4 Cctober 2006 CARBON NANOTUBES FABRI CATI ON AND HYDROGEMN; BREBLICTddeN Thi s
application is related to U. S. Provisional Patent Application Serial No.
60/ 330,804, filed Cctober 31, 5 2001, entitled "carbon nanotubes
fabrication and hydrogen production”, the contents of which are hereby

i ncorporated by reference. Field of the Invention This invention relates to
a method of producing 1PAREPN i NANGTURES SFARREGATEIQN |2 e car bon- nanot ubes.

Furthernore, a preferred aspechygéoh?hsﬁhgp%gbkgﬁ i ncludes a nethod of
of the

preparing hydrogen gas. Backgroun nvent1on The di scovery of carbon
nanotubes [1] triggered a 15 worldw de research effort devoted to
deternmining their dSthigcrppd icaltdohatiisngedad cdeasuli.8g theitispbysilcal

propertie 7- 15] nd _taq inproving nethaod f production (16-331_Carbon
nanotubes%ﬁ%$8%n§ﬁ§a€§FF&8Pdlﬁ&ﬁ?gpﬁﬁsi%@V%éﬁdsgéheﬁﬂéﬁﬂ Bropeeti éds For
exanpl 8, 2belYowng'itlwadwlcdsbeh ndfofubbis Wabl-icathen Aagot ubes has been
calculated to be up to 1.4 tines that of a graphite whisker, about 1 Tpa

[34]; val B¥drogeri we@dpcsarhfier itk v¢btanitenoéxpbicheare bertbymed on

several mulLLinall rpon ? s in a transm ssion electron mcroscope
‘are in the 0.4: ??t%%aggaﬁggg?éﬁ s Moreover, their flexibility is

remarkabl e [ 361 and the bending nay be fully reversible up to a critical
angl e val Hiedd p&r §gbe Znvenbdoh37] Carbon nanot ubes have many applications.
For exanple, they can be used as supports for netal catalysts, as

This invention relates to a method of producing
10 multi-walled, size-controllable carbon-nanotubes.
Furthermore, a preferred aspect of this invention includes a

method of preparing hydrogen gas.
Background of the Invention

The discovery of carbon nanotubes M triggered a
15 worldwide research effort devoted to determining their

[2-6]

structure , calculating and measuring their physical

7-15 . . . -
[7-151 " and to improving methods of production 67331,

properties
Carbon nanotubes have many extraordinary physical and
chemical properties. For example, the Young’s modulus of

20 multi-wall carbon nanotubes has been calculated to be up to
1.4 times that of a graphite whisker, about 1 Tpa *%); values
derived from thermal vibration experiments performed on
several multi-wall carbon nanotubes in a transmission
electron microscope are in the 0.4-3.7 Tpa range [*°!,

25 Moreover, their flexibility is remarkable ®%!' and the bending

may be fully reversible up to a critical angle value as large

as 110° B771,

Carbon nanotubes have many applications. For
example, they can be used as supports for metal catalysts, as

30 in the case of.a_ruthenium cluster (range 3~7nm)lwhich can be

_.1




30 in the case of a rutheniumcluster (range 3-7nm whi chy caiyLEeGhed

Qct ober 2006 deposited on nanotube surfaces [397 As tubular structures,
t hey have unusual capillary properties [391. Mechanically, nanotubes are
significantly stiffer than currently conmmrercially avail able carbon fibres

[40] and ¢ fore used to strepgthen c osite materials or
atoni c fo?% o%%%%§0§@068§?{8§2¢ “?‘Hgkflgfa?cal C?ﬁ%tﬁ‘g? T H T %l ect r oni c
structurethedi bave thasudleckpilhaict, PREPSEOPELS BPT UGIdMEni ANQL Ubes may

exhi bit quantg effects arising fromtheir snmall dianeter (41].” O high

t echnol ogP'88P IREEr 888 F39RhELIBNEAYapSkfaerobhan aetaehibyparticl es which
di spl ay pbBysmealiaPiopgtii £3,54C eLk nebi sm o superconductivity
1421. Filled wth ngt al's or E%mgggﬁaécgégg,ggnandt Jbe Cr‘?d-g%rle “rovi de
conponentBef spedahossatengtleen r campost tel et e oMb Ls G VAESSH: SUEHr @S
anplifierg c vvi(gches or electrical- 15 converters. Carbon

hani cal
nanot ubes a%%sa?%% bt s W?Bl‘ﬁgggcgﬂééf%w&%? agfee Eapabt ¢ Eqreisc
Three technobognes haveodeenmpplded £ Lhe:r SldEshs: of s CAIHAN fanot ubes.
a

They are carbon-arc discharge, |aser-ablation and c yti'c deconposition
" processes@RYLYRRE HeA Y a1 BuiP iy (Iehmitwar gEfeet hoak i cardofromartetitbes ar e
grown betymeem c aeir o i,n.an _iner as .at,nosphere .[1, 167
~ Catal ytic speci(giégfs?%% as i'rg%Sgrl%hc(%ﬁaqrwoégﬁqﬁéluéLg‘%e&&rsitnd[st ﬁée
ar c- diGs crerappswl a miprovet betttal tihe godietd s idhs andiitdis 4 enadhs fat ubes.
However, 2]%/ this, 25 process,_carbon-nanotubes are obtained as a m xture

with sefer@ Tt TUTHAT FETROMAMS it Prarfomsrsiendurtbon tand ' ear bon
‘particl egi IHRUS wit infdtGald o %f&%%ﬂé,eqla%%ttubes may well

provide components for nanoscale electrical or electronic
devices such as amplifiers, switches or electrical-mechanical
15 converters. Carbon nanotubes have also been shown to have

hydrogen storage capabilities.

Three technologies have been applied in the
synthesis of carbon nanotubes. They are carbon-arc discharge,

laser-ablation and catalytic decomposition processes.

20 In the carbon arc-discharge method, carbon-
nanotubes are grown between carbon electrodes in an inert

gas atmosphere [1-161

Catalytic species such as iron or
“cobalt can be used during the arc-discharge to improve both

the productivity and the length of tubes. However, by this

25 process, carbon-nanotubes are obtained as a mixture with
several other carbon forms, including amorphous carbon and
carbon particles. Thus, purification has to be carried out

and the yield of nanotubes is no more than 2% [43].

Recently discovered, laser-ablation is a new
_30 method to prepare carbon nanotubes with high yield and

‘purity. Usually, nanosecond pulses from a Nd:YAG laser were '




and the yield of nanotubes is no nore than 2% [ 437 Recentj p.&hscaiog’ ed,

| aser-ablation is a new 30 nethod to prepare carbon nanotubes wth high
yield and purity. Usually, nanosecond pul ses froma Nd: YAG | aser were 2 4
Oct ober 2006 wused to ablate a target of graphite-netal conposite in a

i nert gas h intained, at 1473K [44-47]1. . The presence of a
transitioﬁgég?gp g%fgg%e?a?agﬁﬁBy?ft8§8PH£FGWFF ak C8QB88ﬁt§péEi@s, i's

essenti al ihertogascatheBpharet WhestabnHaWBYel 479kt fithie, expensiyghaser
generator, _single-walled carbon nanotubes are the main target of this

met hod. THE abbventhbinBt KeH3lwereadestghedlhaynl yobethezawbbh manot ubes
synt hesi s I ry:sc d jmaril Qr theoretica
investiga%?gﬁanT%€§&g%gho%§1ggg%@ﬁ?@%ﬁf§bF§§§o?Q%hgnlg?égggégﬁé producti on
of carbonHowaner ubesth Theet bkpenwhiyet Dasakegenebabopansinges—-ivglleatal ytic
deconpositigg of h%d{ocarbons or other organic nolecules (e.g.

2-met hyl - 322 WA PRt Ry FURSE oRES FRCtARIASERFeskneE BRigBpbRe€d transition
netal catalysts X48-517 , and this nmethod is technically based on the
~route devel oped forrhé hep®b@dues i RO REQY APOHE - GEOYEnEAT RPL T bEES [ 521.
'vanov et al. 1511, Li et al. [531 and Mukhopadhyay et al. Y541 reported
the prodUGATRAN tankirihe s yrichextdom ranbildest ary hs@aBe nam@Owénaer, 5- 25

nm out er ¢l £f t -100min. length wth remarkable efficiency
at | ow terrpergt ur%rig}?ofn% 12?6600%%81 11%5%%:%%%%0%I ff%?%n(?o mhods to
r emovd t eeapatsal Mstbleafdi ciles lanthd-hecar®rpheiisc €ashowf f ¢oppéhe nanot ubes

sanpl es Qﬁﬁﬂﬂﬁﬁ%ﬁﬁy catalytic nethod. Since it is

‘ The third way to make carbon nanotubes is
catalytic decomposition of hydrocarbons or other organic
molecules'(e.g. 2-methyl-1, 2-naphthyl ketdne) in the

15 presence of supported transition metal catalysts "85V | and
this method is technically based on the route developed for
the production of vapour—-grown carbon fibres 2!, Ivanov et
al. Y, 1i et al. " and Mukhopadhyay et al. % reported

the production of multi-walled carbon nanotubes with 3-8 nm
. 20 inner, 5-25 nm outer diameters, and up to 60-100pm in length

with remarkable efficiency at low temperature. Colomer et

al. % nhave shown different methods to remove the catalyst

particles and the amorphous carbon from the nanotubes

samples produced by catalytic method. Since it is
25 straightforward to scale up both the preparation and the
purification method, this route seems to be the most

- promising one for large scale industrial applications.

