Catalyst and process for hydrogenating organic compounds The invention
relates to a catalyst and a process for hydrogenating organic compounds.
Hydrogenations are a transformation method which is often employed in the
chemical industry for organic compounds having functional groups such as
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The proportion of nitrogen present in the nitrogen-doped carbon nanotubes
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25 The proportion of pyridinic nitrogen in the catalys the invention is preferably at least 20 mol%
of the nitrogen present in the nitrogen-doped carbanotubes. The proportion is particularly

preferably greater than 30 mol%.

Likewise, the ratio of pyridinic nitrogen to quatary nitrogen is preferably at least 1.25 mol/mol,

particularly preferably at least 1.3 mol/mol.
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20hydrogenation reaction The proportion of the nitrogen-doped carbon
nanotubes in the catalyst is usually at least 50% by weight. The proportion is
preferably at least 80% by weight, partlcularly preferably at least 95% by
weight.  Apart from the nitrogen-doped carbon nanotubes, the catalyst of

the RYeRHoN AL NN CANRTESLR G SRinitasss.ehmstals. In the context
of the present invention, fillers are all substances which are present as inert

mat\%ﬂﬂ!)h?%@éﬂ HW&PS &ﬂ;ﬂ ?Q aﬁ%p%e%iﬁgg%%'?n%% resﬁ %H tr}aft }he symmetrical

substances hare not cat trc mrtrng e amp es of fillers
are %P?ﬁs‘t@r‘?&@eﬁltﬁﬂme&ﬁ% ttaHIBNTHiBGde, BirdbAHRE dRSGaessient  particularly
mixtuiestipaciy Steatta, cabting, igtassedrals ajeRiteith-Hydrtlgermetials is therefore more

§e"?85%‘F|Jr%UMQﬁegr%‘pré:é%‘ﬂ%s%%c‘?éf %o '\th ﬁaé%g}(n G 31 GRaMD Aldthrial 10 be

heSe metals may or may not be catalytica tive. Whether the traces

of n’u‘ét’é@?fbﬁ‘t?ﬂn% t@&tﬁ%?ﬁcafllﬁl%‘t‘f\%ré{d?ﬁrﬁaﬁ@ﬁt@ "RBESSRYtIS FEFSaed. while the
presentémeastitioed Tdieecatarykic affettogeaondinigetogtimedopehtiarbsbasedudes are not
the SgpliviRafOGa0PREA CAPALAADRURESHIRIAN NG SHERRSRLEERBIex wit
In a preferred further development of the catalyst of the invention, the traces
of ni¥Ei9%e therefore washed out from the nitrogen-doped carbon
nanotubes so that the catalyst no longer comprises any traces of metals.

1&ucR WaIRiRGESUY T hdhefaitas ndfRe dofRRINaRES chenfidRIFpGHfiatiGishing with a
steprinardlichotiganit Aaitrogariapgsieasteon nanotubes are treated with a
mineral acid, for example an acid selected from the group consisting of: HC1,

HZ%hwm%d't%%arﬁa@eaﬁ@fﬁ%e%é%@V@aam'ﬂ@e%@t&l@t%ﬁm@%s of which the
very refer%(ﬁ/ QC1 bThe concEntratlon of the crd IS pre e}e bly fré)m q i
Ct% el By \(/:vaerlgan} of e Vel Ty par? cuTmeK/ pre era Iy fom 1 On Mgy eactons

to mhnbmy re passatvelribesticsifluenof prisiples miproged ey result.

hydrogenating organic compounds by means 15 of hydrogen, which is
1&hatactdikteads phadibive foydhegeiratien-dsgal ricboartotubles prelsencesehain chemically

cataystwhich.§aspRrises nitrogen-doped carbon nanotubes as catalytically

active component, the proportion of nitrogen in the nitrogen doped carbon

”a”Bh%tﬁ?atsfﬂ?réngna‘i’i%t%Er%“p% 20 \B¥e‘é’ ” 1 e graRnilie Fﬁ%?iéuon of the

andt e nitrogen Is present at east y In p r| inic arrangement.

