difution gases were passed
into thé010 refficlbe filfencadecgas dnddomier pighoatt Y88l ICeth ainswd $ubsequesdykatined. The

catal yst sanples., were.first, heated in. a str of drogen, and inert, gas.
When t he desi?tga 0 r’g‘r?'pf’érrtf’t'lfrlé %Z@fﬂ&é@#éﬂ?gtﬁg%&f& laﬁggﬁ&’swgﬂﬁqb{:ad‘é “on.
The vol une rafhOthebretibg ra®slyCihe d8dvethehlletplRRedebiied 8n il Apport Amit&fhl 3s The
total volune flow was adjusted to 110 niNm n'. Charging of the catalyst

with the educMnfosdgOvag8c@3d.ed out for a 15 period of 100-120 minutes, as
arule up to conplete deactivation of the catalyst. Thereafter, the anopunt
of carbon deposited was determ ned by wei ghing. The structure and

nor phol gy of Chfddyst ¥ T NEITIS28ME_33Go 3OM) TR sytutitngt Wereap@p@td from
21.8 g Co(NO3), + 6H,0 in 50 ml deionized water and 18.4 g Mn(NOs3), * 4H,0 in

50 ml deionized water. The solutions were combined at room temperature and
stirred for 5 min. The non-cloudy mixture obtained was combined with a solution of
41.0 g Mg(NOs), - 6H,0 in 35 ml water and stirred. The solution obtained in this
20 way is subsequently called solution A. A solution called solution B in the following
was prepared by stirring 20.0 g NaOH into 200 ml deionized water. The two
solutions A and B were added dropwise at room temperature, with intensive stirring,
into a three-necked flask with a reservoir of 200 ml deionized water, the pH being
kept at pH = 10. After the metering (approx. 20 minutes), the mixture was
25 subsequently stirred for a further 5 min and the solid obtained was filtered off. The
solid was twice suspended in water and dispersed by stirring for 5 min and filtered
off. The filter cake was dried over night at 180 °C in air and subsequently calcined
at 400 °C in air for 4 h. After the calcining, 16.8 g of a black solid were obtained.
The theoretical ratio of the active metals employed, based on the support material, is

30 Mn:Co:MgO = 28:33:39.



SEM and TEM anal yses.
called the yield in the follow ng, was defined on the basis of the
wei ght 20 of BM%0Y41058tHossicn gounitil¢sng (mat, 0) and the increase in wei ght
after the reaction (nttar ntat,o): Yield = (nttarntat,o)/mat,to. Exanples
which illustrate the invention are given in the following. It can be seen

enpl oyed,

that catal ysts based on Mh-Co-M conpounids- deliver a high yield. 25
Figures: Figu
phot ograph of catalyst 6, MCNOO72 30 Figure 3 SEM phot ograph of catal yst 6,
MCNOO72 after

650 C BVS 07
004 VI M ~y

X V X
~gq 0 X

Xr X

re 1 SEM phot ograph of catalyst 6, MCNOO72 Figure 2 SEM

_ ES#upldD:"Grdwing 21 0afb BARGnE, fivedlb Qb irhgirgn countries’ - 20-
Fi gure 4 SEM photograph of catalyst 6, MCNOO72

The amount of carbon deposited, based on the catalyst

after calcining for 2 h at

050- Foreign countries -21- o OW ~Ty Ob pp VN~-OONa, N

1
The gt e ent i R 1Sy e n the fypbratorypcfleg RgPiiglag) "

N N NdéfiNdMrkburld of tdlydt WasUnitidl§ #trBduced into a quartz tube having an

5

10

15

20

25

30

internal diameter of 9 mm and heated externally by a heat transfer medium. The
temperature of the heaps of solid was regulated via a PID regulation of the
electrically heated heat transfer medium. The temperature of the catalyst heap or of
the catalyst/nanotube mixture was determined by a thermocouple enclosed in an
inert quartz capillary. Educt gases and inert dilution gases were passed into the
reactor via electronically controlled mass flow regulators. The catalyst samples
were first heated in a stream of hydrogen and inert gas. When the desired
temperature was reached, the educt gas was switched on. The volume ratio of the
educt gas mixture was ethene:Hy:Ar = 45:60:5. The total volume flow was adjusted
to 110 mlx'min™. Charging of the catalyst with the educt gases was carried out for a
period of 100-120 minutes, as a rule up to complete deactivation of the catalyst.
Thereafter, the amount of carbon deposited was determined by weighing. The
structure and morphology of the carbon deposited was determined with the aid of
SEM and TEM analyses. The amount of carbon deposited, based on the catalyst
employed, called the yield in the following, was defined on the basis of the weight
of catalyst after calcining (m,0) and the increase in weight after the reaction (myotal-
My ) Yield = (Miota-Meat0)/Mearo. Examples which illustrate the invention are
given in the following. It can be seen that catalysts based on Mn-Co-Mo

compounds deliver a high yield.