During the past decade, significant progress made
in fuel cell technologies has prompted the exploration of
30 replacing traditional central large power plants with so-

called distributed power generators and a membrane fuel cell




25 straightforward to scale up both the preparation and thg.iBEfdddscati on
nmet hod, this route seens to be the nost prom sing one for large scale
i ndustrial applications. During the past decade, significant progress nade
in fuel cell technol ogies has pronpted the exploration of 30 replacing

traditionals c |_.l.ar wer, plants with so called distributed power

generators a'nceimaé ﬁlear%geaﬁgt%)‘fc}mo cg‘ﬂ g BRI oL B et AiRea s

technol ogyhgeaeiat s ebepéristlly ahdl eg8tbpHse WNEhenhtckStho PSsé'Sch" and
n

therefore elimnates the loss of electricity due to transm ssion.
addi ti on, St#etFlelteetye feobrarsmbesiont Emiaddnyienyi thantmehl cgbl | ut ant s

such as 5, NQ. her. hydrocarbons. As a result, such a process
becones %tra%?g\%o%]o?n%e&gh?o%ﬂogi %v}ﬂ%ndg??glaa]asp%ﬁr‘ll?ang? n%‘éd’\&;e‘fﬁ? cles can
then be pi@pelSCedaby ethetr hghtycprbdusedasf romean1en- Boandaf pebeesk!

rather than by an .internal onmbusti on en{g{i)_ne [57, 587 10 The current
pr ot on- eXtHa %W%@Y@Eﬁ@rfw algledmeb it ¢ | i puHiAY ogervegbl: as t he

energy Sl ansh TE@HY @ t ! Fplag r ' ' y
bel ow 20§§)rr) fr orﬁ t he hydl} o%}g%r?sk%%n am}%égﬂpér)&ev té)g%?é%{ln‘?#g)dgﬁécﬂgcaéé
el ect r ocaty SAts ondjriragye rf upals desl ¥ v e o VEhprmodane eseh thitoangiw 115 st eam

ref orm ng, {Eq_t- nal_ j.n veabi,edhes [57-597 and through steam reform ng,
parti al ox%a |olr2§10ren 1t 6t her mal* r ef or i ng of natural gas for stationary

uses [60,617 In all these cases, however, carbon nonoxide is a co-product,
whiclbthas to be caomeerhrddnt @reaidioR MR ndnsisequen) sheps. 20 An

alternativc-i- route.i,s directly cracking the hydrocarbon fuel into hydrogen
and Carbgﬁ.lﬁn ,Hﬁgzgagggrogen gas as the energy source and require

the elimination of carbon monoxide (ideally below 20ppm)

from the hydrogen stream to prevent poisoning of the

electrocatalysts. Hydrogen gas is typically produced through

15 steam reforming of methanol in vehicles %% and through
steam reforming, partial oxidation or autothermal reforming
of natural gas for stationary uses %%, 1n all these cases,

however, carbon monoxide is a co-product, which has to be

converted into carbon dioxide in subsequent steps.

.20 An alternative route is directly cracking the
hydrocarbon fuel into hydrogen and carbon. In this case,
formation of carbon oxides is avoided and the need for
downstream reactions such as water-gas shift and sélective
oxidation is eliminated. This approach has not been

25 extensively studied, except for hydrogen production via the

~catalytic cracking of methane !*?), Recently, Muradov!®
studied the use of iron oxide as a catalyst for the cracking
of methane and reported that equilibrium conversions were
achieved at temperature above 1073K. The iron oxide also

30 appeared to maintain its activity for several hours, in
contrast to a Pt/Al,0; catalyst which deactivated within

minutes under similar conditions. Furthermore, Ishihara et




formation of carbon oxides is avoided and the need for dowsiy-Lahds
reactions such as water-gas shift and selective oxidation is elimnated.
Thi s approach has not been 25 extensively studi ed, except for hydrogen
production via the catalytic cracking of nethane [621. Recently,

Muradov 633 sundi e the USe ol QML QK 02 28, & cAALYSt, 0L L gracking

of nethan® and repd??g) at equi I 'Um conversi ons were achi eved at

t enper at ut empboNeEnROI Mvedhe 10PMNOXElO2absbaBPsappenied Hoemanhatain its
activity for several hours, in contrast to a Pt/Al 203 catal¥st ich
deact i vat @8RGFiHRFE ATPRI BEE YR RFPEPFITAFCE8nAPY | 6REPORUPERFAGERL | shi hara

et 4 4 Ccrpbgr gOPO p&n 8% Sirelicprried that nethane cracking takes place

at low tenperatures over a 10% N /Si 02 catal yst, which does not
deactivate even after approximately 200 carbon per nickel - atons have been
deposi t edBoieft SuBpaxy Sinthe yIrferhéonnventi on The present invention
relates to the production of nulti-wall carbon nanotubes (MANT). In one

aspect the invention provides f,gelhod.for, ouLLTevalho cAEBARCPaGA! ype

production by catal yti econpaosi ti'on of gaseous ¢ on--cont al ni ng

conpoundsm@Vet -wall ansibdromarmiaibdas adien) al ystoneoappéstnghéd-B and a
support, wherein Ais selected.fromthe Goup VII|] transition netal

el enent s BT QD RYSERP 13 RATRME €9Bdﬁu¥¢¥FY?%%s?%F AL nBEAP - BPenent s,

and wher el &8 3 GRUR) Ytd (G ARCAIMASE SO0 1 81 62T & £ Egla S8buk Nedrbbiil di zed bed

reactor. 1 n another aspect, ‘the invention provides a nethod for

puri fi cat¢entatnie conpdunt lowar bont ramet ubers metal-based catalyst
comprising A-B and a support, wherein A is selected from the
Group VIII transition metal elements and B is selected from
the Group VIB transition metal elements, and wherein the
catalytic decomposition is carried out in a fluidized bed
reactor.

In another-aspect, the invention provides a
method for purification of the multi-wall carbon nanotubes
as defined above, which method comprises washing with a
strong acid. _
Support systems-éan include S10,,8i0,/Al,0;, aero-

gel Al,03; and MgO. The preferred support is. Of the Group
VIII metals Fe, Co and especially Ni are preferred. Of the
Group VIB metals Cr, Mo and W, Mo is preferred. Disclosed
herein is the preparation of catalysts used for the
production of MWNT. These transition metal catalysts can be
of the type ABMg,0 and the reduced form A,BMg,, where A is
from among the Group VIII transition méﬁal elements;'while B
is from among the Group VIB transition metal elements. The
reduced form is a preferred embodiment. Particular mention

is made of NiyMo,Mg,0 catalysts. The reaction equipment used




as defined above, which nethod conprises washing with a 4£téepRg 2806d.
Support systens can include Si Q21Si 2/ Al 203, aero- gel A1203 and MgO The
preferred support is. O the Goup VIII netals Fe, Co and especially N
are preferred. O the Goup VIB netals &, Mo and W M is preferred.

Di sclosed herein is the preparation of catalysts used for the production
of MMANT. These transition netal catalysts can be of the ty AAByMy. 0 and
the redugedhier MMABNNMG2D. CallePe A 4 fr6MBADREt REAEF8ap 6PFFn9ranS|t|on
netal el fr | B1t haBskbiroAumet al
elenent£ﬁﬂﬁpé§%¥Mgﬁ§g foFﬁﬁlgqgkggg%grkgg gﬁggesgént Particul ar nention
i s made zafi NitiMoy ME. @heatcaltpdtyst The meacbeoﬁOéqalpﬁehﬂGBséﬁeeg 4 Cctober

2006 in this invention can X bed of t n MANT
pr epar atiesfi93she Wlt‘ﬁhdﬂ‘?é‘&lsbggla%eéfbte Fllé’ %‘&% %gaﬂgéh gn of the

cat al yste fug, 4.0 shff%lfc%%%lng ahﬂdgﬁe&med_eafi@eggas whi ch neans that the
catalyst can mx with the "feedgas sufficiently and react readily. 5a 4

Oct ober 2006 Use of Mo as a pronmoter to the catalyst Ni-Myg-O results in a
greater production of carbon nanotubes. More inportantly, with M as a
pronoter, a high yield (406.5% of carbon nanotubes was obtai ned upon
increasing the Mg:N 5 nolar ratio from1l:1 to 5:1, whereas the yield of
carbon nanotubes on a Ni-M-O catal yst decreased from 204.8%to 21% upon
increasing the Mg:Ni nolar ratio from1:1 to 2:1. In a preferred enbodi nent
of this invention, a