20CHPEHRISBhRSIUAERIater WiB T&tsrﬂ%tﬁtyaﬁ%%r@wﬁ“meﬂ%ﬁfb&rr nanotubes may be

substéeneesenhitibdibiviarad leasti enendydriagepainecacties fipnoinial gioywarposes of the
zwht?y'b%%ﬁét&&k aroups can be referred to as hydrogenation-active functional

groups Is generally known to those skilled in the art. Nonlimiting examples

are tro rF?u 1ol of %I;rle r% eerttj Cc)igds % % tﬁ'%'grgm%”dt earotn?%{(%snt?&tally at least 50% by
carbon))? groups, nitrile gro ps, ester groups diolefin
weight. The proportion is preferably at least 80¢owight, partrcularly preferably at least 95%

by weight.
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In the context of the present invention, fillere atl substances which are present as inert mhateria
together with the nitrogen-doped carbon nanotubesall substances which are not catalytically
active. Nonlimiting examples of fillers are, forstance, alumina, silica, titanium dioxide,

zirconium dioxide or mixtures thereof, steatiterareic, glass or graphite.
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25The process of the invention can either be carried out so that the organic
compound and the hydrogen are present in gaseous form or so that the
organic compound is present in a liquid phgse and the hydrogen is present in
gaseous form If the organic compound is present in a liquid phase, the liquid
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and the hydrogen is present in gaseous form.

If the organic compound is present in a liquid ghadbke liquid phase can be formed by the organic
compound itself or the organic compound can begmteis a liquid solvent.
30



If the organic compound is present in the gas phase, the process can, in this
alternative embodiment, be carried out at temperatures in the range from 120
to 750C, preferably from 140 to 650C, par%?ularly preferably from 200 to
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more stages. In a preferred further development of the process from 2 to 10,
DU AL B8 B BB IS AR A0 2o LRI AL By vt
reaction Zones connected in series can be presenP With coo |ng zones

1Qbl S8y preiofticrretaibeiamert iPupBIgPia Rt HeIRY drbes tcatpe pref efab'y from
intrachseey eiher ersoedypyagegher with the organic compound upstream of
20 the first reaction zone or its introduction can be distributed over the
vari(pgq@ f@ﬁﬁ@%&?ﬁ&ﬁwﬁ&iﬁﬂtﬁ@fi@%@ﬂ@rﬁ(’j&@@ﬁ%&ﬂétﬁ&@ﬂﬂtb@h@h|6%&P¥$ﬂasé%lﬁﬁ$prising the
can be present within one of the above-disclos ctio par, es or
ot B MR A LS G e RO AL 5 oD PR B0l i the
procargedfaneiiGentidn preferably comprises nitrogen-doped carbon
nanotubes which have a nitrogen content of from 0.1% by weight to 20% by

15veight wapeicliarly d2t pneted alylydieyncOnShieksy Wieegihtb tesk8¥limyinvergiot) is not actually
the grapRiticlaYRIS 1lRe RFANOHIARATINR RYARED R {rRIECESR 9&9 of he catalyst

carbon nanotubes which is present as pyrldlnlc nitrogen is likewise, era ly
at 16550 2 TGS SRASC AR ol R Bratiteiss, resatds

mol%. Furthermore, the ratio of pyridinic nitrogen to quaternary nltrogen in
the ﬁh‘?d@@h%?é%‘éﬁtfﬂﬁ ﬂ%@%ﬁbg@f%ﬁ@@@ﬁ%ﬁ%ﬁ%mBé@lt%d;ﬂ‘ﬁé‘?eﬂﬁwp”s'”g the

at leagardic2omalimols pariduiacky prede raldyocpdeasibly3ronoliroal.t.oT4® bar, particularly
2§at?4>’€f&r(é%ﬂ/ e Rressntas lpgse material or as a fixed bed. The catalyst is

preferably present as a fixed bed. In a preferred further development of the
process elothafityentisidethtaatadlint b Pppeniae pidxessht dhia iherdmmoha actually

SUUEHIGARGDd) WRICR P fRtaly st ARV DGHERSES IR MR DWWty of the catalyst

used, the low conversions and space-time yielderttek process uneconomical.

25 The partial pressure percentage of hydrogen indgeirations in the presence of a liquid phase
comprising the organic compound, expressed asdbeeptage of the total pressure in the process
made up by the hydrogen partial pressure, can lieeirange from 50 to 100%. It is preferably

above 70%, particularly preferably above 90%.

