1 - Process for producing nitrogen-doped carbon nanotubes The
invention relates to a process for producing nitrogen-doped carbon
nanot ubes (NCNTs) in a fluidized bed. Carbon nanotubes have becone
generally known to those skilled in the art at |east since their 5
description in 1991 by lijima (S. lijima_Nature 354, 56-58, 1991).
Since then, the term carbon nanotubes refers to cylindrical bodies
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ablation and catalytic processes.

Electric arc and laser ablation processes are characterized, inter alia, in that soot, amorphous carbon
25  and fibres having large diameters are formed as by-products in these production processes, so that the
resulting carbon nanotubes usually have to be subjected to complicated after-treatment steps, which
makes the products obtained from these processes and thus these processes economically

unattractive,

In contrast, catalytic processes offer advantages for economical production of carbon nanotubes since
30  a product having a high quality may be able to be produced in good yield by these processes. In the
case of the catalytic processes, a distinction is usually made between processes using supported

systems and “floating catalyst” processes.



The former usually enploy catal ysts | ocated on a support matrix which
may itself be active, while the latter termusually refers to
processes in which the catalyst is fornmed froma precursor under the
reaction conditions for producing the carbon nanotubes. Ml donado et.
al . (Carbon 2006, 44(8), 1429-1437) disclose a typical enbodi nent of
the "floating 5 catalyst" processes according to the prior art. The
process for prodUC|ng ni tr ogen- doped caf bon nanot ubes is
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Processes such as, for exanple, the previously disclosed processes of
Van Dommele et al. and Matter et al. and also of US 2007/0157348 are
not advantageous in respect of this objective since they are carried
out in fixed-bed reactors and exchange and repl acenent of any
deactivated catalyst is thus possible only with great difficulty.
Such supported enbodi nents are |ikew se di sadvantageous in 10 t hat
the catalytic netal sites available for~ the reaction of starti ng
material to f e r ~ar 0
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is not disclosed.

30 It is therefore an object of the invention to provide a process which makes it possible to produce
nitrogen-doped carbon nanotubes and can be scaled up without the advantageous properties of
undoped carbon nanotubes according to the prior art, for instance external diameter of from 3 to
150 nm and an aspect ratio L : D > 10 (ratio of diameter to lateral dimension), being lost. The

process should preferably be able to be operated continuously.



c) introduction of the heterogeneous netal catalyst (K) into a
fluidized bed, d) reaction of at |east one starting material (E)
conprising carbon and nitrogen or of at |least tw starting materials
(E) of which at | east one conprises carbon and at |east one
10conprises nitrogen in the fluidized bed over the heterogeneous
metal catalyst (K) to give nitrogen-doped carbon nanotubes (NCNTs),
e) discharge of the nltrogen doped carboﬁ nanot ubes ( NCNTs) fronlthe
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of the at | east
thc solvent (L) (e.g. acetates, nitrates, carbonates and chlorides). Preferred metal salts (MS) of the

at least one metal (M) are nitrates, carbonates and chlorides.

20 Solvents (L) usually used in step a) of the process of the invention encompass short-chain (C, to
Cs) alcohols, for example methanol, ethanol, n-propanol, i-propanol or butanol, or water and also

mixtures thereof, Particular preference is given to water.

The precipitation in step a) of the process of the invention can, for example, be brought about by
means of a change in the temperature, the concentration (including by evaporation of the solvent),

25 by means of a change in the pH and/or by addition of a precipitant or combinations thereof.

Preference is given to the precipitation in step a) of the process of the invention being carried out
by addition of a precipitant or by means of a combination of above-described embodiments at least
using a precipitant. Suitable precipitants are solutions of ammonium carbonate, ammonium
hydroxide, urea, alkali metal or alkaline earth metal carbonates and alkali metal or alkaline earth

30  metal hydroxides in the abovementioned solvents. Preference is given to solutions of alkali metal



one netal (M and, if appropriate, the precipitant by neans of
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description are precipitated together with a further component (I) at a pH of greater than 7 by

addition of ammonium carbonate, ammonium hydroxide, urea, alkali metal carbonates and

hydroxides as precipitant.

The suspension (S) resulting from step a) according to the invention of the process then comprises
25  the solid (F) according to the invention in the solvent (L}, with the solid (F) preferably comprising
hydroxides and/or carbonates and/or oxides of the metals (M) of the metal salts (MS} used and/or

the further components (I} or mixtures of the abovementioned components.

The separation in step b) of the process of the invention is usually carried out with the solid (F)
being separated off from the suspension (S) by means of a conventional solid-liquid separation
30  process known to those skilled in the art. As nonexhaustive examples of such processes, mention

may be made of filtration, evaporation of the solvent, centrifugation, etc.