Ha .




| arge anobunt of hydrogen gas is produced in the process of ochBeCRIgEON
nanot ubes synthesis. If the catalyst, for exanple the N, MoyM, O catal yst,
is pre-reduced by hydrogen, no oxygen- containi ng conpounds are produced
during carbon nanotube synthesis. The main conponents in the tail gas are
the non- reacted carbon-containing feedgas, preferably nethane;, and 15
hydr ogen gas. Wen (§iSh@faMCorggenPrrBetrydicec shBofatadtghsNitMere can be

obtained hudia4en i9a% QfroArRYr Pkt Bl Bef BhrpURCnLAPEILEUCkogE! IS, Wi th

a CO content |ess than 20ppm her transition enments nay al so be added
to N - MiO0Opeataindts adta prorst er prompitekd MANTgh iyhepliace06f 520r of20 in
addi tion L rgghy%denﬁgk These e gnenté can be selected from G oup VIB such
as O, Wetc. 2 AN WE S mREuP8S 21 PREr BBP™ FHEXEEPHBH EBGr¥e:Nied for

cat al ybi cmdeaenpesiitl @ront @:floem MWTsyRaRcRe a&hbbhatig Hydegegrhons or
aromatic 25 h{drocarbons or a mxture thereof. The  carbon source may be

sel ect ed, "EBPLERERPIO8, af NomMaePhanbaleshadecrpaopdnérombe®4nds ben2dhe,
butene, cyghbghexan ylepe, aget : arbon nonoxi de, ,etc. The

f eedgas isﬁintrogu%gaggg gﬁ?lg 'ﬁ?a%éfgg ??gﬁ?|§£?ﬂ-g:§a€%|2t%-

100/ h-g-catal, preferably from30 10./h-g-catal to 30L/h-g-catal, and nore
preferably from 1C0Lhhagprcafairréd ddbdbigesatalr. tkist hevsme tonf he

productioPaIG 4_Cxt ober 2§§gﬁ of multi-wall carbon nanotubes is carried out
at a pressifFé® BFOPPERPS. CIDR 1Pl S | P gared Bei e darPees®isedl to

removeo t heasbbal Mahot BBEL| Sheendsom the MINTs o1 jed, XAl &3, 0L ipnorganic
acids 5 include HNO3, HCl, H2SO4, etc.
NixMo,Mg,0 catalyst, is pre-reduced by hydrogen, no oxygen-

containing compounds are produced during carbon nanotube
synthesis. The main components in the tail gas are the non-
reacted carbon-containing feedgas, preferably methane; and
15 hydrogen gas. When using an oxygen-free hydrocarbon feedgas
there can be obtained hydrogen gas of a purity suitable for

use in PEM fuel cells, with a CO content less than 20ppm.

Other transition elements may also be added to Ni-
Mg-O catalysts as a promoter to yield MWNTs, in place of, or
20 in addition to molybdenum. These elements can be selected
from Group VIB such as Cr, W etc., including mixtures

thereof.

The carbon source used for catalytic decomposition

to form MWNTs can be aliphatic hydrocarbons or aromatic

25 hydrocarbons or a mixture thereof. The carbon source may be
selected, for example, from methane, ethane, propane,
butane, benzene, butene, cyclohexane, ethylene, acetylene,
carbon monoxide, etc. The feedgas is introduced at a flow
rate of from 10L/h-g-catal to 100/h-g-catal, preferably from

30  10L/h~g—catal to 30L/h-g~catal, and more preferably from
lOL/h—g—catal_tQ 12L/h~g-catal. Furthermore, the production




Brief Description of the Drawings FIG |a and | b are schem@tigerdigagr ans of
a fluidized-bed reactor and a plug-flow fix-bed reactor, respectively. 10
FIG 2 shows Tenperature Programred Reduction (TPR) spectra of N, MoyMy, O °
and Ni -I\/g O catal ysts. The sanple was pretreated with Argon at 873K for 30
m nut es, en ooI eil down to 373K and kept at this tenperature. The gas
conposi t i 8 LERUAL LN PRERGRY ?6WEHP%SAF§OHE‘§§§€€100%’C 15t nit XBER BB

109%H2/ 90% Ar fgaﬁ[ bhembgnpsr apMpg wWas increased to 1073K at speed of

10K/ m n. The gas chromat ography nonitored the gas conposition during the
process. FIG 3 shows H2-TPR spectra of N, MoyMylO catalysts wth
different Ni:M: M FaPresniQafids daghbesuFednsai ssnove B et cava Mt oscopy

(TEM a r epar,ed_b 10 catal ysts. with
d Frbr entPRECABLRE FaoRoSRC LS  POSRENT TeRimbl e dr B0 Ed T, s

. MoyMy, onchbdé ysOoywadHql ,acegoph ébe. fl ui di zed- bed reactor; the catal yst
vvas heated to a final tenperature 25 in the range of 573K - 1073K,

preferab in the, presence of hydrogen gas at 15K/ mn; naintained at
t hat r%’é+%$5?%s‘?’6+95ﬁ°'g1?£ "g%e fRFa%tRIFeducti on, after which the
feedgas was changed to nethane and reacted for 1 to 2 hours. 7 4 Cctober

2006 FIG 5 shows mrgraph indrensfdestsonethie; deihansncqwer sion of
Ni 4AMb1Mgl16- 800 catal yst. Detail ed Description of the Invention A preferred

N, t Moy M- kdi 28 e dare anteparant] By pheg-6ldwl §owireyl wetaciend stry
pr ocedur Qfesiség:lwéw?’)z 6H20, 5.12¢g

10 FIG. 2 shows Temperature Programmed Reduction
(TPR) spectra of NiyMo,Mg,0 and Ni-Mg-0O catalysts. The sample
was pretreated with Argon at 873K for 30 minutes, then
cooled down to 373K and kept at this temperature. The gas
composition was then shifted from pure Argon gas to a

15 mixture of 10%H2/9Q% Ar and the temperature was increased to
1073K at speed of 10K/min. The gas chromatography monitored

the gas composition during the process,

FIG. 3 shows H,-TPR spectra of NiyMo,Mg,0 catalysts
with different Ni:Mo:Mg ratios.

20 FIG. 4 shows Transmission Electron Microscopy (TEM)
‘images of carbon nanotubes prepared by Ni,Mo,Mg,0 catalysts
with different Ni:Mo:Mg ratios. In each experiment about 200-
500 mg of a Ni,MoMg,0 catalyst was placed in the fluidized-
bed reactor; the catalyst was heated to a final temperature

25 1in the range of 573K - 1073K, preferably 973K, in the
presence of hydrogen gas at 15K/min; maintained at that
temperature for 30 minutes for pre-reduction, after which the

feedgas was changed to methane and reacted for 1 to 2 hours.




My(NO3) 2. 6H20 and 0. 882g H24Mb7N6024. 4H2O powder were m x£8qtoh&orgayahl y
according to a given Ni: Mo: My = 4:1:4 nolar proportion. It is not
essential, although preferable to add a 10 swelling agent such as citric
acid or urea to the mxture. GCitric acid can be added in an anmount equal
to the total meigh% gfn$he §omder m xture, followed by the addition of
de-ioni zed water to Fornta 88l it Foft2PP ShBEI 8L HERoPRAtPRaFCTRFRE anount of
svel I'i ng egentradsied dors,Mmagrecassarddy pave 15 to equal the total weight
of the powder m xture; rather it should be added in an amobunt so as to

ensure swelling of the catalyst. Swelling increases the specific area of
cat al yst D9tatled Resgrirkien” ofir khe| Eawentdonrhe synt hesis of uniform
smal | -di ameter MANTs. 20 It should al so be noted that the anmount of de-

ioni zed water addedyt.9-the,. starfi teri [ I not, be | ess
than 200 m per 10 nggrms of tota x@gjdﬁiaags%gglfgé gggiéfég%y%%n%}(e%hegm Xi ng
Wi th the SdErdwing peveeshomi et +l prdbedsed ut s ong Was (gyaResaied.s fiory

exanpl e, at about 25 473K After it swelled and was crushed, the resulting

solid walg Nt ethH A oranak dhyfl 829 d,alhoits07#3K,0f powdetkr atee géredpositi on,
ure, for exanple in the range of about 973K

and then ,calcin in a tecti’rPer t

to about tﬁtf?’fﬁ{lq RFCTUrII TBtIB NS MM 1T nhl L estPta%as a
prinr ose @hddtifdry, 30 sanple of N 4Mb1My40O catal yst precursor. 8 4
Oct ober 2006 As a variation of the above procedure, MO can be used

instead of nolybdenum salts as the starting material. |In this case, the My
‘and N -salts are nibled SetHarfizsgntial, although preferable to add a

10 swelling agent such as citric acid or urea to the mixture.
Citric acid can be added in an amount equal to the total
weight of the powder mixture, followed by the addition of
de~ionized water to form a solution. It should be noted that
the amount of swelling agent added does not necessarily have

15 to equal the total weight of the powder mixture; rather it
should be added in an amount so as to ensure swelling of the
catalyst. Swelling increases the specific area of catalyst
particles, which in turn, leads to the synthesis of uniform,

small-diameter MWNTs.

