Title: PRODUCTI ON OF LONER OLEFI NS FROM SYNTHESI S GAS Field of the

I nvention The invention pertains to the production of |ower olefins
froma fewd2siwEmssconpri sing carbon nonoxi de and hydr ogem/Nipowwaa1 of
e.g., a Fischer- 5 Tropsch process, using a supported iron-based catal yst.
Particularly, the invention pertains to the production of certain catalysts
for use therein. Background of the Invention 10 The i nvention
generally applies to the conversion of synthesis gas. Synthesis gas (or
"syngas") in the context of the invention refers to a m xture conpri sing
car bon nonoxi de and hydrogen. Synthesis gas generally al so conprises CQ2.
For use in the production of olefins by neans of a Fischer- 15 Tropsch
process, the CQ2 is preferably renoved, reduced, or otherw se adjusted so
as to provide the desired H2: CO ratios discussed bel ow. Synt hesi s
gas is generally produced by methods such as steamreform ng of natural gas
or heavi er hyditdear b@RODYGIION OF hQWER OLEBINS F® OMSYNTHESDR GAS coal

of biomass, and in sone types of waste-to-energy 20 gasification
facilities. Particularly with reference to its potential biomss and waste
origin, synth@sgilRl 8chd Pavelsti§aSi Ngly receiving attention as an
environnental ly friendly, sustainable, resource of carbon-based chem cals.
Useful applications of synthesis gas will generally require chencal

conversion of the PRS %%“gtlggp%]& did Ct%ngjgﬁ(?ucttlsotn o@ﬁ&vef‘xy&iet?ﬁéf@ﬁ]géfe%ﬁc“ as 25

fuel s or nononers, er-
Fi scher - Tropsehe@mqmeﬂﬁnmﬁgan®ahaﬁmﬁﬁdkghﬁhhpﬂbg®eaphummsmﬂem@i@ﬂﬁﬁ%ﬂfhesis

gas is converfed into a range of hydrocarbons of The 2 nost
comon cat 3l ydtPs4RITRASE I ?ISBHP%TH%PC 88’6‘21&?60? Sl?%rﬁl.cefegfy, 5

rutheni um haV?m%ln%%n%%1ﬁ§%he-lﬂ}6d@&idh%f%haﬁyE:R@%%t@forh@b Shdkpgess is to
produce a synthetic petrol eumsubstitute, typically fromcoal, natural gas

or biomass, for use as synthetic lubrication oil or as synthetlc fuel. 5The
Fischer-Tropsch process involves a variety of conpeting chem cal reactions,
which lead to a series of desirable products and undesirable

Background of the Invention

10

The invention generally applies to the conversion of synthesis gas.
Synthesis gas (or “syngas”) in the context of the invention refers to a mixture
comprising carbon monoxide and hydrogen. Synthesis gas generally also
comprises COq. For use in the production of olefins by means of a Fischer-

15  Tropsch process, the COq is preferably removed, reduced, or otherwise adjusted
so as to provide the desired Hs : CO ratios discussed below.

Synthesis gas is generally produced by methods such as steam
reforming of natural gas or heavier hydrocarbons to produce hydrogen, or the
gasification of coal, of biomass, and in some types of waste-to-energy

20 gasification facilities. Particularly with reference to its potential biomass and
waste origin, synthesis gas is increasingly receiving attention as an
environmentally friendly, sustainable, resource of carbon-based chemicals.

Useful applications of synthesis gas will generally require chemical
conversion of the gaseous CO and Hy components into hydrocarbons such as

25  fuels or monomers, e.g. by Fischer-Tropsch synthesis.
The Fischer-Tropsch process is a catalyzed chemical reaction in which

synthesis gas is converted into a range of hydrocarbons of various forms. The



byproducts. Wien using cobalt catal ysts, the nost inportant reactions are
those resulting in the formation of al kanes. These can be descri bed by
chem cal wquatvams6of the form 10(2n+1)H2 + nCO -> CnHPemAZR0H/GHAD W t h
'n'" being a positive integer. Since nethane (n=1) is nostly considered an
unwant ed by-product, process conditions and catal yst conposition are
usual Iy chosen to favor higher nol ecul ar wei ght products (n>1) and thus

m nimze nethane formation. In addition to al kane formation, conpeting
reactions 15 result in the formati on of al kenes, as wel| as al cohols and
ot her oxygenated hydrocarbons. Usually, only relatively small quantities of
t hese non-al kane products are forned, although iron-based catal ysts
favori ng some of these products have been devel ope The formation of

al kenes gener aldsy C¢Igmmint0hi:2r1yws @ré bh$@b\ﬁ>mgOh iamitcpﬁ'glt cHemughl nlequd andons ( one

being to the xtr me
car bon di oxi dg tfhgflna i 8?1’ & anﬁf‘ﬁ %@ﬁ%ﬁ%ﬁﬂggﬁp&%ﬂ%&%é szln?ﬁ
CnH2n + nCO2 @estkicalal syfntlﬁeh& itsd b -stbepaah, paedsSrds cogdenatved] gas drhe
tenperature 2 range of 150-300C.. Hi gher tenferatureﬁ Legd to faster
reactions andPiiaer (8 8¢ 8p 879 eFlathé‘%ﬂC%tﬂn ot BAdhetdc fusdor net hane

productions As a reguischie: ’I&@ﬁ&ﬁﬁﬁ%éﬁ%@ 1ﬁx§)1¢r’e%uaalzéﬂet?%lf@&ﬁb8§1@g lherhfag) | OW to
m ddl e part of the range in the case of cobalt catalyst Iron i's usually

enpl oyed at t h@cmogﬁewhehdeaﬂ tqmeemm&ealtrable pradigs andclmela@mkdet he
pressure favors e fo Iy

P vorable o pipteiso iR Sfnd bonat G ENE bRl R et iod 205 c o

of chemical s. those resm&ntghﬁ tB%f(ﬁﬁiatIdﬁaif aﬁtﬁfdaeThérsreQﬁsldd@ seEBeEBE cﬂi@ﬁﬁ:abeen
descri bed, this has ver nuch focused on the production of fuels, i.e.

selectivity t SRt s Eﬂoprlate di stribution of paraffins, e.g. with a

view to pggviding @g$qﬂ@d+gggj_pcqg&m%L@ﬁH:6his is quite a different field
fromthe production of ol efins, let alone lower ol efins. Wth the currently

i ncreasi ng at wetht nbbeihgra tokBivesetager stigtamedidre medpisr westlpforshdsredahs, and
the use of bionmass, and waste, streans . Is desired 10 that. synthesi.s gas
can be put Codleantl B-HETWey drRERr rer RSP RT Rt o pREn A o Tt s,
Thus it is deshéRé tb Ga i HiGyersnolebelSi Svedidst @6 d@cts Quts Darndf the@mbidimadeso f or
chem cal s. Lower olefins are widely used in the chem cal industry.

They are mai nFptharsiseegtionalmaghiting taatkagedonnation £ORNGHNEVPRCtRRRaf f i ns
dehydr ogenat i 90,106 the formation of alkenes, as well as alcohols and other oxygenated

hydrocarbons. Usually, only relatively small quantities of these non-alkane
products are formed, although iron-based catalysts favoring some of these
products have been developed. The formation of alkenes generally is within the
following limiting chemical equations (one being to the extreme of water
20 formation, the other to the extreme of carbon dioxide formation):
2nHy + nCO — CyHan + nH20
or
nHs + 2nCO — CnHan + nCO2
Generally, the Fischer—Tropsch process is operated in the temperature
25 range of 150-300°C. Higher temperatures lead to faster reactions and higher
conversion rates, but also tend to favor methane production. As a result the
temperature is usually maintained at the low to middle part of the range in
the case of cobalt catalysts. Iron is usually employed at the higher end of the

temperature range. Increasing the pressure favors the formation of long-chain



15 via FCC (fluid catalytic cracking). Environnmental, econom c and
strategi c considerations have encouraged the search of alternative

f eedst ockwof2or/abse pr oducti on of | ower ol efins. DiffererCToiRIOSOMAve been
consi dered such as natural gas, coal and biomass. In view hereof it is
desired to provide a technically feasible and cormmercially attractive
process to convert synthesis 20 gas into | ower ol efins. The i nvention
preferably pertains to a specific Fischer-Tropsch process, viz, one that
has been nodified in order to yield |lower olefins. Lower olefins, in the
context of the invention, are straight-cha n or branched al kenes havi ng
from2 to 8, preferably from2 to 6 carbon atons, and nost preferably this
25 refers to C2-C4 al kenes. This process involves the use of supported

i ron-based catldapss.svhighds pewadly Groradhpbor dnelreredgtyive but HemeralpC,
preferably higﬂﬁéyiﬁﬁgﬁﬁqgg'rmhmﬁo f hoipported catalyst is known to the
person skilled In he erogenébus capé1y5|s as'a catal yst conprising a

catal ytically actiTethpasiteaithad Riahal Tiroghlpro@lséxdieadicder elepatilied, Wiigr ei n
the catalytically non-active part (the suppori).4.generally for t he