In a preferred further devel opnent of the separation in step b) of
the process of the invention, the separation is carried out in the
formof a filtration followed by at |east one washing of the solid 5
(F). The washing can be carried out by nmethods known to those skilled
in the art, e.g. menbrane processes. Preference is given to carrying
out the separation enconpassed by the further devel opnment in the form
of filtration, pressing dry, slurrying, 'Qashing and pressing dry.
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separation in b@thlewsrecﬂfqﬁwﬁe if giyen F%@tcmmucaﬁldodp plegeitiag ofdieyt)- 101 n t he
context of the present invention, slurrying conprises suspending the
solid (F) in anspkiedturfindevelopmdnhe (ecai@sd iofepthd tppesent! teriwenton, o,
pressing dr y %%qaﬁdnﬁg&ﬁﬁ g\ﬁ%l tﬂgfoHl &LH ﬂ?'aqw fof? Wé& Q}eatq §Q}ﬁfp\§:is fthetsmﬁ

solid (F) unt i proportion o e resu t|n
of solid vx,h-'l cHFbEI?CrVé‘ﬁWﬁﬁ’sbetcﬁf“de@t tryrr’é?ﬁ’e‘i‘stki“b’f*i‘ tQ)!*‘O%a]ﬁlﬂeldl"a‘P‘yaf\n&S é‘fembfane
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drying in the contex
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process of the iI'n he sepd acc
further devel offfEnee lefgw@tfegalmﬂgo)ﬁt thi erogspsoees of Sbmmhewﬂwe!m prening dm 2be

carried out CohbeRsI@HSd Yrer@e spakGAM Bforn ¥R filidutod hllprepMiRlagr ence is given
to carrying it out continuously. Very particular preference is given

to carrying ity HEonﬁQx’Uf lh@#!é%&éﬁth)(veh{%h Q&Fa?ﬁﬂ%mgxés%”sﬁspg{dﬂ ‘ﬁé%gfd%) NASINeRI-

20This further developnent 1's particu vant agedus because any
salts or otheflhaterials carried into step b) of the process of the
invention fromthe precipitation in step a) of the process of the

i nventi on can Ibeher@mew e tifer meserit Hevesioh.i mes{ilg) dry somprivat préskieg pawid by of g
thus the acti \éhsﬁaéﬁsﬂ&f ofnﬁagoﬂaﬁ)%r m@mpmopeﬁwf R R sk dSeal€ 3FsofRBwhich

i ncreased. Step rocess of the invention can be carried out
with or wt hodt’"%?“f“@ﬁ" ‘t“? era FHER L Bpillarh gaterpaiwesy the partiplss 15 3opigyedjly is fhergfore
been separ &t edisodcf frdnr dygilnde Quspefisd dur-treRmef @rsemoief iheprodess@fthd igvention.
providing an after-treatnent of the solid (F) in order to increase

the quality ofrat E@araubm&uﬁglto thfeprere.e@emmvmhah oﬁaépab )ssa'he er&)ess oFhiR

after-treatnent in the context ep, % q
- - vention can be carried out %Onﬁlnuous atc W Se Partlcu ar pl‘c eﬁence ISO%IVCH tO ymg it
i nvention usudl Y tEipr i SEsat*"east "one dry ot fﬁj

and/ or calcinamﬁ@mmm®EWh%ﬂsevwmh(ﬁ?&w@ahtmnaﬂpenwmslbmmymme@eésamga

membrane process for washing,.

20 This further development is particularly advantageous because any salts or other materials carried
into step b) of the process of the invention from the precipitation in step a) of the process of the
invention can be removed from the solid (F), so that the purity and thus the activity of the

heterogeneous metal catalyst (K) can be increased.

Step b) of the process of the invention can be carried out with or without after-treatment of the
25  solid (F) after it has been separated off from the suspension. Preference is given to providing an
after-treatment of the solid (F} in order to increase the quality of the subsequent heterogeneous

metal catalyst {(K).

The after-treatment in the context of step b) of the process of the invention usually comprises at
least one drying of the solid (F) and/or calcination of the solid (F). Calcination is only necessary
30  if, after the precipitation in step a) and the separation of the solid (F) in step b), the solid (F) is not
in the form of a mixed phase and/or alloy comprising the metals (M), the further component (I)

and, if appropriate, oxygen in any ratio.



30 if, after the precipitation in step a) and the separation of the
solid (F) in step b), the solid (F) is not in the formof a m xed
phase and/or alloy conprising the netals (M, the further conponent
(1) and, if appropriate, oxygen in any ratio. |If an after-treatnent
in the fornrof a calcination is provided, this is preferably carried
out after drying. If the solid (F) after_the precipitation in step a)
and the separation in step b) conprises & ni xed phase and/or all oy
conprising t hqf JI%Q' tr%an(nM in tl]ef oY aoogﬁfn?ffoﬁ is p%%ld&*”ll}h?ﬁrc rgtq? &Q’%gtout(ahgr
and if 5 appropriate oxygen in any ratio, then’ rea

het er ogeneous 9¥8al catal yst (K) according to the invention mhrch
only has to be, if appropriate, after-treated in the formof drying
and, if appropfthaodd (B yftgtleysribiagat in ey 2)as! tlespardtibed siseb)ownprises aThiged
drying in the HaQQLrﬁ?Si a]Q)E' c&rﬁb%srﬁg thlrnelrall;, gqpﬁ%robrﬁtenﬁeeifuﬂ{eiapdn%orfé@tr(i)' aﬁ&i if

out at tenperatures in the range from 1f under at nospher.ic
pressure (1013PHIPHYe ioFyee . anpdpit gt &1 [Sradrady diechEterogenstyyimrih Cac“’é‘/‘“’t (K)
drying at tenpesayrat: iofnmbebith dB0Gs tneefapabpmas phelitedir @6 Rtm 6f dylid13