20 It should also be noted that the amount of de-
ionized water added to the starting materials desirably should
not be less than 200 ml per 10 grams of total solid so as to

assist in complete mixing with the starting powder material.

The solution was evaporated, for example, at about
25 473K. After it swelled and was crushed, the resulting solid
was heated, for example to about 773K, for nitrate
decomposition, and then calcined in a temperature, for
example in the range of about 973K to about 1073K in air for
at least 5 hours. The final result was a primrose and fluffy

30 sample of NijMoiMgs0 catalyst precursor.




with MO It is then preferable to add de-ionized water asoeBBr 2006
internmedi ate step. The resulting powder mxture is then calcined wthout
the addition of a swelling agent. Simlarly, amoni um heptanol ybdate can
be used as a starting material; the resulting powder m xture does not

require a swellingyag r st e rds r oducti on
of the Ni-M-M-O cat a?%?gf?\l?fgy{{gz@g} %Eﬁl}f 5?a| @gﬁs Fr)%e
pr epar ed uﬁedalmmdi@rofrmedémumh@ar’a.§ea9ftﬁb sexaﬂthSmeteﬁyalabl e

starting fratﬁrh)ifal S incléc]ie ammoni um chromate or chromum nitrate; the case
of W ammohi Uttt ungstat &"F Mardd i eabs 3Be gusypd appehanaeel by sal t . In

the N " BylMiiO gab al ystss ek 6b e r o Ni:
isin the range of 1:1 ?o 20: %b %%?%?%b???%&t %%%ﬁggeqo‘i%efaé ; Whi I e

tzge no? ara} aki e rmgdiat ¢ SSWP t Hehe alr@eibttlzig Ipdeddr h@it);rc]ttpre}‘:ea; a‘lb}{l@h in the
range uent di scuss e cal cination
o urtrited ind e dq R o £ S HPR L0t aoene

tenperature used to prepar catal ytic
fornul a ﬁndmdlesn]gnat&ﬂndr{hdr@rﬁaommdi R$aed cBXapP| esed Ngs af oL emenid 8€8ned
catal ysts are desi nat ed as 25 eit her N 4Mb1My40- 700 or N 4Mb1My4O-
preferr ed“agtrﬂﬁj‘tﬂ freasq]éﬁét%rpcf"b?@ms?elxwlt% does nvelht Feomise the

f 1 uidi zedg‘,&gqqlrr%ag fnt ?ftt@%rd[% M,@é’b ItSaH]!é’lSt r}ﬁt S(rjelpgr ZL |Gon| ail'he

About 200-500 of” cat al yst was ‘used t'n eac

cat allyst Rmmlmt@ tthe YA3RIG-ED a:tamslmmfe of hydrogen gas. In a
preferential enbodinent, the catalyst was naintained at the 9 4 Cctober

2006_ Ni,CryMg,0 and Ni W,Mg,0 catalysts were prepared in
a similar manner. In the case of Cr, examples of suitable
starting materials include ammonium chromate or chromium
nitrate; the case of W, ammonium tungstate is an example of

15 a suitable starting salt.

In the Ni,ByMg,0 catalysts, wherein B is Mo, Cr, or
W, the molar ratio Ni:B is in the range of 1:1 to 20:1,
preferably in the range 1:1 to 8:1; while the molar ratio
Ni:Mg is in the range of 1:1 to 1{100, preferably in the
20 range 1:1 to 1:10.

In all subsequent discussions, the calcination
temperature used to prepare the catalyst is affixed to the
catalytic formula and designated in terms of °C. As an
example, the aforementioned catalysts are designated as

25 either NizMo;Mgs0-700 or Ni4MolMg4O—800.

A preferred embodiment of a reactor for use in this
invention is the fluidized-bed reactor, the structure of
which is illustrated in FIG. la. About 200-500 mg of catalyst
(>150 mesh) was used in each preparation. The catalyst was

30 heated to 973K in an atmosphere of hydrogen gas. In a

preferential embodiment( the catalyst was maintained at the




same tenperature for an additional period of tine, suitabjyecBhorfos30
m-nutes, in order to be reduced. Thereafter, a carbon-contal ning feedgas
such as pure nethane (>99.99% was introduced at a flow rate of 10-12L/h
to start the-carbon 5 nanotubes fabrication. The reaction of the
carbon-containing feedgas can be carried out in the tenperature range of
about 672 - HRRAA A3 KO raay é%ltyi%alam}tl@?@li tdaser afuiyabilye
reaction g | gd, t the .or bout t he
COHVEFSIOﬁkg?:ggfﬁgﬁghﬁgi a oﬁﬁxgﬁbban né%? %! rﬁ??%ﬁhé Was convert ed
to car borﬂ&?ﬁlmﬂcajrs:mddgycﬁe@gms 99Mth afs tplmecarelmaner qohect. a8y st he
form of e y|eId6§§ carbon nanotubes, Y, is defined as follows: M

Cat al yst "WredEalYfst Aﬂ@%ﬂhrégcﬁﬁéﬁtwﬁBéf@@ébP@act|on Y
oo BCarrﬁQﬂj’taiM%tthi%%ncg%tl@)'rﬁ/StThle Q:ea%%fl € Jredfkl 00 rban\iene JMheh

reaction and Mafter reaction are the weights of catafyst bef ore an after
react i on facsssectGarebg. Ca@eﬁﬁﬂrewttenatmhugempewatuxebedngeaoﬁoebogmod Mass

transfer a ran ri_mary adya 20 f|UIdI ed bed
reactor. 6%@%EQ?h%%%i?b§ gﬁgfera%ﬁg' % %ngtgthrh SpfgPdiYed ©

react or m@atﬁﬂ@@dth@efubbyco&gmbauedlt&ebQObElBﬁeM@EQér X bB@hteZery
catalyst2 cle can react wth feedgas readllé while in a plug- flow
fix-bed “Pealtsr cOBZE LR PS)mﬁﬁBaeekeageﬁEPate ObyapHensapdir ateé

cat aj gst meaRaeBOkgst B 0 g p ratym the
catal yst, which can r2238¥E§§ﬁ¥ﬁeﬁa%§§gt?%F%ngig ? E%a%ﬁgggatg yst and
t he redu@f|§heopaghgn product was in the form of MWNTs The yield of

carbon nanotubes, Y, is defined as follows:

After reaction Before reaction

Y Carbon nanotubes Catalyst *100 %

- Before reaction

M Catalyst + Carbon Nanotubes Catalyst

15

Where Mpefore reaction and Mareer reaction @re the weights

of catalyst before and after reaction, respectively.

Compared to a plug-flow fix-bed reactor, good mass

transfer and heat transfer are primary advantages of the

.20 fluidized bed reactor. With injection of feedgas, the
catalyst in the fluidized bed reactor is forced to fully
agitate like boiling water, so that every catalyst particle
can react with feedgas readily, while in a plugeflow fix-bed
reactor (see FIG. 1b) the coke generated'by the substrate

25 catalyst can choke the routeway of feedgas to the
superstratum of the catalyst, which can result in the
.1nact1v1ty of part of the catalyst and the reduction of the

yleld of carbon nanotubes.

Without wishing to be bound by them, the inventors

30 put forward the following comments. Ni-Mg-0 is a catalyst for

.10




yield of carbon nanotubes. Wthout wi shing to be bound bys b 4008
inventors 30 put forward the following cooments. Ni-MJ)-Ois a catal yst for
10 4 Cctober 2006 carbon nanotube preparation via catalytic routes. Since
(a) N O and MJO both possess a rock-salt type crystal structure, (b) the
ionic radius of Ni2+ (0.070nm is quite close to that of My 2+ (0.065nm,
and (c) tHerBPRen3nehubfs pPhebaratryspavizethtabyhie veunyegl o$Sént® &ach

ot her, thg;hi y S consisting of . Ni n O should formthe solid
ol ut | on NEOMPEEYOUCHEE SPRSLELEE Phcibrrl By PEERWRERoR b Shi e =