maj ority of tﬁés vEaAPye focvﬁ‘?fgo%lf}%% PW&HFE%@E éleéwyﬁofreﬁ%faw i tapEds 48 om a
bul k- cat al ¥st g patE RistNBuGEt 8 Yarafdhd ¥. NRcAL iR tPRINideRababdyrdes the
mnority. A reference to the selective hydrocondensation of carbon nonoxi de
to 5 |ight ol efénestiendimgisaquitd adiffupniofitlddrim dhe patdalctign of ofeéing, leBar r aul t
et al., React.1§jqetd,qahal. Lett., Vol. 15, No. 2, 153-158 (1980). This
document i ndi 8a'€s°Yhat'y B? changi ng the support, the catalyst activity can
be enhanced, and |WgiH thel ®RifrtdhtBeinetdaisitig stt@divbRr the ieaskshstdiawsiéer, the
results attained by Barrault_ are representative of a noderate |ight olefin
sel ectivity okfSPuréR@t shemisatsapnd fae s of Amags ppi sestom et Hadrsired
product i 0 | fadiachn R LAl 585 BUlsedn RARbICHLLIRNERLEN hh thOBhs{ e
nost active catalysts are also the | east selective. Another reference is WO
84/ 00702. Her &icasiondnelsi Thag 8,is degetdieremplof sgnfhreasamdasi asnupeoofoiaehon | s
used on a nndi%i&d @%Fal treated) y-alum na 15 support. The catalyst is
enpl oyed i n t RECFPSEHEY A ppsch process, wherein it is asserted that C2-8
hydrocarbons are preducadfing efeewriply atddyinahe choRiddnedustiy. Thel uré hefinly
indicated that a significant praoportion of the hydrgcarbons fornmed are

1- al kenes. Th@r‘iﬂ%’égé’éa paphtha andgigevarcragiipg ega parafiing dehydiogeptiRiues | ower
ol efi ns oyer t t.ad; ar n p ] on and
20" i gher 51 ef ey e el e Y Re pekPhmeERR PR AT P adHE

a- al umi na par tormnderatignahave ercopanged thheenrchrof adterzativenigegstntlisce shar e not

detectably presepnt ..on e a-alum art. . Anot her reference that ains
ot prouct ng. Pomeughof Me i RUHR DRREE! prya be ¢ RelSEn LG R ey
Herein an iropahasedadebil At Bibihsks. 15 REW Heded 128 dekirod tiVbfdvida oxi de of
titanium zinc oxide and potassium oxide). Al though, allegedly, this

results in a prcboesdlydeasiblgiandeorypergially atifachvebrerapetprobaetsysrheil y 10%
and about o 0@%&%nhgwg£aghgﬁﬁgs, the results therein are irreproducible and
do not in c ead to any suitable selectivity or reactivity. Wilst al
of the foregoi ng rEBheimrotsn pegiesdnpertas toabdpecificdtiedseslrdpfsdpaprogesdsack

appr oxi mat el ywzz(.)z)r:;’g tﬁ/&&e}{ass l)iegntllilorri?fie(ngPr{ grd’e%‘ g glfltelcgj Ieo\\/zveelr%?eq:{annst. Lgvax'l\e/]? olefins, in
the context of the invention, are straight-chain or branched alkenes having
from 2 to 8, preferably from 2 to 6 carbon atoms, and most preferably this

25  refers to Co-C4 alkenes. This process involves the use of supported iron-based
catalysts, and reaction temperatures higher than 270°C, preferably higher
than 300°C.
A supported catalyst is known to the person skilled in heterogeneous

catalysis as a catalyst comprising a catalytically active part and a catalytically

30 non-active part, wherein the catalytically non-active part (the support)



5 not led to any success either, in ternms of selective |ower olefin
production, effective suppression of nethane production, and attractive

cat al yst wotou/upess or stabilities. As to the latter, tReTNIemo®ad711
stability of the catalyst is an inportant 5 issue in Fischer Tropsch
processes. A chemcally stable catalyst will be |l ess prone to deactivation.
In Fischer Tropsch processes, particularly with iron based catal ysts and
under conditions of tenperature and pressure that favor al kene formati on,
catal yst deactivation is a serious problem This is mainly due to coke
formation, i.e. the undesired accunul ati oy of carbon on the 10catal yst.
Thus, e.g., Sommen et al., Applied Catalysis 14 (277-288), 1985, describe
Fi scher - Tropsch catalysts that consist of iron oxide supported on activated
carbon. Wi | sgendrele f@rm%ﬂsﬁsmsmsttmi thre ¢atr@1ryet/élans étsa@gmﬁfltey asabperded f or

| ower . ol ef I ns It.% js‘t!?%)n% %rﬂ)%ﬂ? ’cr?t,ra eyl?st %S&Iﬁlchctﬁ% a%t%qa?lprsrﬁ)lnaa}/ctlszﬁ é)a%

deacti vati on, ey su froma Iom/s ANo dr awback
associ at ed W gbnaalliyvatledmbssriton, is that it is prone to gasification,
particularly at higher pressures and proJ onged reaction tines. In WO
2009/ 013174 a prong @%rt}tﬂetto ithe selegdiva Radrogandeppadinteef @sbyemeBexide fo hi gh

tenperaturg F'h%ﬁh@l"eﬁﬁé %ﬁé‘aﬁ%ﬂ@subﬁoﬂé@%ﬁ%akﬁ%@ Rl e Bapsu2d: Al t hough
nmet hane selectivity of the clained catalyst is |0 the selectivity towards

| i ght ol ef i nsRiegcti Kantt CataénbettWrOédxﬁeNO 2hEd3- h@%ﬁt%@h Thasldeduosity seeks to

avoid bul k cata ecificall rect d +£.9,.sUppor atalysts.
Anot her 1 ssuoitateg By bBpRREE kAL Siatt thi BT R PR bE R aRRR G
stability, e.g@ndVighbelesinideldcyivito ctah@@rmateated)M@tev@attabysstulwtmmb@by
related to 25_extensive carbon | aydown hi s. .mechani cal |nstab|I|t¥

general ly is Eﬁrtaé%h%revtetﬂﬁessat%m@aftfat Iygtl@fatep%tgltt deiin pelpctingePnlyondi P¥ ons of

I ncreased;gat ?elr%ﬁ%uﬁf&ién\f Ishyprestich o@%e&ﬂ&n@f)ﬁo\ﬂﬁkﬁ&l Flh%ft“ B%?rétﬂ@é&ébhb’ aused

in industry. Areference inthis regard i1s Shroff et a Jour nal

Cat al ysi s 156pem$5d@0m%bkm@95thhtﬂusnmsmmﬁn@ahhayﬂhaweahmsheéaSOn that t he
i nvention |s s |f|caIIy in the field of 30 supported catalysts. 6

The present HY%n seeks to provide a Fischer-Tropsch route to | ower

olefins t hat has OARother PEELRE id W) BolODOSR. MPeradyah adeste, Bodditlddt with a
selectivity for lower olefins, at cost of saturated hydrocarbons
(paraffins), Qweﬁdjgﬁgym @r@ppt@g is used on a modified (heat treated) y-alumina

15  support. The catalyst is employed in the Fischer-Tropsch process, wherein it is
asserted that Ca.s hydrocarbons are produced preferentially over methane. It is
further indicated that a significant proportion of the hydrocarbons formed are
1-alkenes. The process is not, however, suited to selectively produce lower
olefins over saturated hydrocarbons and, yet, keep methane production and

20  higher olefins’ production low. The heat-treated support has an a-alumina part
and a y-alumina part. The iron-containing particles are not detectably present
on the a-alumina part.

Another reference that aims at producing lower olefins from synthesis
gas, is DE 25 36 488 (1976). Herein an iron-based bulk catalyst is provided

25  (iron with an oxide of titanium, zinc oxide and potassium oxide). Although,
allegedly, this results in a process of high selectivity, with methane production
only 10% and about 80% of lower olefins, the results therein are irreproducible
and do not in fact lead to any suitable selectivity or reactivity.

Whilst all of the foregoing references represent unsuitable processes

30 going back approximately 20-30 years in time, more recent development have



5an effective suppression of the production of nethane (i.e. a | ow
selectivity for nmethane); an increased catalytic activity, particularly

wi t hout owonracti4mgef romthe results on selectivity. a geocl/Nherwrsedil and
mechani cal stability, and particularly 10retaining this stability at

el evated pressures as used in industry a | ow anmount of coke formation
Summary of the invention 15 In order to better address one or nore of
the foregoing desires, the invention, in one aspect, presents a process for
the production of |lower olefins by the conversion of a feed stream

conpri sing carbon nonoxi de and hydrogen, preferably at a tenperature above
270 C, and preferably not higher than 20 500C, using a supported,

i ron-based catal yst, wherein a catal yst conposition is provided that
conprises ir onot:édttaiamn;gcms eitbbsdn dewpeeiswelecoive dowersapho produssionconpr i ses

a-alumna (a- 3 id.su [ i ng, | oade Lih I | W . %
(cal oul ated ofttfb Bl Ri s TS baBe bR SRR R Mt s BBt o1 es,
wher ei n the nmaj stabiltic@f t he iron-containing particles is in direct contact

with 25 the a-al un na. | n apot her aspect the inyention provides a
process for the p%ﬂ'ﬁfb‘i}}e&ﬁ“@% thg\rapmiiad ptanalityyoft ie calahipt is B Ameertant eed

stream conpri §is0g i€ #RABy TPERYK Q?Q&Q&sh)&@h@ﬂﬁ&llg%%lﬁ raphystabined gaperat ure
above 270 C, and preferably not higher than 500C, using a supported,

i ron-based cabuingsto,deapfavation. dn daschley Sro3oh ayaqeesist partidudayly suibdiednt hat

conprises irop-containin rticles.dispersed onto 7 suppor at

conbr i see A sty B BRRAS R URBEE FE naRhG A R hal BRbre,

| wt . % (cal cul alle@e@srhdtRoniehgystafeat tieatsdaORA deridls Prhelein. AhiczNhaindy Ng
particles, wherein the majority of the iron-containing particles has a
particle sizeddeterekefasmByiom igndhs uadesirad asswmylatmeetggey ontheaso nm or or
| ower . 5I@0ang&%%%taspect, the invention is the use of a catalyst
conposition as descri bed above, to provide a catalyst in the selective