The apparatuses in which such a process can bhedcaut are the reaction apparatuses which are
30 generally known to those skilled in the art undes generic terms, for instance a stirred vessel

(slurry reactor), nozzle reactor, bubble columickte-bed reactor, membrane reactor, etc.



5direction in the reaction zone. Such a structured bed can preferably be
achieved by a differing content of nitrogen-doped carbon nanotubes in the
catalyst of the invention or by different dilyriiqn with an inert material or by use
of catalysts comprising different proportions of quaternary nitrogen in the

nitr ) e I gy’ I | alternative
QO @k d&BEﬂ&%@HFbGﬁ@C&UBF& 10'n arfy g'&s prateredeabedimentql atemat

the process, the catai/st is present as shaped bodies in the_reaction zone.

. 2] In
this TIRALMSRAfBR & SHISS M EMP 8- ERUNBRAB TR THER? Maltetibe RAv{qsRPlY from 140 to
proviel¥€. HasticoHadiyutieteaitl irvert2@ateG801€ provided, the inert material is
preferably present in the form of shaped bodies similar to the catalyst

alongmﬁdestbigteaéa_btm bl_eﬂ;mjmntevet méﬁeeqweﬁ:gmwwmmmdahegaedobgm is usually
%L% AaRmelie hrdies Wwhish e madeq) hisn MBX@%&EQQ&Q@?S}%@%W 1510

have any, predefined shapes, as can be obtained, for example,
preéé’in’?@'f'Preferred shaped bodies are pellets, rings, cylinders, stars, wagon
wheels or spheres. Particular preference is given to spheres, rings, cylinders
or staeSaPamitesSTAEBIvR Bthe RIPAPEICEB RS M BN IRasHOPARGArRYAeS generally

500kivviA B tRBL@BKINGINH ARGt aihe phedejakdtdio Mo itetanaaixdRlbEeor fluidized-bed

Or9anIe, SRR 5 BISSANL Algyd phase. itis also possible, in an
alternative embodiment of the process of the invention, to use a fine powder

1 RHATEER, LGB LR BERL Ot R BHIR e D PRt form. e
advaivegseovisiipelioventihe lsare lsyeatiedsgut it donyidedigemaliv reofapproximately

Orgah &MBRPUNE ek an AR ieQ VB ERIG O rRBIESSHEMRING. Yield and
dispenses 25with the use of expensive noble metals or pyrophoric catalyst

congliiRRitrd NG RIGEERS Qe IBYENIANNILOe ditFALEd PLOWWERIRE Alffied out

of examples which do not, however, constitute a restriction of the inventive
cont¥PNU¥amples: Example 1: Production of nitrogen-doped carbon
nanotubes 72 g of a Co-Mn-Al-Mg mixed oxide catalyst (Mn:Co:Al203:Mg0

13 7:18:28c0 20351 HHRREA 488 Beddhise HefBIOS RBREFFAI TRATE IDCU?/Q0B3I7Sages.
example 2, were placed in a fluidized-bed reactor in 5 which an initial charge
of 36 geferor/kntiendé wzioboe manhdialpeoatginiior dbe sréBaglbes, Xtord, particularly

BaygeMalayialpeienss, Mpatasalready, Rigsesds sdesdeArhieneswaliid®bresent, with
dlstrlbtitlon of thg as ﬁrea and tge t%m\ﬁeratlﬂre in the fluidized bed.
cooling zones betng able to be provided betweem theppropriate.
The hydrogen can be introduced either entirely ttugrewith the organic compound upstream of
20 the first reaction zone or its introduction candigtributed over the various reaction zones. This

series arrangement of individual reaction zoneshmpresent within one of the above-disclosed

reaction apparatuses or be distributed over indalideaction apparatuses.

The catalyst used in the process of the inventicfepably comprises nitrogen-doped carbon
nanotubes which have a nitrogen content of frond0bly weight to 20% by weight, particularly

25 preferably from 0.5% by weight to 18% by weighttlwe graphitic layers.

The proportion of the nitrogen in the nitrogen-dbpearbon nanotubes which is present as
pyridinic nitrogen is likewise preferably at le&&t mol%. The proportion is particularly preferably

greater than 30 mol%.

Furthermore, the ratio of pyridinic nitrogen to tpraary nitrogen in the nitrogen present in the
30 nitrogen-doped carbon nanotubes is preferably adtl&.25 mol/mol, particularly preferably at

least 1.3 mol/mol.