nPa) Th sl oSSRl RlukikuBRagEaSyal e nVentfon s car cd

out batchwi se, dr usi'ng a contact dryer (e.g. a paddle dryer) IS
preferred. If ste bé of the process of the %nventrgn is carried out
conti nuously, TQ?)F & Br'lA gt S iSFé EFTARENY S PGl ATt PRIE (FAPTPEES B dlifce
times of the swkd @n( BY°d to 230 eundenpinmgphgriceppessun (1 @RChwir. Saticular preference is

after-tr eajgre %Pver{ & d&mgatﬁe%mtﬁ}gs ogg%lrtrig?é[n%eﬂ aﬂnoggﬂg’rc pﬁgs.gﬁ (lfoliﬂﬁiaﬂn 1P 18
hours. Preference iS given to residence tines of about 12 hours.

Usual resi den(ffe step %J)m:f\ﬁ'rf H;Bce%s £ the {nveng?n(ls garne out( pa?chwmey drrqug usmggﬁongct dHer {e.g.

continuous after-trea

from0.1 to GGPw@dﬁﬁel,SP'pﬁe@der ably from 1 to 10 seconds. 20The
calcination of the solid (F) is usually carried out at tenperatures
of from about 12596 ifcheGBOE; ofpicafivertalblsyaratd diemipan@tiursgsy Ofing ik pafeddd dert
300C to 600C. §,§1 in the case of drying, calcination is preferably
carried out undef at rmspherr C pressure (1013 hPa) in air. The

resi dence # nﬁ{ et ee St]O Icg hng 15 E I, zr?'l Cel naz;[t! toc{l]' gg-treatmentlna}!elch'mI n
the range t¥ om™% Y% HFEUY & U P&t BTy a8 2 Hehgif
of drying are in the range from 4 to 18 hours. Preference is given to residence times of about

12 hours.

Usual residence times of the solid (F) in the drying step in continuous after-treatment in the form

of drying are in the range from 0.1 to 60 seconds, preferably from 1 to 10 seconds.

20  The calcination of the solid (F) is usuvally carried out at temperatures of from about 250°C to
630°C, preferably at temperatures of from about 300°C to 600°C. As in the case of drying,

calcination is preferably carried out under atmospheric pressure (1013 hPa) in air.

The residence time of the solid (F) in the calcination step is usually in the range from 2 to

12 hours, preferably about 4 hours.

25  If calcination is to be carried out continuously, it can occur, for example, in a different fluidized
bed than that of step c) of the process of the invention or in a rotary tube furnace, tunnel kiln,
moving-bed reactor or similar apparatuses known to those skilled in the art. A person skilled in the

art will generally know how such an apparatus has to be configured in each individual case.

The resulting heterogencous metal catalyst (K) preferably comprises a mixture and/or alloy of the

30 form M;:M:1,0:LO, with the constituents M,, M, comprising the metals (M) according to the



251f calcination is to be carried out continuously, it can occur, for
exanple, in a different fluidized bed than that of step c) of the
process of the invention or in a rotary tube furnace, tunnel Kkiln,
novi ng-bed reactor or simlar apparatuses known to those skilled in
the art. A person skilled in the art will generally know how such an
apparatus has to be configured in each |§d|V|duaI case. invention
and the constituents 1,0 and 120 conprising the oxides of at | east
parts of the prefierlach. cu{satl;eq{s16%@9@@%%5"(%%%{&&5offmeaaq,m% of InIBrefeldl®
above representation refers to prop ortions mass of
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het er ogeneous beieg fedm Taf¥h-yst s (K) V\:hl ch have simlar 10 proportions
by mass of Mh and Co. In this case, preference is given to an M/ Co
ratio of f romvzrylpattraular ploferfhad fsi gvdh & hegerqaeredue mahl yatdiys© MK )L whickl hdve similar
1:1.5. The,fe ' . ,
pr ef er abl yl({:ors?%f’ %r{s]%gby I%Segf??' ﬁawtﬁ%agénprg%g%? }r{fgfvent(jt:%nrrﬂgétﬂé?%o?\&tﬁ %2'1
range from ZO‘N%Baﬂlcﬂgﬂymfefﬁ’éM'ff"F”cllﬂ e Y-Spreferably an external

di aneter of the particles in the range from30 mto 600 m very
particul arly phefeeitabhyerfgedns3@raatatyst (KBlikEG: geferabhhempiestpacitles leiizgn

di stribution (é?ta'mil BlarLgérﬁ'l tﬁeqmc p(ﬁn iﬁ%ﬂﬁb‘ﬁﬁﬁ'@)ﬁa%ﬁaﬁ? rgifcpablgi erextgl)ﬁﬁmhger
| aser |ight scattering sieving. A person sk |F the art

will know net KbHs P"HFC]E‘éb‘hih? Ei‘l“&e g 38&?%‘? &Pl | ‘i‘égar?cﬁla'%'@efﬁ?t%ycﬁ“ﬁ‘? 417 8.
This can, for 1exenphepartiole sizchsridvied cinyn tidansbeofeasares bif fidatsiod fidr kxamblertger
resi dence ti M8l Dealidie BHEGLALT @t 1 on bath. 20Shoul d the heterogeneous
netal catal yst ( have a fraction of the partlcle si ze dlstrlbutlon
which is larger tha after-treat

i ti onal |y cum St e L REout RIS ntcd Pl FF Regpicon s
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particul ar
is larger than the desired range, the after-treatment additionally comprises classification in a

preferred further development of step b) according to the invention of the process of the invention,

Possible classification methods are known to those skilled in the art, for example sieving or sifting.