Fi scher - Tropsch prBaus eigsnSafimeoweral.oApplied Chtadysis At ESR88)ghae35, Idasordte

anot her aspecLE‘iscElQ]ETi]fgp\/s%ﬂtciali%ﬁ]ys}%gqzlrtle?ti cr(])%sits ofirBh 8)%1%%%&38&1}3& Sn activated
carbon. Whilst these catalysts show an improved selectivity balance for lower
olefins versus methane, the tested catalysts display a fast deactivation, i.e.

15  they suffer from a low stability. Another drawback associated with activated
carbon, is that it is prone to gasification, particularly at higher pressures and
prolonged reaction times.

In WO 2009/013174 a promoted bulk iron catalyst is intended to be
used in high temperature Fischer-Tropsch (340°C) to produce lower olefins.

20  Although methane selectivity of the claimed catalyst is low, the selectivity
towards light olefins is insufficient. Moreover, the invention judiciously seeks
to avoid bulk catalysts, and is specifically directed to supported catalysts.

Another issue with Fischer Tropsch catalyst performance is mechanical
stability, e.g. vulnerability to fragmentation of catalyst particles related to

25  extensive carbon laydown. This mechanical instability generally is an issue
with bulk catalysts, particularly under conditions of increased catalyst
activity, such as the elevated pressures typically used in industry. A reference
in this regard is Shroff et al.. Journal of Catalysis 156 (185-207), 1995. It is,
inter alia, for this reason that the invention is specifically in the field of

30 supported catalysts.



preparation of an iron-based catal yst conposition conprising a support and
an 10 iron conponent, the process conprising the step of allow ng an

or gani ¢ iwornrotiopisex to deconpose under the influence ofPCheaR)1080607s t o
formiron oxide nanoparticles, wherein the deconposition is conducted in
the presence of the support material. 15 Brief Description of the Draw ngs
Fig.1 is an electron mcrograph of well-distributed Fe203 supported on
a-alumna (in accordance with the invention; Sanple A-1). 20Fig.2 is a bar
di agram showi ng the relative nunbers (frequency) of particle sizes of Fe203
supported on a-alumna (Sanple A-1). 6 Fig.3 is an electron m crograph
of clustered Fe203 supported on a-alumna (not in accordance with the
invention; Sanple C-4). Fig.4 is a bar diagram showi ng the relative nunbers
(frequency) of 25 'Plag presket 'sivze‘siomfse@@zc@rgﬂp}p@rﬁie@emgfrapwhmhh@tq18&4@;)I e
Ca). Fig5 | s Anehechionmohoar an.oinfag0d supnorted on heat treated
gamma al um na %ﬁo? ' accordance withothe i entrony Sanple G8). 8
Det ai | ed descri pti-on of atHigh iseleetititpfor lower olefing, ke costasfshasated at al ysi s of
t he Fi scher-Tropsch progess, the activ hase of the iron catalysts is
ultimately iron or iron%gaFﬁﬁﬁgpsz? i na%$PH¥w5°¥ﬁ@sbresent invention is
concerned wi th the catalysltccQPasirkOoRst MePrbdedidloftHEHRLAGES S 10N | St
the iron-containing particles therein can be iron carbide itself, it is
general |y consi dered noselectoniyefiren¢thiaoelpr ovi de the iron-cont ai ni ng
particles in a different f.or e; g. . 1ron. oxide. The iron- t ai.ni ng
barticles in the catal yePdiasuprbiitalbioachitortiontly Mboibatadietly 5

"catalytically active" I@nsthatesulis@hskidaguitgh this fromthe support.
The invention is based on providing a supgprted cat al yst_conposition.
Wt hout wi shing to be ba#adshenkadayd masbapicebstebHEyband iy an

| mpor tant spactor in the fayonahhe AESHL 8 Akl aAsH D g cahabNaLsy Used

in the invention, is the judicious conblnation of a catalyst of the
supported type - a low amount of coke formation

Summary of the invention
15

In order to better address one or more of the foregoing desires, the
invention, in one aspect, presents a process for the production of lower olefins
by the conversion of a feed stream comprising carbon monoxide and hydrogen,
preferably at a temperature above 270 °C, and preferably not higher than

20  500°C, using a supported, iron-based catalyst, wherein a catalyst composition
is provided that comprises iron-containing particles dispersed onto a support
that comprises a-alumina (a- Al2Os), said support being loaded with at least
1wt.% (calculated on the weight of the support) of the iron-containing particles,
wherein the majority of the iron-containing particles is in direct contact with

25  the a-alumina.

In another aspect the invention provides a process for the production of
lower olefins by the conversion of a feed stream comprising carbon monoxide
and hydrogen, preferably at a temperature above 270 °C, and preferably not
higher than 500°C, using a supported, iron-based catalyst, wherein a catalyst

30 composition is provided that comprises iron-containing particles dispersed onto



15 (rather than a bulk catalyst), in conjunction with the requirenent that
a sufficient load of iron-containing particles is dispersed onto the
a- al um naweuppap4s6and that the nmajority of the iron-comrCaiNi2omy/osemticl es
isin direct contact with the a-alum na. None of the prior art docunents
teaches a catalyst that is of the 20 supported type, that conprises an
a-alum na support that is inert towards iron, and in which the support is
| oaded with iron-containing particles at a sufficiently high level, i.e. at
| east the mninumof 1 w.%referred to above. E. g. in WO 84/00702 the iron
appears to preferentially attach to the ngn-inert (y-alum na) part of the
catal yst, as can be derived from TEM anal ysis (Fig.5). 25Particularly, none
of the prior art references achieves the conbined results displayed by the
i nvention, suelsuapor thatcarephsase-pluodine t(d-ohl20b)k saidl somportidimsioaded wish
selectivity), hi e I Vi f | ower. fins e | one as. high as
5505 and. oy 8bVarP TyBes BalshHit oaFhe WRIRE T lfebb B L BRR AR
an increased pattadlystwhaetinviheynajofty of the ildiBcdnt @i SO phtidkésigaapaitidles i n
t he catal yst conpositi.on gsTprovi ded, will preferably have a particle size
of up to 50 nfze[dgterniped by lereIRisgon e AR NLCcTopHPY| ol GR-8 9t &F MY
particles gre providgdiRs: 48Jeal tMEiWwesiBhlis AEd §MEMRALdLGLESom PR ifDad
particle size below 30 nm nore preferably below 20 5 nm and nost
pref erably beHdewri@dmipove, to provide arnetagpaotthe stlectreg Bischer-'bfopsele
i ron-contai ni ngo(ﬂla&tohckg)%ver}a%ﬁn pt%x%is(:h%e §Si ze determ ned by Transm ssion
El ectron M cr85€0 y of° Am or™ owersY g pgagferably 20 nmor |lower. The
requi rements of pait yetla@oshazaspudti the ihethaed petthls tbheproadsaliyt fleal |y active
particles are well distributed over the 10 support), and the required
direct cont acPreldationel aypegrhased catalyit sprepstien compgising 3 syt apgdnar e
too 1 ar gesot eniohdpoREnd, BhapFlctst BhfstidiaL The ORpY%r &ISWRId 0P ORI Gh vhi ch
is in direct contact wth the support. Preferably, both oaf t hese
al ternative wayspkk td@ttampgsetieler dhalnfBtencapeh¢abget heto fapplirgattide t o t he
majority (nmore than 50% preferably nore.than 709 re.preferabl re 15
Chan 805 of  PRRTIHEI=FREARES FRoHSeoBMERI g CHay aHey Be R Frepriedl A ¢ i<
general | y taughppdrbatatbiischer-Tropsch catalytic activity will drop when
catal yst particles becone too small. E.g., Barkhuizen et al., Pure
Appl . Chem, Vol .78, No.9, ppl759-1769, 2006, show that small crystallites
with a sizg below 9 nmare nuch Iess active than larger 20 crystallites. A
simlar teaching exists on cobalt particles, see Bezener et al.,
J. Am Chem Soc Br2éiBesc@iptiodosbthd Pratvéngs esent i nvention, the smaller
particles (below 15 nm average particle size, and preferably bel ow 10 nm,
show i ncreased selectivity, activity and stability.