The particles of the Co-Mn-Al-Mg mixed oxide catalyst had a diameter in the

range from 321.tm to 90 ja.m. The reactor was externally heated electrically

to a reaction temperature of 750C and, after 10 nitrogen had been passed

through (making inert), the reaction mixture consisting of 15 g/min of
acem'ggﬁiyggéwwﬁfgsmg BB@&%@%M@H%@&@W@%AK Iilsqbfreferably preserat as
hydrogen was introduced into the fluidized-bed reactor through a perforated

plattéxg‘lj B8 10ower end of the reactor. The feed gas mixture was produced in

an upstream electrically heated fixed bed (diameter 50 mm, height 1000 mm, _
filledM\RifHEHpASS RESERAPYRIGRTCThEY fpbrfififRRANS MHAb AR Ay RySieresant as a fixed
15 in¢a tinisHeefdiny oneasisuoiuaco etaring wuohpthtagaitiogen anctzehidibgenain flow
werg added inpaseous, fosm to the vaporizing acetonitrile in such a way that

a superheated gas mixture having a temperature of 200C left the fixed bed
and_entered the flujdized-bed reactor, In the fluidized bed, nitrogen-doped
AL e R e AR SR BL R R e0 caroon
resURHTWIGEH fhe eitlg5paritanvare Fiemeahdpien and aranejgiisse by usk o
partiatassg0ehipiingse aitiepad apoarmAbD Hidas atitbgaialySihee sittbgsnwieped carbon
forng]egmme catalyst was supplied with the feed gases for a period of 90

minutes unti the catalyst had been completely deactivated. The activity of the

catalyst was monjtored by the evolution of hydrogen in the reactor, .
et A RS SO A B RS ES RAN5hFiR R SR fhodies i the
evolatoivofdepdrogethim fthitherareles e ibbedimgdbcdilbgnafitoredf axalerst can be

10 gpavRREES tdhilDilbal WidomeasHiathvalyRiIvAhEaKen ARkiRunebriartimepresent |
of c%mplete er?aCtie\(fﬁioé?é AsfFr%El np%ktineq tgltgl eact [ itﬂgrga? ain, 220 g of a
blac ep(c)J\r/\r/'Ejgrvae S takETTrom the reactor el 56350 g of product
remained in the reactor as initial bed for the next batch. This procedure is
repdatBe P HRELUREI RIFS SN IRLCEPPo AR G RS bR Bl gre made of the
19 heahinvenehtdreat ncanepicds @ntlihatvee amyr qoyede lugpes, carloen Inanbtaibed, for example, by
pro Pé&%g'\w&gr@ﬂ thRa 3 MaRssoh ARyt Ul hesginafighfie KRERIEE: spheres.

as the productivity. A productivity of 7.6 g of n|tro%en-doped carbon

nanofleBgRSFTE ‘?Qﬁ?s'ts\ﬁ'é{gna@rgek‘/%r&s'-”l‘%ﬂld?% bR carbon

nanotubes produced in this way were finally washed under reflux with 2 _

mo1MecTF9CoL st ARk L ONER SR MTIREEHRPIR PHE Mtk &Yy mBlopEtvery particularly

carhosterabigtudres wesmiatermined by means of elemental analysis (Trustee

instrument, from LECO, method according to the manufacturer's
ZginSéfHﬁiQﬁ@nfE?&%mMﬂn@%%@hﬁNﬁsé-%@mi%tﬁ@@%ﬁgﬂgﬂtn an alternative

ondi tates of the nitrogen.and.the guantification of these were :

QoS RAR ) S ES T ANEA Gra e S RAT K powoer i

metPiSe EbborERTY @ prstisiasiafaetd Ao FOM BIRIRERBISY 0G-AROrR L of pyridinic

nitrogen to quaternary nitrogen in the nitrogen-doped carbon nanotubes

obtdine drezs Vo8 herolentdniOgnsinghlerd! Abweagsiyrlivsitregertedugsadously catalyzed

carhya HGHABHES organic compounds with a high ession, selectivity and yield and dispenses

25 with the use of expensive noble metals or pyrogheeaialyst constituents.

The process of the invention will be illustrateddee with the aid of examples which do not,

however, constitute a restriction of the inventtemcept.