The fraction of excessively large particles obtained after classification is, in a particularly
25  preferred further development of step b) according to the invention of the process of the invention,

subjected to comminution and classified again.

The classification and in particular the comminution with further classification according to the
preferred further development is advantageous because the specific catalytic surface area of the
heterogeneous metal catalyst compared to the particle size which can ideally be used for process
30  engineering reasons can be optimized in this way, Relatively small particles tend to agglomerate or
form dust, which is disadvantageous from a process engineering point of view, while relatively

large particles have a lower specific surface area and are thus disadvantageous in terms of the



25preferred further devel opnent of step b) according to the invention
of the process of the invention, subjected to conmm nution and
classified again. The classification and in particular the

comm nution with further classification according to the preferred
further devel opnent is advantageous because the specific catalytic
surface area of the heterogeneous netal gatalyst conpared to the
particle size which can ideally be used” process 30 engi neering

reasons can bqlesgpc;gf,g&;ﬁgy,élgloftﬂ{glpl%cég@&theRe,inggd vely small particles tend
to agglonerate or formdust, which is di sadvant ageous from a process

engi neering paint of view Lativ articles have
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t he norphol ogy o e catalytically active sites of the at |east one
metal (M on tHESHAHELBf t he heterogeneous metal catalyst (K) is
set so that the nitrogen-doped carbon nanotubes can be obtained in
hi gh yi el d and@hahddrgeneswaietl @ialze () this hpshoropnstagtge migbse dydace basicatgpically

si ze. The Qet eLRYEREAUR: A BLBbne %Iaﬁ('MﬁSA hl%ll@ le:lE‘ Hﬁthé’@t’%og% dRHa@MBon nanotubes
structure whose surface has catal ytical ‘ﬁ‘é ”ﬁ‘?dt active sites of the at

| east one net & FRF™ A *ﬁF‘@%Fé?O“SIF@‘F‘d“B‘fY“t PO eI Woperhieivhe he
nanot ubes per hamogtntousohetil etiglyo gengoudngret i ingat@l st the Kjrerlos eltithe @prous

therefore be g t@og}(e%gs e B8, ﬂ%h?&?&&ﬂ%@%ﬁ%mﬂ?&ﬁkmﬁﬁt al yst (K)

according to t nventlon S|nce nterior e porous
heterogeneous me to the s g
mator o ae 1A tR o e Five O et R st B EREG e % et e
condi ti oni tﬁg @ﬁtaltfshel(h@tl ér odyemeous 2rbithdr aftdFezypina | T teor(diiprivmspripases, for

advant ageous  aganfpld! tteltGibnt @it £fctileaERIIMERLor, fol BlafipE, Q{EEH. &hrptﬁlé aﬂﬂof@ﬁﬁw g ¥RS
for exanple, treatment with reactive atnpspheres

steam wi t h t h&3yh BPPTihr BYi FRgUitaeEe c4e ale P‘Fcédﬁﬂr E’)‘p@?lf‘i’eésby ?ﬁé’”g Sihdor
condi ti oni ng camifivgioplepeiteldr s, fcalditionehbf ity helbraghdg @uigi 0K) with a reactive

classificati Ogas SL& apf?}"dl:o%&lull.y@{oca%&eéﬁ) o%&‘:@.‘e& &f%'g&gs l{'?JntlJnElpcan be advantageous
het er ogeneous cat al yst a reactive gas such hydr ogen,

hydr ocar boffs, oo /Y%E aragcugrly t“ﬁ‘@“’@agﬁ%ge??éﬁtme&‘héﬂalﬁh%)b@m conditioning

advant ageous enables the oxidation state of the metal compounds present in the heterogeneous metal catalyst (K)
to be altered but also enables the morphology of the resulting catalyst structure to be influenced.
Preference is given to the direct use of the catalyst, reductive conditioning or else conditioning in
the form of a complete or partial conversion of the metal compounds present in the heterogeneous

25  metal catalyst (K) into the corresponding carbides.

The introduction of the heterogeneous metal catalysts (K} into the fluidized bed in step ¢} of the
process of the invention can be effected continuously or batchwise. Continuous introduction of the
heterogeneous metal catalyst (K) into the fluidized bed is preferred. The heterogeneous metal
catalyst (K) can be reduced as described before introduction, be added in an oxidic form of the

30 metals (M) or even be added in the form of the precipitated hydroxides or carbonates.