Fig.1 is an electron micrograph of well-distributed FesO3s supported on a-

alumina (in accordance with the invention; Sample A-1).
20 Fig.2 is a bar diagram showing the relative numbers (frequency) of
particle sizes of FeaOs supported on a-alumina (Sample A-1).
Fig.3 is an electron micrograph of clustered FesOs supported on a-
alumina (not in accordance with the invention; Sample C-4).
Fig.4 is a bar diagram showing the relative numbers (frequency) of
25  particle sizes of FesOs supported on a-alumina (Sample C-4).
Fig.5 is an electron micrograph of Fe2Os supported on heat treated

gamma alumina (not in accordance with the invention; Sample C-8).



W thout wishing to be bound by theory, the present inventors believe 25
that using the preferred snmaller particles judiciously | eads to providing
voi ds betweenitttagssact i ve particles. These voi ds serve aCuNmehasiaal
space, to prevent sintering and aggregation of catalyst active particles.
Mor eover, by the judicious choice for an a-alum na support, these voids are
wel | -retai ned during use of the catalyst. In this respect it is further
preferred that the particle size 30 of the iron-containing particles is
bel ow 10 nm 10 As indicated above, a supported catalyst will be
understood as pertaining to a catal yst comgposition conprising a
catalytically active part (i.e. particles as provided that are either
active, or are converted into an active phase in situ), and a catalytically
non-active pabtetailpdrdsserittéon af shgtinwantipns non-active part (the support)
generally forns the majority of the catalyst. This distinguishes a
supported catal yst froma bul k-catal yst, in which the catalytically
non-acti ve part i sIngieearal-bysddhatdlysiorf tlye Fikbha:, Ttdpséh prijzpsy, ttﬂ@a@ta\teal yst,
the catal ytica 0 actlve art. i s.gen raIIy nore t 0% ght of
the catal yst gﬁ%‘ogtg%wnqﬁﬁ &b ‘i‘g“ %%B&Ft”qrb?%ga‘ﬁo gme dﬁ Sit@ 60% by
wei ght and;norge Fﬂ)‘i@&fe%'f RN tTTRIiE c&ﬁ@?n&?v@t‘ﬁ%h@’%b%&st%foniﬂ&%tio%ta%' px%@itd%HySt
conposi tion. he catalytically active part of the catal
conposi tion cémpre @@sessr Bﬂnbbﬁh@lrnnwgnmmmgdiaé‘gcleihber@m @arybet 1r@0r¢p?d33d€| ons
B e ot D8R B BB AR EE TR S5, LGS, 9G0P B0 PA ! e
d| sper sed ont 0°t e " al %eh um na sup P a5t 81

. % and genepafthqlemadlffe@ewﬂo% Ergeia@rrabonldeh@hammonoémiﬂg)pammmsann| ng

partl cles dis ersed onto t he al um upp is at ast 10 wt.
The | oadi ng ofh4 trdalysty %ﬁﬁm@éﬁ@ﬂf-emr@ﬁteﬁ@alflﬁ?lr?%ﬁeérﬂs 5 cadly active”

i ron-cont gni ang)%gisﬁlng§lsﬁlt§ﬁéﬁlgﬁ&ltﬁggﬁpb&% catal ysts of the invention from
catal ysts, 20 e.g., escrib in the aforenenti oned WO 84/ 00702. The

catal ysts of the iHyentveotionasbadedist praveldngh shppefed extatyst comhesitganpl es

and conparati cl earl royed perforpmance as
conpared to t&@tho 6%a )?E]tngqto k\%%ﬂ?%@’f@ﬁwﬁﬁﬁ %Vfaﬁpor Z‘) F %t\illagﬁnfor nmet hane
is reduced toihpsgabh@otdrdhithe andrile reallecittvinty V&flﬂ{ t}@ca@ély@tsaideﬂani S

nearly doubled. 25Wthout W shing to be bound by t he present
i nventors bel FeR/HVERHPD 1A thﬁi“éh‘élatl%F%‘PmaHP? wéagﬁtaéwf ﬁh%sww%typp ke

support Mgk er (y@hhLSthRheSEhk, ca%ah?s Ao ARMCALA WG, B }éqﬁh%ﬁle\?ft khat a

preferentially enter into chemtcal interaction wth the also present
non-inert, gaﬁwﬁmwmmmofsmjpmrttammg padiclesharddspersaryonto dhe garttmimi ng

RO MU T O R i e e,
contact Wlth the a-alumina.
None of the prior art documents teaches a catalyst that is of the

20 supported type, that comprises an a-alumina support that is inert towards
iron, and in which the support is loaded with iron-containing particles at a
sufficiently high level, i.e. at least the minimum of 1 wt.% referred to above.
E.g. in WO 84/00702 the iron appears to preferentially attach to the non-inert
(y-alumina) part of the catalyst, as can be derived from TEM analysis (Fig.5).

25 Particularly, none of the prior art references achieves the combined
results displayed by the invention, such as a low methane production (let alone
as low as 11% selectivity), a high selectivity for lower olefins (let alone as high
as 55%) and, moreover, does not achieve any such results in conjunction with

an increased catalyst activity.



11 containing particles are present on, in or at the a-alum na support in

t he af orenenti oned anounts. This presence is preferably associ ated
wi t h physwoabiioamsact bet ween the iron-containing parti eCesNLand/ 05671

a-al um na support. In the preferred catalyst 5 conpositions of the

i nvention, iron-containing particles retained in physical contact wth the
a-al um na support are available to exert their catalytic activity. I n
the present invention this is reflected in the requirenent that the
majority of the iron-containing particles (i.e. at |east 50% of the nunber
of 10 particles) is in direct contact wthy the a-alum na support. This

di stingui shes the catalyst used in the invention fromcatalysts in which
iron-containing particles are present in a substantially clustered form 1In
the latter case, ohhgirangpon@ining siticlee it tlomcatelyshrahpepipen ek preddedhn be in
di rect contact .y [t . S t.anti al Aanmun f 4he particles
is present on%@nﬁ&%@ },;a%g}z %%g@%tp ﬁ%?l@m%ssgzeé)gﬁlictg%{o 1o 1(ajht‘(‘ﬁerotr?3 5enf%](f:r§ﬁt ai ni ng
particl es, thumbbankédtgtlth irettotamiagpaviiélbs hiepreuledrds.relatively #nefler abl vy,
at | east 50% of the i ,r?n-con-t ai ni ng. 1oar,ti cles is in physical contact with
the a-al um na2&dppeaiticlerohavipe srrarhisiosist belewsi0 mpoararTrieRbpr sleV 29l v at

| east 90% 5 Thiyg, ia51dRA6LtIHrHtRA1Y LRI €6 hegd i n conjunction with the 20
preferred | ower particles sizes of the iron-containing particles. As a
result, relativel ylnsors dsppels the megorityanf the inongiontaihelgavargoleadaspr ef er abl y
bel ow 20 nm and.nost. preferably bal ow 10 .n N sufficie | oad
(general 1y 1- 0B RN E PR oh P miEr B s R By S B BTG a y o
l east 10 W . Yowed! en@pegeriblyR0 Ando} RweeXTleNteiiredhditt 6f pangiclonskd (whisher sed
onto the al pha-alum na 25 support, and nostly standing alone (i.e. |eaving
voi ds in bet wegcts that the catglyticadlypetiye apitaqles augveld dEHPRies /8l thsi ng
several iqgn cEAtAHNLAG tRE FEHARQA Brddomal: il (L eNbpHt ERA AtdPQafRE hods.
Exanpl es of iron containing precursors are i norganic and organic Iron
salts, iron chel af esticlaseme tdukires, shey walh bhya pekisdesddodn oxily lysanadki des,
and iron organonetall.i

. 30 Dl tati fot d
iron tetracarB9 Wn,oiv?dglﬁg 1%%0@5%‘%%?5%%5%’3{?6 %Ps&%phﬁsﬁgﬁg%%ﬁﬁo oggﬁluers\es are

nitrates, broditdastivell®fd desfinidduidicl dedysthhestyaties applicdlidt €sthe
acetyl acetonates, acetates, funarates, gluconates, citrates, benzoates,
mal eat es, oxaMA@Ety Graathan 5Q¥enreferbly mere than T4%emore pielorebbunest s can

brovi de 1590 iRshal KOWS ORI o@hL ekl G B QlfiGOTDE nati on S ther eof.

The catal yst precursors prefera conpri se r Fe(ll1) in conbination
wi th organic |i ganbdstherarani ongersually tesight ehatt Eiscluirt Taipech &Ddlticetchyitgne

dianmi ne tetra agetate) or A (nitrilo triacetat nd i | ude in

ot ool a1 PRl akel Shafisabl iRl Butand RSl iRy Fo bl b boxy! i o
10 iron conpowds ApPl.CheBW NFSUNED, pH17OTPTEIPOBONHHIR MHat RefadiSSi um sal t s,
and anmoniumiron citrate. The nost preferred iron-containing particles are

prepared fronraishhiasivith greiga halyw & nipgere much less quivedbapdaigsht i oned iron
precur sor o ar ?r e%ﬁﬂtefs%psfnﬁﬁ% Fedchiik %aﬁ%hrvoﬁgltg)iﬁfﬁklﬁé,%%e?ﬂ&&ﬁefﬁg alds an

active phase ner a after 1n s conversion into iron carbide) in
supported cat dlAmBtGhenESa068, S, 8abal Insths reepdiatdmivnt dohsmalles ar e

i npregnation, deposition ecipitation,.ion exchange, ctrochem cal
Hopostt s on " opaREes sl P4 B8 Risthb b Rl i B APl IPEHET - known
t echni ques i Nghfg iddrbaded WNTIESIS, ggg)@g@@ GABALYSTS. K. P. de Jong

(Editor). WIey-VCH Verlag GrbH & Co. ) )
Without wishing to be bound by theory, the present inventors believe

25  that using the preferred smaller particles judiciously leads to providing voids
between the active particles. These voids serve as a mechanical space, to
prevent sintering and aggregation of catalyst active particles. Moreover, by the
judicious choice for an a-alumina support, these voids are well-retained during
use of the catalyst. In this respect it is further preferred that the particle size

30  of the iron-containing particles is below 10 nm.