Ther ef or e (bhethe- icoiponediué not eitret@l. coxnae pRas@iet hoskzdepaptatype,
Ni xMyl _xO, _wou},d be considerably difficult to reduce 10 conpletely. This
has been PFoVed fPofPrRB) k2 arPR{Festhe ddmensipg of) thRérernyshel Hpells

consunpti 9pe e-N 5 I d i.gnifican 0 ed

w th the sarreO‘{I%%:gl %Ng?%%ﬁrﬁg%\ll?oa%%r't ﬁgﬁﬁnﬁfﬂﬂé ogl% %&r%%%ﬁ%%%goa

i ncr easedVi® oamd MEK $hoTPBKEofihotigd $diei d os ovhd £ Din off 1,MNgx Mgl Xx@ sel i d

sol ution ga ey, i ncg)(:ftte tha% t he 1\ti,educti on of NNOis under control so as
to controf TR PRI ETECSi DEEBTe N N Rt and M9 | TReTekREe g Mbility of NN O
al so resutdmporen el Podiec el £ x Lo Gk sdanptpbe. fahd.catign. In order to
solve this problem M was added as a new conponent in the N -M-0O system
Conpar i ng'tf@12@  TPRUAss blet considenmabity: GififtilsuitattcofreNucky- O, it is found

Lt 10 adlisan of A £38 MATP\ S FANIESS bhe . COICLILALY G O
(913K) ne@ls. thatwhdreirchend ahl coaduabitabnobiNic@el Nistiglb eaptngktabl e. TEM
results decreased significantly as compared with the same scale of
pure NiO and the maximum of the reduction peak increased from
643K to 723K. Though the formation of NiMg;_4O solid solution
15 may indicate that the reduction of NiO is under control so as
to control the particle size of Ni metal, the low reduction
ability of NiO also results in the poor yield of carbon
nanotube fabrication. In order to solve this problem, Mo was
. added as a new component in the Ni-Mg-O system. Comparing the
20 TPR result of Ni-Mo-Mg-O with that of Ni-Mg-0, it is foﬁnd
that the addition of Mo as a promoter enhances the
reducibility of NiO, consuming far more hydrogen, while the
increased maximum of the TPR peak (913K) means that the
chemical reduction of NiO is still controllable. TEM results
25 show that the carbon nanotubes prepared by the NiMo;Mg,~700
catalyst possess the same diameter range (20-40nm) as those
'prepared by Ni-Mg-0 catalyéts. Furthermore, the yield of

carbon nanotubes prepared by Ni-Mg-0 catalysts was 200%, and

increased to 800% when produced by the Ni,MoiMg,~700 catalyst.

30 The economic production of multi-walled carbon
nanotubes with uniform diameter distribution, on a large
scale, was the most practical target for its industrial

application. The diameter of carbon nanotubes produced via

11




25 show that the carbon nanotubes prepared by the N 4M1MibbBE 2t al yst
possess the sane dianeter range (20-40nm as those prepared by N -M-O.
catal ysts. Furthernore, the yield of carbon nanotubes prepared by N -M-O
catal ysts was 200% and increased to 800% when produced by the

Ni 4Mo1Mg4- 700 catal yst. 30 The econom c production of nulti-walled carbon
nanot ubescat & hyahsf depedianehethdi sétabuphpdicDe aitarge tis€ateravastt he
most practjcal target for its industrial application. The dianmeter of

car bon na#&‘?ﬁﬁggrﬁr ofubEfLgraed1enbedinpet 200bhigataysRISCRebenE&eoN t he

metal parkiel srskas) of mbhe) CBLALYSte o ThHEr €A PERougn PrET &5 Tash Sbodi pENt Of
this invention is the use of snma netal partic Sl ze. t hough we do not
wish to be bound by any theory, given that small metal particles 5 easily

congregate_to.formlarger particles which are not of _benefit for the
G ot Y of SHHETY P BHER R & AFBoR HanbA LBos, Patt Hebr Radelh ¥ TShdPhg o
Ni O presempdedfatr f £a8i Bhe Yoywth oiMiedn 1.0 0bh&E &r SERHDSE Al ubes]i gl e
size distribution. TPR results of N -M-M-O catalysts with different

Ni: Mb: My derFer$osivhbhRal eadingyo datr@asteenhed N fepsthlo wvahelTPR  peak
becarre sharpal , «yhiiGha | IPLLSE & SIAILL LT, £ ALYSt.; Pard] 8leus| 2oy WgpRN M
reached 1:8, the integration under R Eurve betare VEry weak in
i nt ensi t yreswnlith alyNsugeasd—@ cstalong s neflacdi Hfe baiwaen: M ;:Mdvb and My

5 ot her characterizations, are necessary to study the

conp nts.. Al thqugh
par {10 6 TS VATHRT At Ry TR I0re bt Bk TieuBet Fidtuced by
the N - Mpdiic Gatrd vatlapdsy dhffaf Qo NGy Mind Pld0Sadfigat ed that the
carbon nanotubes becanme thinner as the N :M ratio decreased.
E particle size. When Ni:Mg reached 1:8, the integration under
TPR curve became very weak in intensity, which may suggest a
strong interaction between Ni, Mo and Mg components. Although
15 other characterizations are necessary to study the particle
size variation, the TEM results of carbon nanotubes produced
by the Ni-Mo-Mg-0O catalyst with different Ni:Mo:Mg ratios
indicated that the carbon nanotubes became thinner as the

Ni:Mg ratio decreased.

20 As the amount of Ni in the catalyst decreases, the
diameter of the formed nanotubes also decreases. Hence, the
‘diameter of nanotubes can be controlled by varying the amount
of Ni in the catalysts. As the Ni content is decreased, the
yield of nanotubes also decreases, so a balance must be

25 sought between the carbon nanotube diameter and yield.

_ The diameter distribution and the yield of carbon
nanotubes prepared by Ni,Mo,Mg, catalysts are summarized in

Table 1 below.

In one embodiment, purification was carried out
30 after the preparation of carbon nanotubes as follows: 3-4 g

of synthesized raw carbon nanotubes were immersed in 300 ml

12




20 As the anmount of Ni in the catalyst decreases, the diageigt Afost he
formed nanotubes al so decreases. Hence, the dianeter of nanotubes can be
controlled by varying the anount of N in the catalysts. As the Ni content
is decreased, the vyield of nanotubes al so decreases, so a bal ance nust be
25 sought between the carbon nanotube dianeter and yield. The dianeter

di stribut?bn2BndCtRe W ellaPQf teadisnolivandthebeatplEphr BATEY CRESMOY My,

catal yst a8 ScRUNTRE | 200 LR At Bed DB O hInoNREODOMLRNL) PG T cat i on

was carried out ter the preparation of carbon nanotubes as foll ows:
3-4 g ofwaynthesreedfoaw daslion, nAodl ubed wereehovet sefl tine 300Lwtid? 4

Oct ober 2006_ _of,an acid, 1M 4 to djssolve the catal yst particles
attached %Tn?%bné&?rg%ifigg o?F “hdhot Ubes! ?ﬂﬁlyﬂlﬂ%%#ﬁ'ﬁggestirred f or

5 hourss, f&hd oNesy byréeipyvedtOfudHensebutiom &%@Iﬁﬁi&ﬂgﬁwé@?ﬁ (where
n=4 or 5) and My2+ ions. The 5 remaining precipitate was mxed with a | ow
nol ecul areX@ayht sokwini c Sof vwmnpieraexahpbleohns wtle ohdl iserporsl i sopr opyl

al cohol , i spe d, Vi ectroni ¢, means_such as_ sonication. The carbon
nanot ubes e SE R U R ST oh S G SRR T AT AP T anly ar about
473K in asdhivaoforan Mk | aerforgasaseiciba@s e td ogeshgBswi th hilghi o eiel of

. carbon nanot ubes using N xMoyMyz type catalysts in a fluidized-bed reactor
‘results iR ARd Yste %‘Wﬁﬁ@s‘i At ittt S/ 5 g A loworktaRy figures

in  Sighgappt&a dpld ans RS, Ofn ey @r@%ﬁs per gram of carbon 15 nanotubes. |f
two or nore fl uldi zed-bed reacté%s are connected in series to utilize the

unreacted carbon-
- A high yield of carbon nanotubes using NiMo,Mg,

type catalysts in a fluidized-bed reactor results in a low
cost of synthesis, about S$ 0.5-1 (all monetary figures in
Singapore dollars as of year 2001} per gram of carbon

15 nanotubes. If two or more fluidized-bed reactors are
connected in series to utilize the unreacted carbon-
containing feedgas, the cost will be even lower. Compared
with the price of a supplier abroad, about S$50 per gram of
carbon nanotubes, this method may be the most economical way

20 to synthesize multi-wall carbon nanotubes on a large scale

and should be useful for future industrial applications.

Since methane possesses the most abundant hydrogen
content of all known hydrocarbons, the process of cracking
it directly into carbon and hydrogen may be the most

25 promising way to generate hydrogen with high purity.