Figures:

Figure 1 SEM photograph of catalyst 6, MCN0OQ72

Figure 2 SEM photograph of catalyst 6, MCN0072

Figure 3 SEM photograph of catalyst 6, MCNO0072 after calcining for 2 h at 650 °C
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Figure 4 SEM photograph of catalyst 6, MCNO0072 after calcining for 2 h at 650 °C
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> BMS 09 1050 Hekdgdountfdés0- Forei gn countries -23- Exanple 3: Conparison
exanpl es of preparation of the catal yst-Ratalyst 9 (MCNO063_52Co_9M> 39Al):

Two sol utions were prepared from2.5 g

(NH4) 6Mb7CR4  4H20 in 50 i

dei oni zed water—angd—36—gCo{MNB3)2 6H20 in 50 mM 5 deionized water. The
sol uti ons wer|eE €pmi ned at room tenperature and stirred for 5 mn. The
non-cl oudy ni{ & e [gbt ai ned was$ conbined with a solution of 50.0 g Al (N)3
9H20 in 35 m erl %and stirred. d ouding was di ssol ved by dropw se
addi tion of diauéte HNG3. |The sol ution obtained in this way is subsequently
called sol ut|fom Al A sollution|called solution Bin the fol | ow ng was
prepared by stirging 10 70.0 g|(NH#4)2C3B into 225 m deioni zed water. The
two sol utions=h and«B were added dropwi se at roomtenperature, with
i ntensive stilkXihg,|Hnto g mul i - necked round-bottoned flask with a
reservoir of ?Oogm “dei onr zed water, the pH being kept at pH = 6. After the
metering (approx. 20 mnuytes), [the m xture was subsequently stirred for a
further 5 mn and tihe sollid obtained was filtered off. The solid was 15
tw ce suspendegi'in ter jand dispersed by stirring for 5 mn and filtered
off. The filfteergcy wasdri ed over night at 180 Cin air and subsequently
cal cined at 4@ &
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inair for 4 It. After the calcining, 12.3 g of a black solid were obtained.
The theoretical ratio of the active netals enpl oyed, based on the support
material, is BMS @hlAi0OFpreigazonntges 20 Catal yst 10 ( MCNO064_40Fe 20Co040Al) :
Two solutions were prepared from40 g Fe(N03)3 - 9H2O in 40 nml dei oni zed
water and 13 g Co(N03)2 6H20 in 40 m  deionized water. The solutions were
conbi ned at roomtenperature and stirred2or 5 mn. The non-cloudy m xture
obt ai ned was conmbined with a solution of 50.0 g 25 AI(N03)3 9H20in 35 m
wat er and stirred. C ouding was dissol ved by dropwi se addition of dilute

HNCB. The SO'ERLBBle@t@dnﬂﬁﬁnﬁdh ptey l aﬁ%‘?ﬁﬁq}lﬁﬂé taafit | €d solution A
A solution called solution Bin th ng was prepared by stirring 70.0

g (NH4)2C38 into 225 m dei oni zed vvater. The two solutions A and B were

added dropw s r.Qo EaqnaM intensive stirring. into

t hr ee- necked §6?$¥Sé§%WﬁW§ﬁ@FWF§%@2 5O SP1U ﬁB?%WFrfé’dg%é‘fd;fmmtazhseg pH

bei ng kept at (I‘HI'I‘lt)g'i‘vI6702'60c YELO i 36 nifelefiniZd v(za%é}%%é g’—@o(N(D}}E e§1)1201iﬁ'|§30 mixture
was subsequentl|y sti rred for a further BVMS 07 050- Foreign countries -24- 5