20 Wei nheim 2009). The resulting iron-containing particles present in the
catal yst conposition as provided, preferably conprise an iron oxide, nost
pr ef er abl WOReROB9456 The iron-containing particl es prefratablopsérave a
judiciously low particle size. This refers to an average particle size of
smaller than 30 nm Preferably 25 the particles are of snaller size, viz,
havi ng an average particle size below 20 nm Mst preferably, the average
particle size is below 10 nm The average particle size of supported
netal catalysts can be determ ned using different techniques. The preferred
techniques to determine particle size arejgransm ssion el ectron m croscopy
(TEM, X-ray diffraction 13 (XRD) |ine broadening and quantitative X-ray
phot oel ect ron spectroscopy (XPS). These techniques are well-known to the
skilled person. Asindi@Ved sbave, arsabyoitedatadchiniidle widezstoad hows t he

di rect observ (S h I 1cle 0 Jmeans
of an eIectroﬁééggFg Oa%agﬁ$&(?r ﬁéﬁ¥g§%oﬁr$?&§g8%ﬁﬂ%%¥ﬂ C%Vgéaﬁé Usef u
to determ ne phgiges 4d pﬂo@ltﬁddzthad asd éltMtamemcbxfehensémw:irub ah active
characteristics of the cat | ysts. .Addi tional |nfornat|on about. this met hod
can be found PRASTRUCHREEE CRETHIGAIE RATIYSTET L FhRe B drticoladen o
Press Inc.5Lo BQHJ&ct&c%ért (the S&dortfBRhe RIRMLARE tlﬁé‘ﬁfa;&'it)_{r%tf%é k41888 MRhiker
than 100 nmare present in the 10 catal yst, appreciablé |ine broadening in
the x-ray di fﬂrsamgumlnepatsm@mrtm chtadysd drom aﬂplltllhea‘@éw whehwhtthe material is
stress free, mat e e dlff acti.on eak eJ

extent of theC?lgte 003?11 |ascttl(¥5§3@r9ﬁe%’n8r % thef umorw Iﬁusatmﬁg Pp?ratm mum

intensity of thwrlpeaheanchlitcalbesod-acttw sark ad gorddrellyraside ehyis badolbyt e
dianeter with the S%herrer equation, which is known to the skilled 15

person. A ref Skt she eplyst senpesglien RrelsrrbleThrEUORONETARE MO e YSTS.
J. R Andeg SO@ow%@ﬁ&%heaﬁame'p@&ferMQMe ;2 Bovuby v’é@ght of the total

Quantitative XPS: e XPS peaks "are dependent on the surface structure on
t he nanonetercamﬁw%csm@b@moﬁhe anaIyS|s of the peak shape of neasured
spectra provides i | n ntltﬁélve conposi tion

b
S ace bt ne® ol LR RRnE A2t bt SRS HARE tEnnSTROR i PRstin gy &l ned

from quanti tat«,@nfcalrﬁi?§paﬂadly§ ITheCABalDSt db3@shsitidry pravidedad tie@praege! s to
determ ne the distribution and phase thickness of surface sPeC|es

exanpl e of th@%@@oafcowa%tbﬁqlv@l KPatgng paEifenhisavsPage Opté}etﬁlﬁlll% s. ze

kscoégﬁ\?npﬁ |B R s:pf%i EFE%C%I’I%&IHN;H %ﬁqéﬁcﬁg 1% e@%ﬁ%&c‘} %GE*VF B ED
W TH CARBON NREKETBERtISUPRORTEN i1GAT-AUNSTSng GartlicleBérpamed entathe albarr nal  of
t he Anmerican em str 1 3956- 3964) . The catal yst,
as is custonaCB”Pﬁmeépgﬁfsa%%??ﬁﬁggﬁypconprlses a pronoter. In general a
pronoter is a substiRORdihaif thbhaaesnd Bepsat alitsh seffi2rd il *IARR&@nl N

terms of any of selectivity, stability, activity, or conbinations 14
containing particles distinguishes the catalysts of the invention from catalysts,

20 e.g., as described in the aforementioned WO 84/00702. The catalysts of the

invention, as illustrated with reference to the examples and comparative
examples below, show a clearly improved performance as compared to the
catalyst of WO 84/00702. Thus, the selectivity for methane is reduced to less
than half, and the selectivity for Cq-C4 olefins is nearly doubled.

25 Without wishing to be bound by theory, the present inventors believe
that in this catalyst, although an alpha-alumina like support material is
present, the iron-containing particles will preferentially enter into chemical
interaction with the also present non-inert, gamma-alumina support. In fact,
hardly any iron-containing particles are present on the alpha-alumina part of

30 the heat treated gamma-alumina support. In the present invention, iron-



thereof. In literature basically all solid el enents have been recogni zed as
possi bl e pronoters, sonetinmes dependent on the concentration or other

condi ti orsoab1wmEess6Pref erred pronoters conprise at | easPComnL2elo@ient
selected fromthe group consisting of calcium cesium chromum cobalt,
copper, gold, 5 lithium mnmanganese, nickel, palladium platinum potassium
rut henium silver, sodium sul phur, titanium zinc, zirconium vanadi um and
rare earth netals. Any of these elenents can be either in elenmentary form
or inionic form The invention pertains to the use of the

af ore-descri bed catalyst in 10 Fischer-Trepsch processes. This generally
refers to a process in which synthesis gas is converted into useful

hydr ocar bons. Synthesis gas (or "syngas") generally refers to any gas
f eed stream conprirshagabiotles asedpreger (oY) onadthear-pbnnimarryppde 108D, Syngas
can be obtain Q... by steamreformng of natural gas or |iquid

hydr ocar bons ggﬂiée%?g d%%%ﬁﬁ Fbgen, or the gasification of coal, of

bi omass, and in sdhkistprpesicots pasirablycasgocngyl wiab iphiysiahl @ntd@dietwédrethe
Essentially, syngas refers to a w de range of different anounts of carbon
monoxi de and HY8r@gEHMINERRFslerRndithe criPaying gepRprdfl ?@@ﬂ%ﬂrqd 5HHEE £ rom
0.1 to 10.5Pr %rﬁééﬁﬁoﬁé’@ftt@%%\%rﬂﬁﬁl, 1:88dSntAhi r1dshetdiRve %%%ié’é@Ve a
nolar ratio of : CO bel ow 3, and nore 20 preferably bel ow 2. st
preferably, thentaot withrtheicealari@Osuspont ahd avalabdamtpeexsfit flreoneBabtico 1. In
one preferred enbgdinent, a preferred source of syngas is coal. In another
preferred enb%@?ﬁ%%t, with a viewto the preferred hydrogen to carbon
monoxi de rati os, thetlsypgasnt eedsitdoktiis ad refledtb® ih tHeNteyQiremichgithat €se f rom
bi omass, and nost preferably from non-food biomass, which 25 will generally
be |ignocel | uMSEPEHPHRRES gron-containigadticles Bive it flgpsty divged fthﬁa%urag%r of
refativel yol ohflifyds 90Glireck 20ARRPGLiA el WA AL SAE50A STAECALARGIhE; the

i nvention to produce al kenes (which have a CHratio of 2, rather than

al kanes (as i bhelcakdygalsdd sthbe -ifvepsah feymtdagalysts, int atich avoen-eonCaidingt i o
of [n]:[2n+2] Lth n being a positive,.integer. I i scher-Tropsch
oynihes o, andelides fie etk biolt sybet Sty SHRbeedowp olor s b RS ohat s on
of al kenes, gan@idrity of werirah-BoRAidan gHhacks|@agbd ididstcet Rotifaen wiH the
result. The potential distribution of chain lengths is known to the skilled
person as theSPpRREFseh-aseRbtantpbamagingtafi et Pariiches éh Dreses o & o6t PRty
to the prebabiyt.y:of Lo gL O I .y . t a WLk
catalysts?$hthg%§H%i§ﬁ ybg%?éc%%eg #ﬁnFﬁggggggﬁﬁggﬁﬂﬁfﬁ%gégkégb ekkfg}n