The fluidized bed used in steps ¢) to ¢) of the process of the invention can comprise a reaction
space confaining a bubble-forming fluidized bed, turbulent fluidized bed or a fluidized bed through

which jets of gas pass, with internally or externally circulating fluidized beds being able to be



20 in order to obtain a particularly reactive heterogeneous netal
catal yst (K). Such conditioning enables the oxidation state of the
nmet al conpounds present in the heterogeneous netal catalyst (K) to be
altered but al so enabl es the norphol ogy of the resulting catalyst
structure to be influenced. Preference is given to the direct use of
the catal yst, reductive conditioning or else conditioning in the form
of a conplete or partial conversion of the netal conpounds present in
the heterogengoysy %ggﬁgﬁtpeéslbﬁ% alr%dﬁze theDetckodinout n,@talccqzraryﬁﬁpfaglanfqudmd bed
carbides. The I ntroduction of het er ogeneous netal cataly (Ké
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ni trogen or udrdigenet is| ldagte givo tetusing iimgddiran er thalas l¢@E)onoftavitd mhterat (E)
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material (8 d‘BE‘?ﬁﬁ“l RPTFGee & HBR ah SR REgE A2tereh 89 sgigtedifigm (eslist methane,
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propionitrile,  butyronitrile, pyridine, pyrrole, pyrazole,
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addition to t Hléthg{luupggge[d agﬂrglngiogpfqvwo%&ﬁréfslaéqactleﬁion for carrying out the reatfion

as per step d) of the process of the invention, which reaction zone is characterized by a reaction
temperature according to the invention, a reaction pressure according to the invention and a gas

velocity according to the invention of the gases introduced.

30  The gases introduced can comprise the at least one starting material (E} according to the invention
in the gas phase and also further gases. Further gases preferably comprise hydrogen and/or inert

gases. Inert gases preferably comprise noble gases or nitrogen.



conprising carbon and nitrogen, a further starting material (E) which
does not contain any 20 nitrogen. Preference is given to a further
starting material (E) selected fromthe |ist nethane, ethane,

propane, butane and hi gher aliphatics which are present in gaseous
formunder the conditions in the reaction zone described bel ow and

al so ethyl ene, propylene, butene, butadlqne and hi gher ol efins which
are present in gaseous formunder the condltlons in the reaction zone
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catalyst (K) into the product, viz. the nitrogen-doped carbon nanotubes.

The pressure according to the invention in the reaction zone in which the reaction as per step d) of
the process of the invention is carried out is usually in the range from .05 bar to 200 bar,

30  preferably from 0.1 bar to 100 bar, particularly preferably from 0.2 bar to 10 bar,

The pressures according to the invention and preferred pressures together with the abovementioned

temperatures according to the invention and preferred temperatures produce conditions in the



of the process of the invention is carried out is usually in the
range from 300C to 1600C, preferably from 500C to 1000C, particularly
preferably from 600C to 850C. A tenperature which is too | ow
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Gas velocities which are too
operation of fluidized beds and is comprehensively described in the literature (Daizo Kunii, Octave

Levenspiel, “Fluidization Engineering”, 2nd Edition, Butterworth-Heinemann Boston, London,
20  Singapore, Sydney, Toronto, Wellington 1991}). Methods of determining this minimum fluidization
velocity are likewise known to those skilled in the art. The minimum fluidization velocity is
distinet from the settling velocity of an individual particle. A person skilled in the art will know
the theoretical background to this distinction. However, to give a better understanding, it may be
said that the settling velocity of an individual particle is greater than the minimum fluidization

25  velocity of a bed of these individual particles.

The determination of each of these velocities is possible because the particle sizes of the
heterogeneous metal catalyst (K) are set according to the process of the invention or one of its

preferred variants.

Operation of the fluidized bed or at least the reaction zone of the fluidized bed under the
30  conditions or gas velocity just described is advantageous because it enables discharge of individual
particles from the fluidized bed to be avoided and at the same time enables intensive mixing and
thus contacting of the gas stream comprising the at least one gaseous starting material (E) with the

solid to be ensured, which in turn results in maximum conversions over the heterogeneous metal



15l ow result in defluidization of relatively |arge aggl onerates and
accordingly undesirabl e caking of the contents of the reactor.

M ni mum fl ui di zation velocity is a termknown to those skilled in the
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20 doped carbon nanotubes (NCNTs) which have reached the intended maximum agglomerate

diameter are removed from the fluidized bed.

The discharge in stepe) of the process of the invention can be carried out batchwise or
continuously. The batchwise embodiment of step e) of the process of the invention can be carried
out by simple taking-off from the fluidized bed after the growth time has elapsed by means of a
25  suitable discharge device. Here, the introduction of the gas stream comprising the at least one

starting material (E) into the fluidized bed may have been stopped beforehand.

However, the discharge as per step e) of the process of the invention is preferably carried out
continuously, Particular preference is given to step ¢) being carried out continuously and the
fluidized bed being provided with a screening discharge device. Such devices are generally known
30 to those skilled in the art, e.g. as sieves, with recirculation of the fines to the fluidized bed and the
reaction zone of the fluidized bed likewise having to be provided. Such a device ensures that only
agglomerates having a diameter above a chosen maximum diameter are discharged from the

reactor and smaller particles remain in the reactor.



the settling velocity of each individual particle, an apparatus for
recircul ating discharged particles, e.g. a cyclone, can be installed
downstream of the fluidized bed. This can also occur in addition to
10t he abovenentioned requirenent in order to be able to prevent

di scharge in the event of an operational malfunction. According to

t he enbodi nents according to the inventign and preferred enbodi ments
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catal yst (K) are formed. The di scharge of the nitrogen-doped carbon
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enbodi ment of step e) the process of the invention can be carried
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precipitation from metal salt solutions (MS) in combination with rther process steps for

achieving tailored properties for the subsequent reaction step in a fluidized bed (see above: setting
of the particle size and also suitable treatment) to form the nitrogen-doped carbon nanotubes

15  (NCNTs) produced has been found.