In a previous part of this patent application, a
new series of Ni-Mo-Mg-0 cataiysts, combined with fluidized-
bed reactor, were developed to synthesize carbon nanotubes
on a large scale. After tracking the reaction with a gas

30 chromatograph, no other components were found in the tail

gas except non-consumed methane and a large amount of by-

13-




contai ning feedgas, the cost will be even |ower. Conpareds oWohl idpg price
of- a supplier abroad, about S$50 per gram of carbon nanotubes, this nethod
may be the nost econom cal way 20 to synthesize nmulti-wall car bon nanot ubes
on a large scale and should be useful for future industrial applications.
Si nce net hane possesses the nost abundant hydrogen content of all known
hydr ocar bpwedutthe—pigchsgiesf gasackiltgh inteadisr edidty riestnd yealBorthand hydr ogen

may be t he st 2 om Si ng wa enerate hydrogen with high purit I n
a %r evi ou¥® arlieoffIS ?D‘iﬁ Et'cgrﬁe%‘bpﬁ%%lf?%nov%ry WHPERC %'i‘aj\l’qif tr?% y
cat al yst sintc®ndt nesh Wi d ﬁ;b&&&g@red?aéae%m@%w&  cABE&h ARyl opet, tthe

synt hesi ze carbon nanotubes on a Targe scale. After tracking the reaction
with a gaeBo chromtheyrephetwess ot her conponents were found in the tail
gas except non-consuned nmet hane and a | arge anmount of by- 13 4 Cctober 2006

pr odu - hydrogen gas, % Hﬁ?f y I‘{@ J eedgas
had bgéen cracked over I\F(ywb rf% n%t%i‘? |ént oﬁc%]f%%%t%%? gﬁhogen gas,
with the gigrbow maigdy rontkehen tarmeaf n%%f@%e@arﬂwq%tl%nm%e&ol lowing is
an exanple of illustrating the CH4-, + 2H2 route in carbon nanotubes

fabri cat iNdnMeyvids-O NiatbyA0 cat al yst s 500my of N 4Mb1Myl16-800 cat al yst
was put into fluidized-bed reactor. After being heated to 973K in 10

‘hydr ogen gas at m)s%rbeg pr e 0 t hen the
f eedgas changed to n%g]\;ﬁ\}l’["glg@k&l%?vﬁpa gtaei %% g’glfL,%h%( glrnrl]‘b
23. 04L/ h- fgmahale)i—b'éhie reeaticant Afas: rdefeaimy nethtind ao I0BGAS
10 hydrogen gas atmosphere, the saniple was pre-reduced for
30min, then the feedgas changed to methane with a flow rate

of 11.52L/h (or 23.04L/h-g-catal).

The reactant was determined by a ‘102 Gas
Chromatography’* numerical series manufactured by Shanghai
~ 15 .Dahua Instrumental Corporation. The chromatography equipment
was equipped with thermal conductivity detectors (TCD) and a
5A zeolite molecular sieve column; Argon was used as carrier
gas. The conversion of methane was calculated'by hydrogen

output.

20 From FIG. 5, it was found that the average
conversion of methane during 120 minutes of reaction time
was about 27%. According to the CH; —» C + 2H, route, there
should be 3.33g carbon produced. An experimental result of -
3.52g was obtained. TEM proved that nearly all the carbon

25 was in the form of carbon nanotubes. Considering the error
of methane conversion estimation, the above two numbers were

very close.

The yield of hydrogen calculated was 24.9L/h-g-

catal.

14




Chr omat ography' * nunerical series manufactured by Shanghaj g¢dBe a

I nstrunental Corporation. The chromat ography equi pnent was equi pped with
thermal conductivity detectors (TCD) and a 5A zeolite nol ecul ar sieve

col um; Argon was used as carrier gas. The conversion of nethane was

cal cul ated by hydrogen output. 20 FromFIG 5, it was found that the
average conversi orAbtenetivaneinyring d20cienuies of hedctgem tonme was
about 27‘V8b€gcor1(]ji ng.Lo t he, CH4'E* C + gHZ rouc% , _there should be 3.33g
carbon pr3dueed. FHETRk pR et Wt ¥ e dif Ryt 3 ;by RITbtE He@TFEM proved
that nearsyi®l | £éined cies Bod 28 V@Sl § Ngd eodordn Qliercdd bonyaianot pbes.
Considering the error. of methane conversion estimation, the above two
nunbers ViR¥F@lOREFRI chipr ereaqpiel gn diidnaft hyrpreryerhaml Bul attedvamst@mdL/ h- g-
catal g1 el 200 e t&[ﬁqg@ carrier. t rogen to
obt ai ﬁSh|4tg %ﬁ@%sﬂg?l Vi ?tyy Agrr%t%aane and%r%illﬁrgrbeecil1 %facgﬁlv\rlgera%t’ &M ound to be
t he only geseous ebrenemnt son Bwere adff etboyt al4ongi ng the reaction tinme to nore
than 5h, it was found 5 that the activity of catal yst renai ned prom nent,
with a nethane conversion rate of about 14% *Trade-mark 15 4 Cct ober 2006
‘Table 1. The Summary of the Yield and the di aneter of carbon nanotubes
Eg{\??) pre*pTarrae e—t}Xarl\]Ii xAyMyzO (A=Cr, Mo, W catalysts wth different N : A M
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Experiment Conditions: 973K, Feedgas: Pure CH4, GHSV 12L/jg @ggtai@()gt Sanpl e
CNT Yield of Diameter N XA M. O-T 1) Used Reaction Produced CNT of CNT
(mg) Time (h (mg) (%9 (rim 200 1 1000 500 20-30 Ni 4Mb1lMg4O 700 400 2
3394 848.5 20-40 200 1 987 493.5 15-25 Ni 4Mb1My40-800 400 2 3278 819.5
15-30 N 4MblMg60-800 200 1 1162 581 5-15 200 1 1216 630.5 7-15

N 4MD1My ML VA 50the? Shfdfarid o the ¥icdld) shd thedidmdted of carbon

Ni 4Mb1Mg160 800 400 2 3142 785.5 5-15 200 1 497 248.5 5-10

Ni 4MOLMy PR Beern ol e Brerar st doy NifpMmd Nhz2o. sHo 2 eaka}ysbs. 5 3- 10
Ni 4AMOLMY 328 Q) 201238 . klg%g JatM 4MD1Mg40-800 200 1 100 50 3-5 200 1
203 101.5 25-40 N 1My1O-700 19 204.8 30-40 Ni 1Myl10O 800 200 1 37
18.5 20-30__N _1My20- 700 200 1 42 21 15-30 N 1wmy50 700 400 3 0 O_-

Ni OMb1Mg440- 800 400 3 BFerddehtbCcdididfons: 973K, Feedgas: Pure CH,, GHSV 12L/h
Catalyst 1, Sample Reaction CNT Yield of | Diameter

Ni A Mg 0-T Used Time () Produced CNT of CNT

(rng) (mg) {%) {nm}

200 1 1000 500 20-30
Ni Mo Mg,0-700

400 2 3394 848.5 20-40

200 o1 o987 493.5 15-25
Ni,,MolMg,O—BOO

400 2 3278 819.5 15-30
Ni Mo, Mg,0-800 200 1 1162 581 5-15

200 1 1216 630.5 7-15
Ni4M01m160—700

500 2 3726 745.2 7-20

200 1 817 408.5 5-15
Ni4M01M9150-800

400 2 3142 785.5 5-15

200 1 497 248.5 5-10
NidMO]_WZQO"aOO -

400 2 1626 406.5 5-15
Ni ;Mo Mg,,0-800 200 1 417 208.5 3-10
Ni MoMgs,0-800 200 1 236 118 3~7
Ni Mo, Mg,,0~800 200 1 100 50 3-5

200 1 203 101.5 25-40
N.'i.lMg10-7OO

400 2 819 204.8 30~40
Ni Mg,0-800 200 1 37 18.5 20-30
¥i,Mg,0-700 200 1 42 21 15-30
Ni Mgs0-700 400 3 : 0 0 —
NighoMg,,0-800 400 3 870 217.5 15-20
Ni ;Mo Mg,,0~800 400 : 3 2256 564 10-15
Ni, Mo, Mgy, ,0-800 400 3 2880 720 15-25
Ni,Mo,Mgs0~800 400 3 1820 455 10-20
Ni,CrMg,,0-800 400 3 1000 250 10-20
Ni,CrMg,0-800 400 3 1720 430 25-40
Ni H;Mg,,0~800 " 400 3 300 75 10-15