These were produced as in example 1 except that acetonitrile was fed into
the reactor at a feed rate of 19 g/min. The productivity was 5.9 g of
nitrogen-doped carbon nanotubes/g of catglyst The nitrogen-doped carbon
nanotubes produced in this way had a nitrogen content of 4.1% by weight

and@(gﬁﬁg@f pyridinic nitrogen to quaternary nitrogen of 1.31 mol/mol. 15
Example roduction of nitrogen-doped carbon nanotubes These were

prO(%l(gﬁl |§§ |Brgéam8rl] ﬁ}(gg&glt &Eg)g?e gt%ﬁlg%} ?f catalyst introduced was

48 g and pyridine mstead of aCeto was f |nto e reactor at a feed rate
of 2 ggomn T ep

t t f nitro
nan&th8S/g 67 aFa L e hilis (%gcgt nlgwigfﬁ%ﬁlkﬁ% t}gs‘lér%zaug Qfluced as
in tMSSWﬁ%PﬁeraemmmdUﬁk@ﬁpypa%‘% Wg@ﬂ}@ﬂj]ﬁﬂomcﬂmailﬂﬂéﬂmﬁl@aﬁm in

eitrqm%quabﬁememéwmg@@ of doheriRHENRE FABNRE égé?derém@rasafywbes@ from

nltr(&en (R;f%rla r One OtUbe Thesere\/s\/ere ?Lodu ele aSUI!] Oerxamﬁrl u%lon of the gas
excépt that the welgPl? taiiys"i1 SADHDIESE WA 0% g he productiviy was e 9
13.@@@%@%@’@%@%&@6%1&%@5@@@ of catalyst The

nitrogen-doped carbon nanotubes produced in this way had a nitrogen
confinet @riicIE$0bthe Bedightldvid mixed o>odyaigin s mitegeneogiatemge yrom 32 pm to

n 'tr%qmpﬁﬂé%?é%amd%ﬁr%ﬂ%&w %%talgta@ ‘%fe@lﬁ%& %Q&%ﬁ&%@@g@&%@@ and, after
en was introauce e Ccuvi or nitrogen-adaqQ
L OTPHE R RES) BT B8 e A TG AV e R B e RTAARS of 1 i o
prodae@diinlehiswiapdrad it gerpeemanct BE Bl vynaibydragehavestiotiduced into

PyrighaifuRiegeBd f-attBteRrsUyhRIteas bR AN RV EXRIAPIR Ritor.
Production of nitrogen-doped carbon nanotubes 5These were produced as in

examl?eéoe R‘i}!‘u?é mf&%gJ&I@ ian §§§F9amdaﬂ/mﬁte-ﬁh§<ég %QHQH\QFXeter 50 mm,

was 5. 0 nitrogen-doped carbon nanotubes/q of catalyst. T

e A P O G T AR mt(agei?d in liquid form
1gontemttbs h&dbpyneseig bt amikgerat ohpytidipan mbbterioguetemsradded in gaseous

nirggie @f 2 MeNel AL @Qumn%'m@adsgmge% ol hixture having a

cataeysts as per examco
temperature of 200°C left the f|xed ed and enténedluidized-bed reactor.

In the fluidized bed, nitrogen-doped carbon nanesutormed on the Co-Mn-Al-Mg mixed oxide
catalyst, as a result of which the catalyst patickere broken open and the agglomerate particles

20 of nitrogen-doped carbon nanotubes and cataly&tues were formed.

The catalyst was supplied with the feed gases fmrend of 90 minutes until the catalyst had been
completely deactivated. The activity of the catalyas monitored by the evolution of hydrogen in
the reactor, determined by means of gas chromaibgrahe point in time at which the evolution
of hydrogen in the process had been reduced bytarfaf at least 10 compared to the initially

25 measured value was taken as the point in time optete deactivation.

After making the reactor inert again, 220 g of ackl powder were taken from the reactor; a
further about 350 g of product remained in the t@aas initial bed for the next batch. This

procedure is repeated 3 times until the entireaananotube bed has been replaced.

The amount of carbon present in the nitrogen-dometion nanotubes produced divided by the

30 mass of catalyst used will hereinafter be refea®the productivity.

A productivity of 7.6 g of nitrogen-doped carbomptubes/g of catalyst was achieved.