Furthermore, it has surprisingly been found that the heterogeneous metal catalyst (K) produced by
the process of the invention displays, in subsequent use, no formation of nitrides and thus no loss
of the catalytic activity for producing the nitrogen-doped carbon nanotubes (NCNTs). As a result,
it is possible to obtain, inter alia, the yields of nitrogen-doped carbon nanotubes (NCNTs) per

20 amount of heterogeneous metal catalyst (K) used as disclosed in the later examples.

In its totality, the process presented here makes it possible to produce nitrogen-doped carbon
nanotubes (NCNTSs) in high yield based on the mass of catalyst used combined with very good
quality and a high proportion of graphitic material, with these carbon nanotubes at the same time

having a very narrow distribution of the geometric dimensions.

25  As further advantage of the process of the invention, mention may be made of its simple scale-up
since all embodiments of the process steps of the process disclosed can be carried out continuously
in a simple fashion by means of apparatuses which can easily be scaled up by a person skilled in

the art,

The nitrogen-doped carbon nanotubes (NCNTs) produced by the process of the invention and its
30 preferred variants can virtually always be used without further work-up because of the low content

of heterogeneous metal catalyst (K).

If a work-up is nevertheless desired, the nitrogen-doped carbon nanotubes (NCNTs) can be



However, the discharge as per step e) of the process of the invention
is preferably carried out continuously. Particular preference is
given to step e) being carried out continuously and the fluidized bed
bei ng provided with a screening di scharge device. Such devices are
generally known 30 to those skilled in the art, e.g. as sieves, wth
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atomic force microscopes).

The process of the invention and the catalysts used according to the invention are illustrated below
25  with the ald of some examples, but the examples do not constitute a restriction of the scope of the

invention.



25As further advantage of the process of the invention, nention may
be made of its sinple scale-up since all enbodinents of the process
steps of the process disclosed can be carried out continuously in a
si npl e fashi on by nmeans of apparatuses which can easily be scal ed up
by a person skilled in the art. The nitrogen-doped carbon

nanot ubes (NCNTs) produced by the procesg._of the invention and its
30preferred variants can virtually always be used w thout further
wor k- up becausgagflest he | ow content of heterogeneous netal catalyst
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lighting d?y : ?3301%@90 n%l o?gexomzedf vluagalr glthesftutrl%gtwhttlern?a?nstzlmsrrgg the pH at 10. The volume flow
of the solution A was 2.8 1/h. The volume flow of the solution B was continually adjusted so as to
ensure a constant pH. The solid obtained in this way was filtered off and subsequently washed free
of NaOH by means of displacement washing. The filter cake was dried overnight at 180°C in air
and subsequently calcined at 400°C in air for 4 hours. Calcination gave 1046.9 g of a black solid.

20  The theoretical ratio of the components used is Mn:Co:Al,O3:MgO = 17:18:44:21.

Example 2:

Four solutions of 863.4g of Co(NO3)»6H,O in 1439 ml of deionized water, 736.8 g of
Mn(NO;},4H,O in 1439 ml of deionized water, 264.8 ¢ of AI(NO;);9H,0 in 575.6 ml of
deionized water and 230.2 g of Mg(NO3),-6H,0 in 431.7 ml of deionized water were produced.
25  The Mn- and Co-containing solutions and the Al- and Mg-containing solutions were in each case
combined and stirred at room temperature for 5 minutes. The two solutions obtained were
subsequently likewise combined and stirred for 5 minutes. Any turbidity was dissolved by
dropwise addition of dilute HNOs. The solution obtained in this way will hereinafter be referred to
as solution A. A solution referred to below as solution B was produced by stirring 544.3 g of
30 NaOH into 2099.3 ml of deionized water. At room temperature, the two solutions A and B were
conveyed by means of pumps through a valve mixer so that continuous mixing was ensured. The
stream of suspension obtained was collected in a vessel containing an initial charge of about

500 ml of deionized water with stirring, while maintaining the pH at 10. The volume flows of the



O her uses of the nitrogen-doped carbon nanotubes (NCNTs) produced
according to the invention include use as storage nedium e.g. for
hydrogen or |ithium in nenbranes, e.qg. for the purification 20 of
gases, as catalyst or as support material, e.g. for catalytically
active conmponents in chemcal reactions, in fuel cells, in the

medi cal sector, e.g. as framework for thg-control of growth of cell
tissue, in the diagnostic sector, e.g. as marker, and also in
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17: 18: 44: 220 Exx@jrqghsgs 927 m/s. The feed gas mixture is produced in an upstream electrically heated fixed
bed (diameter: 30 mm, height: 1000 mm, packed with glass Raschig rings); the acetonitrile is
metered in liquid form into this by means of a metering pump; the nitrogen and the hydrogen are
introduced in gaseous form into the evaporating acetonitrile so that a superheated gas mixture
leaves the fixed bed at a temperature of about 200°C and enters the fluidized-bed reactor,