| engt h, inevi taithyt withéheshmbortl engths will be formed as well. In the
invention it will Re_.clear that t Fi.scher - Tropsch synthesis i.s to be
Conduct od S0 a5 t o IHGABNe I REHeST brdime gRon-THESHUE AR DRCS Jedh AIEARTY 10
relates to theodtabiMithothob-dleM@ia ShFHdrBSmold@rafel A1y iatilbystl 0% | M@most
olefins, particularly as this goes wth an increased catalytic activity and
undi mi ni shed e¥afarapdf atlegst POty This isgparfiicaleybe praderyedile ceppypetion with theywer
ol efi ns gegper | r a 1= al: | efd gs Vi ng
e R B R G e A TR e
useful productslatimelyuthealCpatideolefriink. siRr bélewadd ywm,tgreferablgritdlon 20erhai ns

to olefins up to 6 carbon ato 6 qlefins).. Mo fera he, ,
venti on_ per fA BTG BOIEY BRiat: & oaHTieEPhdoth TN hoowe.
preferably tocipglapsPBUCEHOWeRIhtEbhBRE sBPFHdRr phé at TREstsKd! kedh) parson
will be generally aware how to steer a Fischer- 20 Tropsch process towards

t he product i oRresPnhmitenadow gatant gf chetararervell dspersed satethyd @lphgfalymina

cat al yst cordj to ¢ I i | Ss paraneters
are tenperégt urggbls;o(r%& ag}delggaﬂrl}ggt%ﬁhir%nal&g?? i%%é’%ljf%}?a%%gé%@{eggﬁce with the

i nvention, this priberlaity catnlpityemnabe epethesizet anper atvaral abaven2aitG g
preferably above 290C, re. pr rably 25 above 30QC,. and nost{ preferably
above 310. ThBr?Cé‘éi%‘FFpﬁﬂ?%}%ﬂ?erﬁtgFeél pr@?@?@g}oy i S hi ﬁ%’inpi?ﬁarf)%dé‘é}
nor e pref er abkyntadlinBib&Irsé R 4R0GRNa NP SEahel Rhaklits, Noh dHeghes, ithan
400C. As to the reaction pressure, this is preferably 1-700 Bar,
preferably 5-cheterBariromnbydesidesr eingr aaxipydoegdesBaand iron organometallic

30 complexes. Representative of these compounds are iron tetracarbonyl, iron



16 In a particular preference, a tenperature of 340-360C wi Il be

conbined with a pressure of 15-25 Bar. The Fi scher-Tropsch synthesis
of the irwenbilmv4san be carried out in any suitabl e reaPCOMNL2RASOTLS tO
conduct Fi scher-Tropsch processes are well- 5 known to the skilled person,

and do not require elucidation here. Simlarly, the manner in which the
catalyst is provided in the reactor is known. Preferably, a fluidized bed
or a multitubular fixed-bed reactor is used. Further information can be
found in FI SCHER- TROPSCH TECHNOLOGY. A. Steynberg and M Dry (Editors).
Studies in Surface Science and Catal ysis 1%2. Chapter 2: 10 Fi scher-Tropsch
Reactors, Elsevier B.V. Amsterdam 2004. The invention further
pertains to a novel process for the preparation of a catalyst as used in

t he i nvent i onpemgicgrhonyk axm @@Tﬁ@ar@@sﬂ tihen uéeatﬁs, romaddmichloeides, fiwdeedes,
iron-containin parti osjtion of 3

i ron conpl ex. %%J%PgaS|blﬁlf “%hﬁgétec Qaﬁ%FE b%%%a%% Fabl5 (ﬁngﬁlh 15
the preparati omazés,quwmﬂﬁia&eaaesl dé&ﬂzlit@sfblua’das stdaticbeapd ederikd. Myant or s
have now unexpectedly found its SU|tab|I|ty for t preparation qQf .
support ed |roﬁ”EHF%F§§F§ImﬁﬁﬂéﬂgﬂbglPébﬁﬁﬂ% P& Fmé@mﬁloraJﬁﬂﬁﬁ%ﬁ“Qﬁ
Cat al ysi s 244kd4sr.32), 2006. Herein iron oxide nanoparticles are prepared
using iron oleate as a precursor. The purpose of this, however, is to

provi de carbon nanbheibeatalyist hpe@uesiral yseleratdyt hompeind, FafliDeor t Re(Idarin cl es
are prepared and, purifie dlspersed ethanol an ed on
it et od S btk 2R & B BORER b b PRGOS ER BRI e
t her mal deCOmﬁylfeh@rﬂltaﬁnﬂ@rt‘étrﬁuh@ﬁbﬁé) cNNU edlitrilb trecphts entkinefudehth
support materi al ui tabl e iron conpl exes |nclud but _are not
limted to, iPBFHiGI @Al ﬁrl?qxéf}?téaqoﬁ%pWﬁa SRYAHar achﬁdigfoxy carboxylig

inventionqyi | !irogecohlﬂo'dﬁﬁé Q\Hﬁﬂi Hﬁ{y%é’lﬁgé 5 ystnlfbrﬁﬁfneéo%l@&rﬁ &r%&gﬁ%ﬁ%%l d0 ng,

non-1imting exanples. t preparation
support ed |roand&m@hysnumﬁmmmnnmm@|TbmnuﬁtpaﬂéﬂpdeuursnnaﬁﬁngﬂﬂﬁﬁéysaBﬂ

Subsequent |nc wet ness . teps were performed at anbi ent
pressure mnth ﬁéfSFI%PHP%?l H%b@&@chﬁﬁﬁnlun1lron (111) citrate

(CBHB+4yFeNy07, 15PMé #lveSohdHtidRdORrch Drofurdody 203 SBERT 8S SHENL iron
fraction: 212-425 nm BET surface area = 10 nR/g, total pore volune = 0.5
cm g) to 10 pEYVRHENg Paitigdesevhichapstoas %taéw%dmsp nseBejindly| aftet e situ

cat al yst s didwdsigh AP céﬁg@egrnﬁlt 5o 8Qa ﬁ?lﬁé EQémﬁle@Objﬂ' Satafiist £

all the solution was incorporate e support, e sanple was rle
under air fl owratar®0@ f dechhidqigr arSubBl@@]@@Iwioyl, t Hep(zsanm epmwltfa;iom,nécdl

under air flow for hour acterizatjon was perf orned
e owder _Hraraay et kRaeah ot Rio B oo gtokit e panien: eP SetSriR ey
XRD patterns weﬁﬁl obleaigdk@dwii ORRhhRARE! & Whe hroNSYNTRESRE 20FWSOLID
Br uker - Noni us D8 Advance X-ray diffractoneter_ set-up using Co-Kl2

(X=1.79026 A) CAHMaY$Bh. KrhE. adeerkege (Egipor). Wiley-VCH Verlag GmbH & Co.

20 Weinheim, 2009). The resulting iron-containing particles present in the
catalyst composition as provided, preferably comprise an iron oxide, most
preferable FesOs,

The iron-containing particles preferably have a judiciously low particle
size. This refers to an average particle size of smaller than 30 nm. Preferably

25  the particles are of smaller size, viz. having an average particle size below 20
nm. Most preferably, the average particle size is below 10 nm.

The average particle size of supported metal catalysts can be
determined using different techniques. The preferred techniques to determine

particle size are transmission electron microscopy (TEM), X-ray diffraction



20 oxide particle sizes were cal cul ated according to the Scherrer equation,
using the nost intense diffraction line at 38.9. The average crystallite

si ze cal cwbavad4p4sem XRD was 21 nm and t he average sizePcalngubmtoseriir om TEM
was 17 nm TEM (Figure 1) shows | arge a-Al 203 particles (approxi mately 200
nm supporting iron oxide particles (approximately 17 nnm) which are 25
honogeneously distributed on the alum na surface. This sanple was
designated as sanple A-1. 18 Exanple 2 Catal yst preparation. a-Al 203
supported iron catalyst (Amoniumiron citrate precursor. Different iron

| oadi ngs) 5 Subsequent incipient wetnessignpregnati on steps were perforned
at anbi ent pressure with an aqueous ammoniumiron (lIl) citrate
(CeH5+4yFexI \ Ty07, 15%w Fe) solution on 4 g of a-Al 203 spheres (sieve
fraction: 212{4RB) Ume BETadapifigicndargganttativar-tay tdioddelgnoran wobanescepy0. 5

cnB/g) to prow hieve, four Fela-..10 Al 20 a sts. wth different iron
| oadi ngs. They%g%pﬁglgs%eggmpq’%gﬁgfé e%lé%og% tr(fge;)cht((:'\E ﬁie{ﬁipe\réeppe%%r%'i on procedure
from Exanpl e 1. ThEERMuAK Sinahdicadn@dsiidueowhidh thewamheditgt bbemvatidd af e
solutions and the resulting.loadings gre slum‘rari zed ig Table 1. 15 Table 1
Fe/ a- Al 203 pr SpaPstRlarHgles s nipReT ted s ata Y Hatemaan Pedly LS OBARSF escrie

gog?i ng (%8t) iAPRRIHNISE Mode! Tha! GchANRRNSEkhdto(dMrerRin@fthe QladticRsiper 4
distribution and the structural characteristics of the catalysts. Additional
information about this method can be found in STRUCTURE OF METALLIC
CATALYSTS. J. R. Anderson. Academic Press Inc. London, 1975. P. 363.