Nitrogen content [% by weight] Pyr./Quat. [mol/mol] 1 5.0% 0.81 2 4.1% 1.31
344%1.1547.7%0.5953.1% 1.396

10

15

20

25
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The nitrogen-doped carbon nanotubes produced sy were finally washed under reflux with
2 mol/l of HCI for 3 hours.

The nitrogen present in the nitrogen-doped carbanotubes was determined by means of
elemental analysis (Trustec instrument, from LEG@ethod according to the manufacturer's

instructions). The nitrogen content was 5.0% bygivei

The different bonding states of the nitrogen arel dbantification of these were determined by
means of ESCA analysis (ThermoFisher, ESCALab 2PQixnethod according to the
manufacturer's instructions). The ratio of pyridinitrogen to quaternary nitrogen in the nitrogen-

doped carbon nanotubes obtained was 0.81 mol/mol.
Example 2: Production of nitrogen-doped carbon nanotubes

These were produced as in example 1 except thadrarde was fed into the reactor at a feed rate

of 19 g/min. The productivity was 5.9 g of nitrogéoped carbon nanotubes/g of catalyst.

The nitrogen-doped carbon nanotubes produced sty had a nitrogen content of 4.1% by

weight and a ratio of pyridinic nitrogen to quagmnnitrogen of 1.31 mol/mol.
Example 3: Production of nitrogen-doped car bon nanotubes

These were produced as in example 1 except thateight of catalyst introduced was 48 g and
pyridine instead of acetonitrile was fed into tkactor at a feed rate of 26 g/min. The productivity

was 10.1 g of nitrogen-doped carbon nanotubestgtafyst.

The nitrogen-doped carbon nanotubes produced snwhly had a nitrogen content of 4.4% by

weight and a ratio of pyridinic nitrogen to quagmnnitrogen of 1.15 mol/mol.
Example 4: Production of nitrogen-doped car bon nanotubes

These were produced as in example 3 except thatefght of catalyst introduced was 104 g. The

productivity was 13.8 g of nitrogen-doped carbonatabes/g of catalyst.

The nitrogen-doped carbon nanotubes produced snwhly had a nitrogen content of 7.7% by

weight and a ratio of pyridinic nitrogen to quatemnnitrogen of 0.59.
Example 5: Production of nitrogen-doped carbon nanotubes

These were produced as in example 3 except thaveight of catalyst introduced was 80 g and

dimethylformamide instead of pyridine was fed iifie reactor at a feed rate of 31.5 g/min and no



3.5% 1.52 Examples 7-13: Hydrogenation of nitrobenzene 5 g of a reaction
mixture composed of a 30% strength solution of nitrobenzene in isopropanol
were placed in a stirred pressure reactor. ‘ll'{]_e nitrogen-doped carbon
nanotubes from examples 1-6 or 15 undopéd carbon nanotubes (BaytubesO,

fromﬁ@é%rnl\ﬂ,ggqﬁ%ﬁg@@pe AG) were in each case added thereto in such an
amount that the carbon nanotubes amounted to 3% by weight of the

Suswﬁgﬁaﬁu;fmggcgg O%%a&}‘%rﬂkring?ﬁ}éﬂg%'é&%ﬁﬁ%%{ggegg ' A ERRE 149 BAbgen-doped

and a stirrer spe rpmir ove-descri ressure reactor. _
Aftei1D0 IARQHERSTHEGEKEEHIA WiSsVEt HBE R BYN@EBieR e fréLureiabhdt a ratio of
to rpgraiteemergéune F0a(@d@yaitcbtfed seaddmonixture was, after the
nitrogen-doped carbon nanotubes had been separated off, subjected to a

gasechrmasoar aiidcoA AN EISyENatbEN esHh dr nettiiRackard HPE890, column
DB-5, 30 m; according to the manufacturer's instructions). The proportions of

anilifg. 13 the eBRIRRAAUTESATRRe 1 RBCHCASIARSWIMELZEA 18 1 g/min. The

table 2 for the various catalysts as per examples 1-6 and also for the

undBBEUEAPRanBRITES AP AE S2EBRMBRSE Y tRENShCTiBR Nitrogen-doped
mixtaresranahobtadgstsodscpdriedEmybeshad g Bxopht@atalySoAniynedightynd a ratio of

ared] {oRscRRfF &enko quaternary nitrogen of 1.52lmol.