mn and fhe s@lbmzefbwateneérhmglunpn& Wﬁ@opomlnnecfméogmltismpmglr@ Wi gtirgegsfoended
in water ands %11 ed o&c{y %u% onalngd was ((jgﬁllgb l\g/ﬁ{ letlfo O-E%cﬁ Ll ter

cake was dri ed over nlg inarr quen Iy cal'dined at 400

Cin air for AIMNOM t&,0 M85 ¢l watei ngl stﬁ'ﬁad8 @lotding \izds&nésomﬂluyz HBpwise
obt ai ned. The theoretical ratio of the 5 active netals enpl oyed, based on

the support nedditiompt dilute HNQp: Ahogglutiongbagmedgn thisayay issmubseguently called
(NENOO3E_13F e it 2k MFTR) cah 0 a8 VT Rl S8 ool 6 HFAENIST,

in 1,500 m delonized water € suspensi on was

and al | deed t@Ocho{NHmf(éOphhtMQSmdj dtftcbr&mbdtWatpH:EFhétwlw sok@ioss (Afar(d\Blék)ze(Eé):B 10
solution. Two sol trjfhl ons were prepared frorr}1 (NH4) 6Mp7Q24 4H20 .in 40 i
dei oni zed wat &dedfgoRyisg akdp §P@P°@FEB VR I@‘Snfiﬁ’e dutths: e aayul-necksd

S owl v added Ao e L R PR B PPt gtk MRl O PG ot
fall bel ow pHat=pIB=9%. Afwbtlwmngrms{amnox |2é)dnumtesmvthc naxioer wamlsuifseqmehtlﬁnd t he
T XLure v SUls e L Lo St O ATt e M YRR O
15 twice suspended in water and dispersed by stirring for 5 min and filtered off. The
filter cake was dried over night at 180 °C in air and subsequently calcined at 400 °C
in air for 4 h. After the calcining, 12.3 g of a black solid were obtained. The
theoretical ratio of the active metals employed, based on the support material, is
Co:Mo:AlLO; = 52:9:39.
20
Catalyst 10 (MCN0064_40Fe_20Co040Al): Two solutions were prepared from 40 g
Fe(NO3); - 9H,0 in 40 ml deionized water and 13 g Co(NO3), - 6H,0 in 40 ml
deionized water. The solutions were combined at room temperature and stirred for 5
min. The non-cloudy mixture obtained was combined with a solution of 50.0 g
25 AI(NO3); - 9H,0 in 35 ml water and stirred. Clouding was dissolved by dropwise
addition of dilute HNO3. The solution obtained in this way is subsequently called
solution A. A solution called solution B in the following was prepared by stirring
70.0 g (NH4),COj; into 225 ml deionized water. The two solutions A and B were
added dropwise at room temperature, with intensive stirring, into a three-necked

30 flask with a reservoir of 200 ml deionized water, the pH being kept at pH = 6. After

the metering (approx. 20 minutes), the mixture was subsequently stirred for a further



suspension A. A solution called solution Bin the foll owi ng was prepared by
stirring 400. 0 0 NH4)2CCB |nto 1,200 m deionized water. Solution B was
added to susB2 h 0A0 phegumtigser at ure, with intensive stirring. After
the netering, the mxture was subsequently stirred for a further 5 mn and
the solid obtained was 20 filtered off. The solid was washed twice with 2.5
1 1 N ammoni um acetate solution each tidg- The filter cake was dried over
night at 160 Cin air and subsequently calcined at 400 Cin air for 4 h.
After the calcining, 107.9 g of a reddish solid were obtained. The
theoretical T8t afdaEdond dhifndPhal iliErel RICThS BIENKEhicd Susplfielln=

13:4. 25 Catalyst 12 (MCNOO22 40Fe_60Al): A solution was preparg from3

g Fe(N03)3 9rROanhdispers& by MirriNgEyBS ntiri20d ifilteBI® TUeﬁhmczzdIdwaatdﬂed The

| uti t t di d | d
oy o opw oo St A% 1p0 ST b8 TRR el R seRirta it 410 X R AR AT B AHRRL VTS