XRD: provided that crystallites smaller than 100 nm are present in the
10  catalyst, appreciable line broadening in the x-ray diffraction pattern will occur.
In the case where the material is stress free, the size is estimated from a single
diffraction peak. The extent of the broadening is described as the full width at
half maximum intensity of the peak and is used to calculate the mean
crystallite diameter with the Scherrer equation, which is known to the skilled
15 person. A reference on this technique is STRUCTURE OF METALLIC
CATALYSTS. J. R. Anderson. Academic Press Inc. London, 1975. P. 365.
Quantitative XPS: The XPS peaks are dependent on the surface
structure on the nanometer depth scale. The analysis of the peak shape of
measured spectra provides information about the quantitative composition of
20  the surface and the coverage surface fraction of the support. The data obtained
from quantitative XPS analysis can be used with mathematical models to
determine the distribution and phase thickness of surface species. An example
of the use of quantitative XPS to determine average particle size is shown by
Bezemer et al. in the characterization of cobalt catalysts (COBALT PARTICLE
25 SIZE EFFECTS IN THE FISCHER-TROPSCH REACTION STUDIED WITH
CARBON NANOFIBER SUPPORTED CATALYSTS. G. L. Bezemer et al..
Journal of the American Chemistry Society 128 (2006): 3956-3964).
The catalyst, as is customary in the art, optionally comprises a
promoter. In general a promoter is a substance that enhances the catalyst’s

30 performance in terms of any of selectivity, stability, activity, or combinations



support A-2 1 0.7 1.4 A3 21.51.3 A453.91.3A520 24 1.3 The
sanpl es were designated as A-2 to A-5, as indicated in Table 1.
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thereof. In literature basically all solid elements have been recognized as
possible promoters, sometimes dependent on the concentration or other
conditions of use. Preferred promoters comprise at least one element selected
from the group consisting of calcium, cesium, chromium, cobalt, copper, gold,
lithium, manganese, nickel, palladium, platinum, potassium, ruthenium,
silver, sodium, sulphur, titanium, zinc, zirconium, vanadium and rare earth
metals. Any of these elements can be either in elementary form or in ionic
form.

The invention pertains to the use of the afore-described catalyst in
Fischer-Tropsch processes. This generally refers to a process in which
synthesis gas is converted into useful hydrocarbons.

Synthesis gas (or “syngas”) generally refers to any gas feed stream
comprising both hydrogen (H2) and carbon monoxide (CO). Syngas can be
obtained, e.g., by steam reforming of natural gas or liquid hydrocarbons to
produce hydrogen, or the gasification of coal, of biomass, and in some types of
waste-to-energy gasification facilities. Essentially, syngas refers to a wide
range of different amounts of carbon monoxide and hydrogen. Generally, the
molar ratio of H2:CO will range from 0.1 to 10. Preferred synthesis gas feeds
for use in the invention have a molar ratio of H2:CO below 3, and more
preferably below 2. Most preferably, the molar ratio H2:CO is within a range of
from 0.5 to 1. In one preferred embodiment, a preferred source of syngas is
coal. In another preferred embodiment, with a view to the preferred hydrogen
to carbon monoxide ratios, the syngas feedstock used in the invention
originates from biomass, and most preferably from non-food biomass, which
will generally be lignocellulosic biomass.

The preference for ranges that are relatively low in hydrogen, is
associated with the desire according to the invention to produce alkenes (which
have a C:H ratio of 2, rather than alkanes (as in classical Fischer-Tropsch

synthesis), that have a C:H ratio of [n]:[2n+2], with n being a positive integer.



19 Exanple 3 Catal yst preparation. M pronoted and a- Al 203 supported

catal yst 5 Incipient wetness inpregnation was perforned at anbi ent pressure
on 2 g ofwe@-2M120%5spheres (BET surface area = 10 n2/ g, troraL2pwrsoMol umre =
0.5 cnB/g) wth an aqueous solution of ammoniumiron (II1l) citrate
(C6H5+4yFe. Ny07, 15%t Fe) and manganese (11) acetate (M (CH3C00) 2. 4H20).
The solution was prepared by dissolving 0.24 g of the iron salt and 0.035 g
or the 10 manganese salt in 1 m of dem neralized water. After inpregnation
the catal yst was dried at 35C and 60 nbar for 2 hours. Subsequently the
sanpl e was cal cined under air flow at 500§ for 2 hours. This sanple was
designated as sanple A-6. 15 Conparative exanple 1 Cat al yst
preparation. a-Al 203 supported iron catalyst (lron nitrate precursor. 20
Different iron | oal E@ﬁger @m@w@mhasmlﬂdealsovmtﬂ@s@seanr n]aQIT'BWPSQ}EpS

wer e perfor magsee gbtﬁgtfoﬂnai:%gluo a_ehlgi,o%enaégﬁﬁ USe I a0 (gal Porl aln lahgtflz 425

(Fe(N33) 3. 9H2 i'on-on sTevE rraction:

p. m BET surf dieribtigen will @esifdl.gThd pcﬁtahuaﬁdlpaﬁlmtmi ofiehain QerfptherBy ot to

provi de achieve Fel/ a- Al 203 catalyst glfferent i ron | oadi ngs.
hile

After each m&a% breriog éatﬁ}eyétnd%? !Ofénﬁﬁsérﬁ‘?utemlébulﬁak%nd

60 nbar fog 2 h@kiwty £§ El‘i’é pPHabtitg FQlhdid- gfbms I, EECPJ Bé”rﬁ%&ﬂtl?a& 4188 with
support, the sanple was dried undér air flow at 90C hour .

Subsequent | y t#felwsanphat sweshighlyc selectiventetheafornfatiow dt e@OOtmef drain 1@msthour s.

WO 2011/ 049456PCT/ 0/ 1l unt and conp05|t|on of the
anmoni um i ron’ cnpﬁﬁb”%%' Q?an%néﬁa ﬁ f?%&’ badlngs are summari zed

in Table 2. Tabl e i fig/ avAhi2O3itpwaDBE emau$h£tgther1€>1rsc1mﬂ’r@qa@c}a§yrahe@wr1§®c5
be conducted so as to promote alkene formation. The invention specifically
10 relates to the formation of lower olefins. The selectivity for lower olefins,
particularly as this goes with an increased catalytic activity and undiminished
catalyst stability, is an unexpected achievement.
Lower olefins generally are alkenes, and preferably 1-alkenes (a-olefins)
having a chain length up to eight carbon atoms (Co.s olefins). E.g., highly
15 useful products include Css a-olefins. Preferably, the invention pertains to
olefins up to 6 carbon atoms (Cgzs olefins). Most preferably, the invention
pertains to the production of Ca4 olefins, and even more preferably to the
production of ethene and/or propene.
The skilled person will be generally aware how to steer a Fischer-
20 Tropsch process towards the production of alkenes. Having the benefit of the
selection of a catalyst according to the invention, the most important process
parameters are temperature and pressure.
Particularly, in accordance with the invention, this preferably involves a
reaction temperature above 270°C, preferably above 290°C, more preferably
25 above 300°C, and most preferably above 310°. The reaction temperature
preferably is not higher than 500°C, more preferably not higher than 450°C
and most preferably not higher than 400°C.
As to the reaction pressure, this is preferably 1-700 Bar, preferably 5-
100 Bar, and most preferably 10-50 Bar.



Sample Fe loading (%) Iron nitrate concentration (M nL of solution per 4
g of support CG110.80.9C221.51.0C353.41.1C4
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In a particular preference, a temperature of 340-360°C will be combined
with a pressure of 15-25 Bar.

The Fischer-Tropsch synthesis of the invention can be carried out in any
suitable reactor. Reactors to conduct Fischer-Tropsch processes are well-

5 known to the skilled person, and do not require elucidation here. Similarly, the
manner in which the catalyst is provided in the reactor is known. Preferably, a
fluidized bed or a multitubular fixed-bed reactor is used. Further information
can be found in FISCHER-TROPSCH TECHNOLOGY. A. Steynberg and M.
Dry (Editors). Studies in Surface Science and Catalysis 152. Chapter 2:

10  Fischer-Tropsch Reactors, Elsevier B.V. Amsterdam. 2004.

The invention further pertains to a novel process for the preparation of a
catalyst as used in the invention. This process comprises the use of a technique
to make iron-containing nanoparticles by the thermal decomposition of an
organic iron complex. The feasibility of this technique has been established in

15 the preparation of quantum dots and Ferro fluids, and the present inventors
have now unexpectedly found its suitability for the preparation of supported
iron catalysts. Reference is made to Guczi et al.. Journal of Catalysis 244 (24-
32), 2006. Herein iron oxide nanoparticles are prepared using iron oleate as a
precursor. The purpose of this, however, is to provide carbon nanotubes with

20 catalyst. To this end, after the particles are prepared and purified, they are
redispersed in ethanol and deposited on multi-walled carbon nanotubes. In the
process of the present invention, the thermal decomposition is particularly
conducted in the presence of the support material.

Suitable iron complexes include, but are not limited to, iron oleate and

25  1iron salts from organic acids.
The invention will be illustrated hereinafter with reference to the

following, non-limiting examples.