25  Nitrogen-doped carbon nanotubes are formed on the initially charged catalyst in the fluidized bed,
as a result of which the catalyst particles are broken up and the agglomerate particles of nitrogen-
doped carbon nanotubes and catalyst residues are formed. The feed gases are supplied to the
catalyst for a period of 90 minutes until the catalyst has been completely deactivated; the activity
of the catalyst is monitored via the hydrogen evolution in the reactor determined by means of gas

30  chromatography. After the reactor has been made inert by means of nitrogen, 220 g of a black
powder are taken from the reactor and a further about 350 g of product remain in the reactor as
initial charge for the next batch, The structure and morphelogy of the nitrogen-doped carbon
nanotubes deposited were determined by means of TEM analyses (instrument from FEI, model:

Tecnai20, Megaview III; method as specified by the manufacturer). The amount of nitrogen



Four solutions of 863.4 g of Co(NGB)16H20 in 1439 m of deionized
water, 736.8 g of Mi(NOB)2-4H20 in 1439 m of deionized water, 264.8
g of AI(NG3)3.9H20 in 575.6 m of deionized water and 230.2 g of
My(NGB) 2. 6H20 in 431.7 m of deionized water were produced. 25 The
Mh- and Co-containing solutions and the Al - and Mj-contai ni ng
solutions were in each case conbi ned andigstirred at room tenperature
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Production of nitrogen-containing carbon nanotubes 4 exanpl es of

t he production of nitrogen-doped carbon nanotubes by the process of
the invention are presented below All relevant experinenta
paranmeters are shown in Table 1; Exanple 5 10(catal yst having a | ow
| oadi ng, no addition of ethylene to the feed gas) is described in
detail here. Exanple 5: 24 g of catalyst 1 fromExanple 1 are
introduced into a fluidized-bed reactor which is made of

hi gh-t enperature-resi stant stainless steel and has an internal

di ameter of 100 mmand in which an initial charge of 350 g of

ni t rogen-cont ai ni ng carbon nanot ube aggl onerates is al ready present.



15 The catal yst particles have a dianeter in the range from32 gmto
90 pm The reactor is electrically heated fromthe outside to a
has been nade

reaction tenperature of 750C and,

inert, the reaction m xture consisting of 15 g/mn of acetonitrile,

after the reactor

25 standard I/mn of nitrogen and 3.6 standard |/ m n of hydrogen are
fed into the apparatus through a perforatsed plate at the | ower end of
gas velocity at the |lower end of the

react or under operating 20 conditions is 0.27 ms.
m xture is produced in an upstreamelectrically heated fixed bed

the r

eactor.

(di anmeter

nmet ering punp;

The

superfici al

The feed gas
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the acetonitrile is netered in liquid forminto this by neans of a

the nitrogen and the hydrogen are introduced in

gaseous forminto the evaporating acetonitrile so that a superheated
gas m xture | eaves the fixed bed at a tenperature of about 200C and
25 Nitrogen-doped carbon nanot ubes

enters the fIU|d|zed bed reactor

are f[t

a reql

aggl qt

resi di

a penio

deactfi:va

hydr agen.

chr onat

ni traggen; 208" Qg “prack . pgy

furt Il : aly ut SSC Y .UI }JI U.uu.\.,‘i : CTTOT T i

charge for |[the ngxt batch. The structur

ni tr dgen- dgped cd™idrPHedteltes Heposited werg detef mined| by ngans of
TEM anal ysd4g (i nqur.uswemt fr om7kEL3.9odel [ 33Tecna 20, Megavi ew.Dl ;| 0.51%
met hqd _as dpecifiled by the nmdAnuf acturer The| anobunt of nitrogen -
18 - |i ncor gor at ed Mnsced@iceiybried py neans of ESCA angl ysis| (insyrunent
f r om|Ther myFi sher|,  ESCALab 220i XL.: methpd as specif({ed by|the

manuf{dct ur er) . Tré7e%ﬁ¥%nt of7ﬁ? Bogen pised bh cat pbyst (5ed, | 084%
her eimaftenr—referred—to—as—yetd—was—deHinedron—thebasts—of—the
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case|of 5 |Exanplle 5 examined in|detail|here,|a yield of B.2 g|of
NCNTAg of ¢at. i 9 L eve nd the nitrpgen cpntent|of the product is
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19 - Table 1: Overview of experinents for catalyst

but

testing in a fFizwd dovad- W@ﬁnlﬁppa}eatougmgograph of nitrogen-doped carbon nanotubes from
Example 6