30 subs equent the @wlﬁlﬁg %)ktg bPA b%ckﬁs&lalwéfe%t&ﬁéd eqhé %é&étwal Eationoft fhe
follow n prepar ed stirring 63.6 g Na2CC3 into 600 m deioni zed

wat er . %e tm@cts@lmﬁtalen@p Omsad ms@nersupmrgma@oalnmlfeego&@a A4GR0:48 wer e
added dropwi se at roomtenperature, with intensive stirring, into a

mul ti-necked round-bottoned flask with a reservoir of 200 m deioni zed
water, the pHahaysd1KdPCNOO3IPH3Fe 4Mo_Pirat MGNE): 100 @riuigl NETOr ot SeédI
mnutes) the mxture was subsequently stirred for a further 60 nmin and the
sol i d obt ai neWeRaispendee ired,58¢ ml dsionized svaterndidle suspensipn WpscHirgdia 7daE er at
80 C. The filter i uent |y
cal oi ned at 450 20 BRI G, MGioH BuPihdly .8 T a0 BURRPONC

solid wdoe obsdutiad. T%aold\ms etere pleparat ifonof. &@@\IH@)GMoeoz4nE4}&_,I()slre4mhﬂ>yed

b d th t 12 20: 4 tal yst 13
(ﬁfﬁnogg_soﬁe apﬁrgé%y% gﬁér@%gé’&ﬁ%ﬁ%%“ﬁé 1%%3@%4%&@ 1 %Saogsutlsons
(NH4) 6MO7O24 “/ég%mmn&ﬁgﬁ]monﬂ?e AR Mﬁt%earf@lr %%mg ah& (NA3d15w1 f&&%@a in

250 nl dei oni zed wat er. e sol ut’ions were conbi ned roomtenpérature and
stirred for Sdmpwistto rtlma)l’rnu'alemsperatamr durni@mhmbmha:;bldtddynmnfxlﬂ belewqﬁ{ &Fid&d was

g? Ir’dr:) Ir 239 Wt hl\/fétesr{)nlgu\al!dso gar?l];d 20%‘? oger a &)CI‘IO of 2 221er Itl?e I]i'l?):(%tur@ w\ell\s/atsu sec?t?egltly

15 stirred for a further 1 h. The suspension obtained in this way is subsequently called
suspension A. A solution called solution B in the following was prepared by stirring
400.0 g (NH4),COs3 into 1,200 ml deionized water. Solution B was added to
suspension A at room temperature, with intensive stirring. After the metering, the
mixture was subsequently stirred for a further 5 min and the solid obtained was

20 filtered off. The solid was washed twice with 2.5 1 1 N ammonium acetate solution
each time. The filter cake was dried over night at 160 °C in air and subsequently
calcined at 400 °C in air for 4 h. After the calcining, 107.9 g of a reddish solid were
obtained. The theoretical ratio, based on the metallic elements employed, is
Fe:Mo = 13:4.

25
Catalyst 12 (MCN0022_40Fe_60Al): A solution was prepared from 34.4 g
Fe(NO3); - 9H,0 and 99.3 g AI(NO3); - 9H;0 in 350 ml deionized water. The
solution was stirred at room temperature for 5 min. Clouding was dissolved by
dropwise addition of dilute HNOs;. The solution obtained in this way is

30 subsequently called solution A. A solution called solution B in the following was

prepared by stirring 63.6 g Na,COj3 into 600 ml deionized water. The two solutions



15 d oudi ng was di ssol ved by dropwi se addition of dilute HNO3. The sol ution
obtained in this way is further called solution A. A solution called

sol ution B i nBMe07 1 8604w @LtEgsepar ed by stirring 350.0 g (NH4)2CDB into
1,050 m deionized water. The two solutions A and B were added dropw se at
roomtenperature, with intensive stirring, into a nulti-necked

round- bottoned flask wwth a reservoir of-250- 1,000 m deionized water, the pH
bei ng kept at pH = 6. After the netering (approx. 90 mnutes), the m xture
was subsequently stirred for a further 5 mn and the solid obtained was
filtered of f. ATifd BAkdrd AHBSd HWpWEseSMSBEROGRPEANNE! Rith 3RdndlS BEFREdinkY a
stirring for 5 mn and filtered off. The filter cake was dried over night at
180 Cin ai rnahdnsqkbéeqmbotsonm Baskedittag ra00/0@ ¢i2GH) ml fiouonne&\ waprt the t he

cal ci ni ng, 2 ack_soldid were obtalned. tical ratio
of the act i vePHettifskal A arka 7o dulsd 5 hEERe taBiP. A0 FupER! Hlepfiut