10 Table 1: Composition and properties of the catalgstper examples 1-6

Ex. [] N'"Ogenw(;c.’gf]?t [%bY | pyr Quat. [molimoal]
1 5.0% 0.81
2 4.1% 1.31
3 4.4% 115
4 7.7% 0.59
5 3.1% 1.39
6 3.5% 1.52

Examples 7-13: Hydrogenation of nitrobenzene

5 g of a reaction mixture composed of a 30% stiesgtution of nitrobenzene in isopropanol were
placed in a stirred pressure reactor. The nitradpged carbon nanotubes from examples 1-6 or
15 undoped carbon nanotubes (Baytubes®, from BayeeftiédScience AG) were in each case added

thereto in such an amount that the carbon nanotaesinted to 3% by weight of the suspension.

The hydrogenation was in all cases carried oub@tQ, 40 bar and a stirrer speed of 1000 rpm in

the above-described pressure reactor.

After 120 minutes, the reaction was stopped byingdhe pressure reactor to room temperature
20 (23°C) and the reaction mixture was, after the ogén-doped carbon nanotubes had been
separated off, subjected to a gas-chromatograptaltysis (instrument: Hewlett Packard HP6890,
column DB-5, 30 m; according to the manufacturgrsructions). The proportions of aniline in
the reaction mixtures analyzed in each case arensuized in table 2 for the various catalysts as

per examples 1-6 and also for the undoped carbootnlaes.



318 asperex.2799 as perex. 365 10 as per ex. 4 19 11 as per ex. 5 98
12 as per ex. 6 100 Baytubes0 0.4
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Table 2: Composition of the reaction mixtures aathlysts as per examples 7-13

Ex. [-] Catalyst [%Abn;l Ianreea]
7 as perex. 1 31
8 as per ex. 2 79
9 as per ex. 3 65
10 as per ex. 4 19
11 as perex.5 98
12 as per ex. 6 100
- Baytubes® 0.4

It can be seen that, in particular, the nitrogepedb carbon nanotubes which have a ratio of
pyridinic nitrogen to quaternary nitrogen of greatkan 1 have a particularly high catalytic

5 activity and accordingly have a particularly higtogortion of aniline in the reaction product after
reaction in the process of the invention.

In addition, a surprising almost linear correlatibetween the ratio of pyridinic nitrogen to

guaternary nitrogen and the achievable conversittndniline is found.



It can be seen that, in particular, the nitrogen-doped carbon nanotubes which
have a ratio of pyridinic nitrogen to quaternary nitrogen of greater than 1 have
a particularly high catalytic 5activity and gigqrdingly have a particularly high
proportion of aniline in the reaction product after reaction in the process of
the ygption. In addition, a surprising almost linear correlation between the
ratio of pyridinic nitrogen to quaternary nitrogen and the achievable

Conve.rﬁioi&i@é%g ing '.dF%'éLdauﬁ?l 'a%'@@r%rﬁodﬁh89&%’%%@{?&'&‘1{%%‘%858@ carbon
organic compounas, w ich comprise nltroge -aoped carbon nanotu es a )
catalyticalJPACHPETBNHFENEIBANACIY  RAMRYIY PHAE R o8 i prportion of
nitrogen imitheyaitrioges-dopegdncashen cabotulaishicstser ange flom 0.05 to 20% by

g()% by 5‘%%58“11 |H 'iﬁ@ _QFQHHW%L%%%RH%’IHQF‘MQ%@HQS%%‘&R{ eaﬁlelggﬁlt partly in a

least partly In"a pyridiniC arrangement. 2 The catalyst as claimed in claim 1,
characteriP¥ IR TRAEARFTHEY in the form of quaternary nitrogen and/or nitro
nitrogen and/or nitroso nitrogen and/or amine nitrogen is also present in
additioR-tor a¢ ekt sipirsp Slaige bfipyeidinithaleeigaeredl 08 hhk riERIGRt igsthe form of

claimed ingglagmanphidrogbaraetRrizReb iRitldghtheh BIRes R §E PHAGIBY Gmine nitrogen is
nitrogen in the ?aééaM?I Oééﬂ 'Qgemion is at |ea§g2o mol%.of the nitrogen
S

eij ]
. . t t .