1) x y z —— the ratio of Ni/Mo/Mg in mol, T: Calcin temperature (°C)
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Ni 4MOLMy240-800 400 3 2256 564 10-15 N 2MbIMy140 800 40Q; 328800680 15-25
Ni-1Mo1Mg50 800 400 3 1820 455 10-20 N 4Cr1My240- 800 400 3 1000 250 10-20
Ni 4Cr 1Mg40O- 800 400 3 1720 430 25-40 N 4Wiwmy20-800 . 400 3 300 75 10-15 1)
Xy z--theratioof N/M/M in not, T: Cabin tenperature (C) 16 4
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400ng of the N 4Mb1lMg4-800 catal yst was placed into a sefbefigBee006
fluidized-bed reactor. After being heated in hydrogen gas atnosphere with
a flowrate of 17L/h, fromroom tenperature to 973K, the catal yst was
pre-reduced for 20 another 30 min at the sanme tenperature. Then pure

met hane (>99. 99% V\ﬁs i.ntroduced at rate of 30L/h-g-catal. After 2h of
reaction time, carboR®nhAbtaBERIWFPRCHELE] earPieserte prowided tabout
3.278g). Thesstfarec 0 es UL LT X ith 300m
o I LSS o Er e For bt UBh Th At iRy RS pLe ALK, MovErely 1], O

| eachi ng tet sehet spacifhendetaspergingnt he sacbtebespie RODalbeéni sopropyl

al cohol  wi opi cator, |eaching, agai n_and washing with de-ionized

wat er an\ég%?%%’???/f%?yﬁnh@p%?eﬁ Klflnu TR WP 2R, 2B ROB0EMPE i - wal | ed

car bors nanatstbesedv 46 @ dimieielon ahger ol Ifre 3009 Were thus obtained. 23 4
Oct ober 2006 Exanple 2 2.9g of N (N03)26H20, 0.441g of H24Mb7N60244H20 and

5.12g of r-N NO3) 26H20 were m xed with 400mL de-ionized water, stirred for
15 mn, Joythe addition of 8.461g of 5 citric acid. The resulting
solution was stirred and the water therein evaporated by gradually heating

f?edff'e‘ét out . Then 112 bt il Gart e atks ot Hnel- ﬁééﬁfﬁf ot at
773K ' , [ [
N oINS 800 ot ol yot e BOAar e B M3 i BILER6R 0 a1 of

ionized water. After stirring for 15 min, 11.802g of citric

10 acid was added; the resulting solution was further stirred.
Simultaneously, water was evaporated by gradually heating to
473K. The mixture began to swell to some extent as it dried
out. The resulting solid was crushed and calcined, first at
773K for 30 min and then at 1073K for & hours, to produce

15 the NisMo;Mg,-800 catalyst.

400mg of the NisMoiMgy-800 catalyst was placed into
a self-made fluidized-bed reactor. After being heated in
hydrogen gas atmosphere with a flow rate of 17L/h, from room
| temperature to 973K, the catalyst was pre-reduced for
20 another 30 min at the same temperature. Then pure methane
(>99.99%) was introduced at rate of 30L/h-g-catal. After 2h
of reaction time, carbon nanotubes with multi walls were

produced (about 3.278g).

_ These raw carbon nanotubes were purified by mixing

25 with 300ml of 1M H,S0,, stirring for about 5h to eliminate
the catalyst particles, leaching the solution, then
dispersing the nanotubes in 200ml of isopropyl alcohol with
a sonicator, leaching again and washing with de-ionized
water and finally, drying at 473K in a flow of N,. Pure

30 multi-walled carbon nanotubes with a diameter range of 15-

30nm were thus obtained.
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H24Mo7N6O244H20, 10. 24g of My(NO3) 2. 6H20 and 13.581g of c4 btigher BRgd and
follow ng the procedure of Exanple 2, a sanple of 15 the N 4MblMyl1l6-800
catal yst was prepared. Exanple 4 200nmg of N 4Mb1My8-800 catal yst of
Exanple 2 were put into a self-nmade fluidized-bed reactor. After heating
in hydro en a; phere with a flowrate of 17L/h fromroom 20 tenperature
to 973K, ﬁ@mg ?a?yst was pre-reduced for another 30 mn at the sane
tenperature. Then pure nethane (>99.99% was introduced at a speed of

30L/ h-g-catal . Afte h N 0
nanotuges with dla%et rgfsﬁfgﬁggﬁaﬁﬁe of&54%§%n1mer tgﬁﬁézﬁﬂo %EExanple

5 Using 580mBg0bt m&m@mléﬂﬁﬂ%@ﬁé afhav;@éd of i £ 2P R %e% i2ddomngr L he
procedure of Exanple 4, 3.726g of multi- 24 4 Cctober 2006 walled carbon

nanotubessﬁi¥ﬁe@|ﬁﬂetbismimrtﬁ@ll@mg@ by thHelbBddinéoe pfoButetigabfer a
reaction f o] differe t N| Mb T catal ysts
CHEEi 8 % Q oohe %%Ef@l §§8£98§awﬁﬁe %t?X&gF?%d car bon

and foll ow ng 5°the genera proce ur

nanot ubeswat¢h dhéfetentvabareted Hys@fa@uawgswewng ptpdusetut Exanpl es
are listed in Table 1. Exanple 7 The raw carbon nanotubes were purified by

mxing  1%° 3% &g of ?%efﬁ%%d?‘flﬁe 3ogMbbred MERSOINIsterPeiy BFembodieBh to
el i mi nat e; ¢ her£a4 abys!t "ﬂ?éﬁ'tfﬁ ?éLﬁP& ggséi‘fdsx%yté?&%ﬁé@ Ln§! SPersing

t he nanot ubes i n isopropyl i cation | eachi hg agai n, washi ng
with de- |Qﬁﬂ@%ﬂﬁ@wﬂiﬁr$ﬂnhtk®ﬁ3ﬁyﬁar 30 min and then at 1073K for 8

10 hours, resulting in the NisMoi;Mgg-800 catalyst.

Example 3

Using 2.9g of Ni(NO;3),e6H,0, 0.441g of
H24M07N6024.4H20, 10.24g of Mg (NO3) 2#6H>0 and 13.5819' of citric
acid and following the procedure of Example 2, a sample of

15 the NigMoiMg:;—800 catalyst was prepared.
Example 4

200mg of NijMoiMgg-800 catalyst of Example 2 were
put into a self-made fluidized-bed reactor. After heating in
hydrogen atmosphere with a flow rate of 17L/h from room
20 temperature to 973K, the catalyst was pre-reduced for
another 30 min at the same temperature. Then pure methane
(>99.99%) was introduced at a speed of 30L/h-g-catal. After
lh reaction, about 1.162g of multi-walled carbon nanotubes

with diameters in the range of 5-15nm were produced.
25 Example 5

Using 500mg of NisMoiMg;6-800 catalyst of Example 3
and following the procedure of Example 4, 3.726g of multi-

24




473K in a flow of N2 15 Exanple 8 400ng of N 4MolMg4- 700 gatabysiogsas put
into fluidized-bed reactor for carbon nanotube fabrication. After
reduction by hydrogen with flowrate 17L/h for 30 min and reaction with
pure nethane (flow rate 11.5L/h) for 2h, 20 3.394g of carbon nanotubes was

obt ai ned. analyzing the record,of a,gas chromatogramthe average
conver si oﬂaB%}edn%%/]fZT% DRAROLUPED| ¥EED ?bg%%tﬁﬁﬁu%n%g@ sgngeefober 2006

Econoni cafi- esim i oNprSanpke Net NEB) 26520 My(NORL2,6HZ0 b7N6CR44H20
Citric Acid Price 1;%].?7S$/ kg 51. 8S$/ ké 323%%$§%§é58§3%$?%éyb6as Met hane

Hydrogen Price 82, 3S$/ M3 5.1S$/ M According to the above nmarket price of
each reag%ﬁ?m%:lﬂ @as, 5 we calculated the value of nulti-wall carbon

nanot ubes per gramas following: The price of I g N 4Mb1My4-700 catalyst is
S$0. 523. The price 0f ; . and. ret.hane) i n_ithe_aboyve, experi nent
AT ek s b Lt S e I e

is about S$1.95. So the cost o ubepe _
Exanpl® 9Sthéndeenditrel qanecedmdetddOnsxaspbxadpliealtiawhaige cappomt of

hydr ogen can b roduced, si pul t anegusly with the carbon nanot ubes
~synt hesi s?aﬁ@%ﬁ%%@%%e%? %@W%ﬂb‘i‘éﬁ%@té%%l Y@¥ewas put into
f1 ui di zZedshethdeRBCIENampAd £1a el Nosheat £ 40, 873K in

Example 7

The raw carbon nanotubes were purified by mixing
10 3-4g of them with 300ml of 1M H,S0,, stirring for about 5h to
eliminate the catalyst particles, leaching the solution then
dispersing the nanotubes in isopropyl aicohol by sonication,
leaching again, washing with de-ionized water and drying at

473K in a flow of N,.