Fe: Mb: A1203 —ﬁ@sﬂ&e@&nﬂ?@ﬁﬁéd/ £dr alfﬁl'tﬁm{}ﬂarﬁﬁﬂglsmb@m@@ \h'ﬁb' fiderella3P) : Two
sol utions were are romO0.1 g (NH4)6M724 4H20in 5.5 m deionized
water and 4 gT ggolngmayas ecbprzmamdl patey st §006(|\mgﬁlte16m©ws driednpver

dei oni zed wat [ re tirred
for 5 mn at glgom%&&g#%ir(fgg-%ge uglﬁﬂ%%alljﬁg rcfl;étsiébg gPrrger?%?l ur%ﬁg%r}]% third
of the non-cl caleiyingoD0ty 6fa Ghicki solid was oaﬁﬁietledﬂ’&ythmﬂSalQﬁtlo iof ehePackine

wet ness |rrpregna5| on to 20 g Pural M330, which was dried beforehand for 4
hat 180 C. Af mSRIGIpIAYCS: Baseﬁ omhe 1%0@%61%5%&%& Oe@t ¥4y in air for
3 h at 450 C, the remainder of the solution containing netal ions was
applied in two 5 further anal ogous inpregnation, drying and cal ci ni ng steps.
The t hedfet i cGhatalpdti I3 MCNOI37a80Fe/ @ 1Mot 39Al)eMfiwooyadtiotzsasert prepatee fsamppor t

osti ng bat al Y288 NHaMotba” BHeD 1 45Ol SEARARY Seler bR AThed ANGSr - BHefipl e 3

vere |ikew sejf o 8 dbfdniRe waak0 BeNoYutioRPRRFALAIAbIREd deRP Rethermg8ankxanml e
2. The yields of carbon nanotubes achieved are summarized in Table 2. The

yi el ds of t hestiratdafyrss smpr epavenl temperatunndefhe oomphudp| wixtwn dittaioed vas by
precipitati oN:&h 1neé gvn{hf 38 n%iLX olf(}%rg }\m;hh-e%}ﬂ(? |i1(1:I 363 ml water and stirred.

15 Clouding was dissolved by dropwise addition of dilute HNO;. The solution

obtained in this way is further called solution A. A solution called solution B in the
following was prepared by stirring 350.0 g (NH4),COs3 into 1,050 ml deionized
water. The two solutions A and B were added dropwise at room temperature, with
intensive stirring, into a multi-necked round-bottomed flask with a reservoir of
20 1,000 ml deionized water, the pH being kept at pH = 6. After the metering (approx.
90 minutes), the mixture was subsequently stirred for a further 5 min and the solid
obtained was filtered off. The solid was twice suspended in water and dispersed by
stirring for 5 min and filtered off. The filter cake was dried over night at 180 °C in
air and subsequently calcined at 400 °C in air for 4 h. After the calcining, 99.3 g of
25 a black solid were obtained. The theoretical ratio of the active metals employed,

based on the support material, is Fe:Mo:Al,O3 = 50:11:39.

Catalyst 14 (MCN0044_8Fe 1Mo_1Co on Pural MG30): Two solutions were
prepared from 0.1 g (NH;)sMo7024 - 4H,0 in 5.5 ml deionized water and 4 g
30 Fe(NO;); + 9H,0 and 0.275 g Co(NOs), - 6H,O in 10 ml deionized water. The

solutions were combined at room temperature and stirred for 5 min at room
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temperature. One third of the non-cloudy solution obtained was applied by means of
incipient wetness impregnation to 20 g Pural MG30, which was dried beforehand for
4 h at 180 °C. After drying for 2 h at 120 °C and subsequent calcining in air for 3 h
at 450 °C, the remainder of the solution containing metal ions was applied in two
further analogous impregnation, drying and calcining steps. The theoretical ratio of
the active metals employed, based on the support material, is Fe:Mo:Co:AlL,O; =
8:1:1:90.