Fig. 1 shows a transm ssion el ectron m crograph of nitrogen-doped
car bon nanotubes from Exanple 5 Fig. 2 shows a transm ssion el ectron
m cr ograph of nitrogen-doped carbon nanotubes from Exanple 6 - 20 -
Clainms 1.Process for producing nitrog B-doped car bon nanot ubes
(NCNTs), characterized in that it coﬁ% ifses at |least the steps a.
precipitation of two netal salts (MS) conprising the netals (M
Cobal t (&l@insand Manganese (M) together with a further conponent (1)
conprising Magnesia (My) and Aluminum (Al) in a solvent (L) to give a
suspensi onl(S) Poteey fospmdicigntitopch-dobdd cabbon aspaibed (NG TEX chatabterized in that it
appropriate after-trea lgea;pt%le%f the solid (F) fromthe suspension (S)
a

to give a heter((:)oglgn neous metal *eat al yst (K) in the form MM: 110: 120

in which ML is be| ng..pk ' f ' %
and T 42 i's Co bei ng aaiatho bBaRaRAR) cbAsl:ghatertt O Sob G k)
110 is Al 203 bei ng prianserese (Mn)atogathes withar flinber winppreon(lh corpripihg Bagnekia
120 is MyO being pr tind RiufidTBSAD i 3GEVAR (190 bR DRl iRiod 05) Bbmpisi

i ntroduction of theqﬁgs?e?oggnleouz( tal 1cat glgytg%&( K)S'%Pnnggzgs)f‘%ﬁfr&mfead
bed, d. reaction of satd{fdast one gaseous starting material (E)
conprising a nitrogen-containjng organic conpound in the flujdized,
bed over the heter ogErRERGY aifpif appropripts afjerireptpentof thesplidb ) figmdhe suspepsips
Eagg\rer ;rom 3800 L 0 J(ﬁ%@i\kﬁhaw@enaiue rr@gecmag,@qe;qinﬂ@erfe@nma%@nm- Nﬁl which
NCNTs), e. discharge of the nitrogen-doped, carhon _nangfu g S
from the fiutdi sed B ¥ Wisdustst Bt arangion 3T BPPH B AAAMEG & POk
in that the separ at ippsentrin s e flaptidnsof Cramrl © @0 Gtiand IO ishe, Qi @feseat in a
filtration which is I t nashing of the soli .
(F). 3.Process accort S!ﬁggc\t{\%goaﬁ%mﬁ totﬁgﬂgﬁ?gggé%qﬁéalg %%ﬁmtmamasg fhction
characterized in theatffram 546 ¥&¥-t r eat nent of the solid (F) is

provi ded. . )
c. introduction of the heterogeneous metal catalyst (K) into a fluidized bed,

d. reaction of at least one gaseous starting material (E) comprising a nitrogen-
containing organic compound in the fluidized bed over the heterogeneous metal
catalyst (K) at temperatures in the range from 300°C to 1600°C to give nitrogen-
doped carbon nanotubes (NCNTs),

e. discharge of the nitrogen-doped carbon nanotubes (NCNTs) from the fluidized
bed.
2. Process according to claim 1, characterized in that the separation in step b) is carried out

in the form of a filtration which is followed by at least one washing of the solid (F).

3. Process according to any of the preceding claims, characterized in that an after-treaiment
of the solid (F} is provided.

4. Process according to Claim 3, characterized in that the after-treatment in step b) comprises

at least one drying of the solid (F) and/or a calcination of the solid (F).

5. Process according to any of the preceding claims, characterized in that the heterogeneous
metal catalyst (K) comprises particles having an external diameter in the range from 20
um to 1500 um, preferably from 30 pm to 600 pm, particularly preferably from 30 pm to
100 um,



4. Process according to Claim3, characterized in that the
after-treatnment in step b) conprises at | east one drying of the solid
(F) and/or a calcination of the solid (F). 5. Process according to any
of the preceding clains, characteri zegli n that the heterogeneous
metal catal yst (K) conprises particle$ having an external dianeter in
the range from20 gmto.1500 referably from 30 gmio 600 gm.
bar 1 cut ar Py pr EPERRIsA PR G dat Efrbcedng Batngyones el f dappg smedihin sep
accordi ng to ang) iefeartibd oywra: ¢etheragrs| iaitsrangehfeorna 6008€Ci tz @ 000°Q, prifatabliy fdm
reaction in stegeh igg&arried out at tenperatures in the range from
500C to 1000C, preferably from 600C to 850C. 7. Process according to
any Of the;pr eCRflhold bl Trant BARARLRELE Aftab bl Dbickd'S ol ik o REh
in step d) is operated so that, at” [east I n the reaction zone, a gas
vel ocity whi ch #e 9 isgperated sq Batog lgaptinthe raaetionizerienaigns velogiaiwhishiiofom [.1 to
velocity of allgiahdsivtd BRinReARRkatoR vEIbGty ok il figad Jia&gn iSthS hidizé belf5E
of the nitrogen-doped carbon nanot ubes (KICNTS produced by the
process accordiffy to any of the preceding clainms in polynmers,

ceramics of netals as constituent of a conposite for inproving the_
el ectrical and/@?‘: °tfﬁ@ﬁﬁﬁﬂg%‘iﬂﬁﬁﬁ?ﬁ%ﬁ?@ﬁ%r%%ﬁ?dﬁlthepﬁrﬁﬁﬁrat"foéjé‘?g
9. Use of the niotanggenhe ppedingadling ih ol9iet eserdnliésNiShetait o ushtinbyt drhe
,P :: ggﬁgs aﬁgfg: d::cn %@%@F f}n\gxémg{r?v%'lgta{l}%ge%mga? aZd/grotliaerBl%Pgtg’rll Lcrt]igiq? grrll ol%CI;[lé?:Lanical
properties.
9. Use of the nitrogen-doped carbon nanotubes (NCNTs) produced by the process according

to any of claims 1 to 7 for producing conductor tracks and/or conductive structures.