15 Example 8

400mg of NiMo;Mgs—700 catalyst was put into
fluidized-bed reactor for carbon nanotube fabrication. After
reduction by hydrogen with flow rate 17L/h for 30 min and
reaction with pure methane (flow rate 11.5L/h) for 2h,
20 3.394qg of ;arbon nanotubes was obtained. By analyzing the
record of a gas chromatogram the average conversion of

methane was calculated to be about 30%.
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hydrogen at nosphere, the sanple was pre-reduced for 30 mpociobBeipost he

f eedgas was changed to nethane with a flow rate of 20 11.52L/h (or

23.04L/ h-g-catal.). In first two hours of reaction the yield of hydrogen
gas reached 24.9L/h-g-catal. Exanple 11 Hydrogen is the only gaseous

pr oduct igﬁall carbon _nanotubes fabrication processes. 26 - --------
------ 4 TLLOBBFC20085LEPAFMRR 1. A nethod for the production of nulti-wall
carbon nanotube which conprises subjecting gaseous carbon- containing

conpounds to 0 0 Tarsi ] BT Fasp-Tatatyst
conprising A-B aﬁ aﬁgupgéfﬁéomggégﬁﬁbAﬁhpé %%M@g#§6‘¥# n1?ﬁ%°%§gzp VI |
transition nettalceel enENISFk@nd B1igsssigl ect edsdygugyEne G oupg ¥&&ihransi tion
met al el ement S ahd-vwherein the catal yf e dG‘(‘OI’TpOQI tionis carrred out in
a fluidized bed reactor. 2. The nethod of claim11, wherein the support is
MyO. 3. The nethod of C|aiE%;7—ﬂq§;ﬁfﬂ—+*ﬁbﬁﬁEéﬂﬁ%% is selected fromthe
group consisting of Ni-M- 5 N - t—N&D aﬁ?@@gﬂNh@CI 4. The net hod of
claim3, wherein the nolar T 0 N0 25 delithe range of 1:1 to 20:1
and the nolar ratio of Ni:ﬁgk%s ﬁgjﬁﬁg&ranggsgﬂdl:l to 1:100. 5. The

met hod of claim 3, wherein the nolar ratio of N:C is from1l:1 to 20:1
and the |ar ratio of Ni:Myis froml1l:1 to 1:100. 6. The nethod of claim
3, mhere?gu%}ﬁg%ﬂﬂéﬁoréﬁq(fQﬂve market price of each reagent and gas,

5 we calculated the value of multi-wall carbon nanotubes per

gram as following:

The price of 1g NisMoiMgy—-700 catalyst is 85%0.523. The price
of gas (hydrogen and methane) in the above experiment is
about S$1.95. So the cost of carbon nanotube per gram is

10 S$0.63.
Example 9

Under the same conditions as example 7, a large
amount of hydrogen can be produced simultaneously with the

carbon nanotubes synthesis.
15 Example 10

500mg of an NisMoiMg;s-800 catalyst was put into
fluidized-bed reactor. After being heated to 973K in
hydrogen atmosphere, the sample was pre-reduced for 30 min.
_ Then, the feedgas was changed to methane with a flow rate of
20 11.52L/h (or 23.04L/h-g-catal.). In first two hours of
reaction the yield of hydrogen gas reached 24.9L/h-g-catal.

Example 11

Hydrogen is the only gaseous product in all carbon

nanotubes fabrication processes.
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Ni:Wis from1l:1 to 20:1 and the nolar ratio of N : M is 4HkeBbiohst O
1:100. 7. The nmethod of claim1l, wherein the carbon- containing material is
selected fromthe group consisting of CH4, CO C2H2, C2H4, C2H6 and

m xtures thereof. 27 4 .Cctober 2006 8. The nethod of claim1, wherein the
mul ti-wal 1,a¢@gbon nanot ube production is carried out in a tenperature
range of fromabout 573K to about 1173K. 9. The nethod of claim8, wherein
the tenperature 5 range is from673K to 1073K. 10. The neigod o% cl ai m 8,
wherein the product®onedirod nfP¥i thal PredrsbAchafbt BBes T¥atar FREE°0ut at :

(a) a gas f}lé’%ﬁgtﬁq%f%%ﬁ%%%ég'%fiﬁﬁ%fﬁ%ihe %AQQb{xE-Qag@baL; and 10 (b) a

pressure Of “Trom 0. e nethod of claim1l, wherein the
particl e sbacaieingheompdahyst tosdécomp@amttion30finpveR. aTheangthédof clai m
1, wherein the catal yst i subject .to reduction at _te at tLfROm
473K to I@?@R}‘biﬁeﬁr?%FafﬁﬁEafé?9F?§1agcgn§ogpai%n?uﬁgggghegﬁgfgoa of
claiml, whergid-the rbhi el broGpr benTnarahubesohamerad eubaentdsanet er of
from5 to 40nm and an inner dianmeter of from2 to 7nm 14. The met hod of

claim 1, =mhérBihstheleatedyfien2bhdeesrpbsVEBoRIABSERLPPBShAt in a series
of fluidized-bed reactaors. 15. .The . Of i . wherein the
R G B Tl e R

Ni-Nb-NgC? pared according to a ocess
carried out in a fluidized bed reactor.

2. The method of claim 1, wherein the support is MgO.

3. The method of claim 1, wherein the catalyst is
selected from the group consisting of Ni-Mo-MgO, Ni-Cr-MgO
and Ni-W-MgO.

4. The method of claim 3, wherein the molar ratio of
Ni:Mo is in the range of 1:1 to 20:1 and the molar ratio of

Ni:Mg is in the range of 1:1 to 1:100.

5. The method of claim 3, wherein the molar ratio of
Ni:Cr is from 1:1 to 20:1 and the molar ratio of Ni:Mg is

from 1:1 to 1:100.

6. The method of claim 3, wherein the molar ratio of
Ni:W is from 1:1 to 20:1 and the molar ratio of Ni:Mg is
from 1:1 to 1:100.

7. The method of claim 1, wherein the carbon-
containing material is selected from the group consisting of

CH,, CO, CyHz, CzH4, CsHg and mixtures thereof._
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conprises: 25 (a) mxing together salts of Ni, My and a 4kaﬁmr2006

nol ybdenum cont ai ni ng conpound' (b) adding de-ionized water; 28 - --
----- R T ------ -- 4 Cctober 2006 (c) evaporatlng the

sol uti on; (d) crushi ng the resulting solid and heating to formthe
catal yst. 846. The nBhRodebhod| afnclgimwher eharehe tb@amyétlrsals caIC|ned

in a tenp e nge, of 70 0 800C for at |l e st 5_hpurs
et hod of SeraC 1P08Re pfoUekPer e rREr Thd oS e Aot B B GRS || ng
agent aftf)eﬁngéeqaf(ﬁ):oﬁndbb@fOBEBKStépabbl)lt 10738, The met hod of claim 15,
wherei n the nol ybdenum containing conpound is selected fromthe group
consi sting of H24Nb7N6024 4H20, MO, and anmoni um hept anol ybdate. 19. The
met hod of Yel ai m 15, TiRePeFRod het saf #1818 Aj Wheredn hite st ¥ RETAFERD3) 2, and

the sadt pindl 1§ Arbydsate 6 14P3M(NDB)2. 20. A nmethod for purification
of the multi-wall carbon nanotubes of claim1, which nethod conprises

washing with a strong acid. 21. The nmethod of claim 1, wherein the gaseous
carbon- 280 cont ai ni ‘Alge cosploed do &l tsbamrﬂ.aiwisemm o@w produdhiomeefiod of

claim1l, rein al yst sub ected to T duction; the gaseous
‘car bon- con alnlngifcon%%on ?noﬁ%?%%nesaﬁﬁf¥ﬁ$ﬁ E%és is the only gaseous
(a} a gas flow rate of from 10L/h-g-catal to
100L/h~g~catal; and

10 (b) a pressure of from 0.1MPa to 10MPa.

11. The method of claim 1, wherein the particle size

of the catalyst is from 2nm to 30nm.

12. The method of claim 1, wherein the catalyst is
subject to reduction at temperature of from 473K to 1073K,

15 prior to catalytic decomposition.

13. The method of claim 1, wherein the multi-wall
carbon nanotubes have an outer diameter of from 5 to 40nm,

and an inner diameter of from 2 to 7nm.

14. The method of claim 1, wherein the catalytic
20 decomposition is carried out in a series of fluidized-bed

reactors.

15. The method of claim 3, wherein the Ni-Mo-MgO
catalysts are prepared according to a process which

comprises:

25 (a) mixing together salts of Ni, Mg and a

molybdenum-containing compound;
~ (b) adding de-ionized water;
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product .
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(c) evaporating the solution;

(d) crushing the resulting solid and heating to

form the catalyst.

l6. The method of claim 15, wherein the catalyst is
calcined in a temperature range of 700°C to 800°C for at

least: 5 hours.

17. The method of claim 15, wherein urea or citric

acid is added as a swelling agent after step (a) and before

step (b).

18. The method of claim 15, wherein the molybdenum-
containing compound is selected from the group consisting of

H24Mo7NgO24+4H20, MoO and ammonium heptamolybdate.

19. The method of claim 15, wherein the salt of Ni is
a hydrate of Ni(N0O;);, and the salt of Mg is a hydrate of

Mg (NO3) 2.

20. A method for purification of the multi-wall carbon

nanotubes of claim 1, which method comprises washing with a

strong acid.

21. The method of claim 1, wherein the gaseous carbon-

containing compound also contains hydrogen.

22. The method of claim 1, wherein the catalyst is
subjected to pre-reduction; the gaseous carbon-containing
compound is methane and hydrogen gas is the only gaseous

product.
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