Example 4 Comparison example of testing catalysts in a fixed bed

The catalysts obtained under Example 3 were likewise tested in the laboratory
apparatus as described under Example 2. The yields of carbon nanotubes achieved
are summarized in Table 2. The yields of the catalysts prepared there under
comparable conditions or by precipitation are significantly lower than the yields

described in Example 2.
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2. Conposition according to claim1l1, characterized in that it additionally
conprises Mo. 10 3. Use of conpositions according to claiml1l as catal ysts
for the produBMSoW bf50-Eareigmcawdmissubes. 4. Process for the production of
carbon nanot ubes, characterized in that,, conpositions according to claiml
are enployed as catalysts. 15 5. ProcesS for the production of carbon

nanot ubes having a main dianeter of from3 nmto 150 run by deconposition
of a gaseous tl%@gﬂbﬂéﬂb%n on a heterogeneous catal yst according to claim1.
20 6. Process according to claimb5, characterized in that |ight

hydr ocar bons, such as aliphatics and olefins, individually or as a m xture,
are used as ebuct sComposiieit egmprsiog MMiLrgo wod at suppas tmaieralowhidha¢arspres o 6,
characterized in that_ th rocess. i s ried, oyt continuous or. ..

di scontinuously, c (r)lt%nrdlufg'lﬁls Ii/ag}ounthO%lE?goH{O?o/ﬁug)ﬁgﬁ%yOPetﬁstcioﬁ f §faglive

catal yst5feed and ¢dngponen®i@meedllid figmcar bon  nanot ubes forned together with
the spent catalyst. 8. Process according to at |east one of clains 5 to 7,
characterized in that the catalyst is introduced into the reaction chanber
inaformin ic . ' atalytic AN\ added
as oxi des, pé%?lyngégsg%%%}é@gﬁgﬁ%egh%%gxoL g§h¥ﬁ§9(?dﬁbigggﬁqgﬂhgggggn
nanot ubes obt ai nabdoenprises Mv.process according to clains 5 to 8. BM5S 07 1
050- Foreign coutnries -29- 10. Use of the carbon nanotubes according to
claim9 in polynmer conposite materials, ceramc or netal conposite
materi akg forginpraw Ll cad It i

mechani (l:gl pr%pert?gés?g?%%sﬁia&%raggﬁglt (;ﬁ C(l)ayﬂglr g%%%@t&ggg} %l\é t?(dnlggg%r?g
conposi te materi al sybasnamothpest uff, in batteries, capacitors, displays
(e.g. flat screen displays) or lanps, as a field effect transistor, as a
storage nediume.g. for hydrogen or lithium in nenbranes e.g. for
purification of gapRgessaforattedbadhsfiorof darbors HARGubedTREHAkdcPriz8d Gin {HAE

catalytically active conponents in chemcal reactions, in fuel cells, in the
compositions according to claim 1 are employed as catalysts.

15
5. Process for the production of carbon nanotubes having a main diameter of
from 3 nm to 150 nm by decomposition of a gaseous hydrocarbon on a

heterogeneous catalyst according to claim 1.

20 6. Process according to claim 5, characterized in that light hydrocarbons, such

as aliphatics and olefins, individually or as a mixture, are used as educts.

7. Process according to at least one of claims 5 to 6, characterized in that the
process is carried out continuously or discontinuously, continuously or
25 discontinuously relating to the catalyst feed and the removal of the carbon

nanotubes formed together with the spent catalyst.

8. Process according to at least one of claims 5 to 7, characterized in that the
catalyst is introduced into the reaction chamber in a form in which the
30 chiefly catalytically active components are added as oxides, partly or

completely reduced or as the hydroxide.

9. Carbon nanotubes obtainable by the process according to claims 5 to 8.



10 nmedi cal sector e.g. as a matrix for controlling the growth of cel
tissue, in the diagnostics sector e.g. as a marker, and in chem cal and
physi cal anal BPMS07 ?Qﬁer.For%grse%m%g force mcroscopes).

-29-

10.  Use of the carbon nanotubes according to claim 9 in polymer composite
materials, ceramic or metal composite materials for improving the electrical
or thermal conductivity and mechanical properties, for the production of

5 conductive coatings and composite materials, as a dyestuff, in batteries,
capacitors, displays (e.g. flat screen displays) or lamps, as a field effect
transistor, as a storage medium e.g. for hydrogen or lithium, in membranes
e.g. for purification of gases, as a catalyst or as a support material e.g. for
catalytically active components in chemical reactions, in fuel cells, in the

10 medical sector e.g. as a matrix for controlling the growth of cell tissue, in the
diagnostics sector e.g. as a marker, and in chemical and physical analysis

(e.g. in scanning force microscopes).