present |nat88 ICr’u roger?-aopé%qcar o%aﬁaanBEO Oé ,'Br'e glr%B'I;;ol%%nre than 30

characterized in that the

mol%. 4. The catalyst as claimed in claim 2 or 3 _ -
L0atio ofpyrilfncA ARG F R AR ntdgesr iR '4p9dnhal Bie iRt of pyridinic
preferablyréttdgestn {Bencetatyel .ol B Aprotess fasibd@inng@neltthg otgaeait present in the

compounc}g,_t éﬂ%ﬁé@ééﬂbf%%ﬁ&u‘%@fﬁ%@@ﬁ? r'rﬂaﬁ@% m@%ydrogenation is
carried out in the presence of a catalyst which comprises nitrogen-doped

carbon hanptu talytically active o . opQrti
ritrogen i he ASGere Mo o U A eang B e TR e
20% by waIERIIA thEHERIRICIHYE?E sl BrstrithdgBh RgipeRlnpkieRssdt3 mol/mol.
artly in a pyridinic
15p d 5. ,E)r/)rocess for hydrogenating organic compounds bgnaef hydrogergharacterized in

that the hydrogenation is carried out in the presente @atalyst which comprises
nitrogen-doped carbon nanotubes as catalyticatiyecomponent and, the proportion of
nitrogen in the nitrogen-doped carbon nanotubeis ithe range from 0.05 to 20% by
weight in the graphitic layers and the nitrogerpissent at least partly in a pyridinic

20 arrangement.

6. The process as claimed in claimcBaracterized in that the organic compound is present

in a liquid phase and the hydrogen in the presegaseous form.

7. The process as claimed in claimcBaracterized in that the organic compound is present

in a liquid solvent.

25 8. The process as claimed in claimcliar acterized in that the solvent is an organic solvent
which does not comprise any hydrogenation-activetional group or is a mixture of such

organic solvents.

9. The process as claimed in any of claims 6 toh@yacterized in that it is carried out at
temperatures in the range fr@@°C to 350°C, preferably from 40°C to 300°C.



20arrangement. 6. The process as claimed in claim 5, characterized in that
the organic compound is present in a liquid phase and the hydrogen in the
present in gaseous form. 7. The process 35, claimed in claim 6, characterized
in that the organic compound is present in a liquid solvent. 258 The process

as claimed i Hainst LNARGIRT reddmiBAAS SaMANhis # APaRIc&ABBOhd and the

which does not comprise any hydrogenation-active functional group or is a

mixture of BGEPPEPFLRR S ‘Htgase Y 198" The process as claimed in claim

5, characterized in that the organic compound and the hydrogen are present

in gasebud HBrpROCESSI AT FlRIHRSCESIHEBRAFIEUZM CaiRRIS! SHaEEEE AR} flRmperatures
that it is cafrfesmoracaioteaupe araresisl from 120tt0cB0AE; patealgrplaieMom i) 200 to
40 650C, payticularly preferably from 200 to 5600C. 12. The process as

claimed in any of claims 5 to 11, characterized in that it is carried out in a

pIuraIrtX 2otr%taaes refer ri)(ern from 2 t artg:ula % fer bly from 2

afs in a armé |nt atit Is carrre outina
6, very partlcu ar y prerera , 1N partcular , reaction Zzones

connected|iraléyies stages, mﬁem@&eesffa@(ﬂal’ﬁn@iwv oFefelrhly Heo 1210 6, very

characterigagdnishabir caiplysih 0eontaiparateastsd R%4chynvyei@tconnected in series.
preferably at least 80% by weight, particularly preferably at least 95% by

weight, of f%@%&@@egé’%%d CRARRRN APPSR 5“6%%%‘?&%@? ﬂ%ﬁ?%ﬁ‘ catalyst

any of claims 13, characterized in that the catal present as a fixed

%ed 5‘3%@%%@@5&‘@5’%’(&% R0y eﬂgﬁv%sr@@am frRUEHI B ferably
bed is prestlietst 968 byfeephofd strogturdapbedarbavbiigbethe catalyst activity
increases in the main flow direction in the reaction zone.

14. The process as claimed in any of claims 5 toch@yacterized in that the catalyst is

present as a fixed bed.

15. The process as claimed in claim tharacterized in that the fixed bed is present in the
15 form of a structured bed in which the catalyst\attiincreases in the main flow direction

in the reaction zone.