10 4 2 5 The sanples were designated as CG1 to G4, as indicated in Table
2. Characterization was performed by X-ray powder diffraction (XRD) and

t ransm ssworroelm@egss6on m croscopy (TEM . XRD patterns weP€TNIReiorvser1at r oom
10 tenperature from30 to 85 20 with a Bruker-Nonius D8 Advance X-ray
diffractometer set-up using co-K12 (X=1.79026 A) radiation. The average
iron oxide particle sizes were calculated according to the Scherrer
equation, using the nost intense diffraction |ine at 38.9. The average
crystallite size calculated from XRD was 21 nm and the average size
calculated from TEM 15 was 28 nm TEM (Fi gure 2) shows | arge a-Al 203
particles (approximately 200 nm supporting iron oxide particles which
agglonerate to formlarge Fe clusters (>30 nm. 21 Conparative exanple 2
Cat al yst prepdxample 1 Bul k iron catalyst 5 25 g of iron (IIl) nitrate
(Fe(N3B) 3. 9H20 were dissolved in 100 m of dem neralized water. The
solution was heated to its boiling point after which it was slowy added,
under vi gor oufasdlystr pregarsisre arAbOk Isippors@l itbh @atadfst2@ngmohiwswditanmitrate

car bonat e (Na2003g in 10Q)/£ of dem neralized water. The resulting
precipitate CC t re-slurried in 1 1 of near boiling

dem neraliged 10 water to renove any residual sodium The purification
process was performed four tines until neutral pH was reached. The purified
preci pi t at e wagbshduett Bntipight Watn@edmandsralbesfisentieye Derieoned ahtamboq
under static ajr...The cataly ) N 3 5 .hour nder.air
fl ow using a ﬁ]ééz’ists}l%-eg%}”gﬁrpgcl)f Eg%anclaéé/[ C%glrlg%fse%g%{)&%ﬁl \lxlfg(gljflp@rqJ o(gﬁfgt by
X-ray powder CdH3a8eiN07( XRDWt P¥RDohatisreon gvef @ Abddadphedesatsiavedraction:
tenperature from30 to gir:[zo ith a Bruker Nonius D8 Advance X-ray .

di f fract onet erl$é¢2 upnuSitgsEdesaprec L7802 el meds aefwRe THE GVdralR

i ron oxidggsi ?ﬁ?viéﬂ@ﬁ? Wi PY ahed,a8QL ‘éb&gixhgregﬂﬁtigﬁ + 56 PRl RN vRAURLLPD
using the nost intense diffraction Iine at 38.8. The average crystallite
si ze cal cul at ethbigrdntexBBRranye2dndB0 Tihias fernrheuym sAlties antiteesolatios anpd e

G5 25 Corrpalir?étogq\)lo%a PP Jd?e s;,)’upport, the sample was dried under air flow at 90°C for 1

hour. Subsequently the sample was calcined under air flow at 500°C for 2
hours.
15
Characterization was performed by X-ray powder diffraction (XRD) and
transmission electron microscopy (TEM). XRD patterns were obtained at room
temperature from 30° to 85° 20 with a Bruker-Nonius D8 Advance X-ray
diffractometer set-up using Co-Kaz A=1.79026 A) radiation. The average iron
20 oxide particle sizes were calculated according to the Scherrer equation, using
the most intense diffraction line at 38.9°. The average crystallite size
calculated from XRD was 21 nm and the average size calculated from TEM
was 17 nm. TEM (Figure 1) shows large a-Al2O3 particles (approximately 200
nm) supporting iron oxide particles (approximately 17 nm) which are
25 homogeneously distributed on the alumina surface. This sample was

designated as sample A-1.



Cat al yst preparation. Pronoted bulk iron catalyst (precipitation) 22
solution was heated to its boiling point after which a near boiling

sol uti on wb 288/0@39456 sodi um carbonate (Na2CO3) in 100 m pofi/Ndemornss7ali zed
wat er was slowl y under vigorous stirring. The resulting precipitate was
filtered and re-slurried in 1 1 of near boiling dem neralized water to
renove any residual sodium The 5 purification process was perfornmed four
times until neutral pH was reached. The purified precipitate was
re-slurried in 200 m of dem neralized water and 8 g of potassium

wat er gl ass sol ution (K20:Si 02 (1:2.15), Akgo-PQ were added to the slurry
under vigorous stirring. 1.5 mM of concentrated HNO3 were added to
precipitate the Si02 and to |lower the total potassiumcontent. 10 The

obt ai ned preclExampke 2vas dried 6 hours at 60C and subsequently 24 hours at
120C under static air. The catal yst was cal cined at 300C for 5 hours under
air flow using a heating ranp of 5C/ mn. 15 Characterizati on was perforned
by X-ray powdéataiétf piephiaivrardAXOs avppdrtiet asoencdy{tX(RMmokiomixiRFcitiagd ysi s

it was determ ned that .the catalysi contents 6% Si02 and 1.8%w CuO and

t hat pot assi u%&%ﬁb—l@%@ﬂﬁ%ﬂﬂ—é—&éﬂ%ﬁ XRD patterns were obtained at room
tenperaturg from30 to 85 20 with a Bruker-Nonius D8 Advance X-ray
diffractometer set-up using Co- 20 Kan (X=1.79026 A) radiation. The average

i ron oxide si Pubseguent dedipightetnescdondisrption stieps Sthie medioragd at iagpbiensi ng

t he nost intense dif cti | | 0. [ ht !

cal cul ated fr g?ﬁ&% é\ng a%hg(ﬂln%()hg‘%fngﬁggﬁlﬁ go&&@bﬁ:‘é@g%@%@ﬁz@&y étr?ﬁ’ﬁeg%}e-%g. 25
23 Conpar at i vEepxahploa ¢h LatofbyShOpsdpacalsion. (ritam el 406 lukn, i BIOD sagthed yst
(sintering) 5 10_g]£§)ams2 of catal yst were prepared by m xing 9. 9411 g ﬁf iron
(11, 111) oxi datqara3thin/ss tgtadPore alen-oRPden /5 62))150%916728&6‘6% Hrnke/sxi de
(zn0), ando0. AZcS) DitaRALASTRHMARIANALE (JSAQ0R) - THNSamHIAE X! Hidpalee
sintered at 1050C for "4 hours. 10 Characterization was performed by X-ray
powder di f f r aédllosnng ¥RDprepARDipaptoeedisreviesre lolamailadd at room t enperat ure
from30 to 85 20 with a BrukerNonius D8 Advance X-ray diffractoneter set-up
usi ng Co-Kan (X=1.79026 A) radiation. The average iron oxide sizes were

cal cul at ed ac@bedinigiit® ahheobpositiodrofelit ain Btniuns ing dfreta@stitibns £7& €he
diffraction line_at 38.8. The average 15 crystallite size calculated from
XRD was 50 nntesthiiag oadigs axssuguangrmt wdlaledanpl e ¢ 7. Conparati ve

exanpl e 5,30 Catal yst preparation. Pronbted and heat treated y-Al 203
supported I ron catal yst

Table 1
Fe/a-AlOs prepared using ammonium iron citrate as precursor
Ammonium iron
Fe loading _ _ mL of solution per 4 g of
Sample citrate concentration
(%owt) support
M)
A-2 1 0.7 1.4
A-3 2 1.5 1.3
A4 5 3.9 1.3
A-5 20 24 1.3

The samples were designated as A-2 to A-5, as indicated in Table 1.



y- Al 203 (surface area - 250 n2/g) was dried for 3 hours under static air at
25 200C. After drying, the support was heated to 750C. In a final step,

t emrper at We 20a¥496sed to 1250C and t he support renai ne@CINIRMAI050711
tenperature for 10 m nutes. The obtained support is a mxture of al pha and
gama al um na as confirned by XRD analysis. 4 g of HT (heat treated) y-

Al 203 were inpregnated with 2.6 m of a praseodymumnitrate solution 30
prepared as follows: 3.1 g of praseodymium (I111,1V) oxide (Pr6011) were 24
dissolved in 2.5 m of concentrated HNO3. The sol ution was heated until

wat er was evaporated and the remaining sohgd was dried overni ght under
static air at 100C. The obtained praseodymumnitrate was di ssolved in

wat er and made up to 25 nml. After inpregnation, the sanple was dried 20 h
under 5 vacuutaxamepkefd erwards it was dried 1 hour at 90C under air flow.
The inpregnated support was cal cined under air flow at 500C for 1.5 hours.
After the first cal Ci natlon the sanple was inpregnated with an iron (I11)
nitrate (Fe(NG SHNCIN JMmprometad mad ondlofis suppertedcaiabmsi g of the
iron salt 10 in 1.3 rri of dem neral i zed water. Subsequently the sanple was
dried for 20 hours under vacuumfollowed by a drying step at 90C for 1 h. A
final cal cbnalhdpieat e@tnas imfagﬁamm wad@rerﬁifmeﬂIamvamltieﬂﬁﬁfésfsﬂre an 2og1o6 .

TEM i ndi cat t t th |
(150. 200" nm a¢A 305 0rgEt APE] 1S taeki ey 7 e OF BSowBavdieecs ICRPBURL 3).
This sanpl e wasthl andgghgnat é%ﬂluﬁ@n SAMBh& okhdn Q@HR@HWC&M%@WJ@F@ N,

Cat al yst preparation. y-Al 2C3supported iron catal Subsequent i nci pi ent
wet ness i npr e@ﬁ%ﬂtoﬂe)s@@@sm@maéles@r(UdrEn?étBtat(Ném@ Prdsk eThﬁtWh@?lqn m

of a 1.8 M a%%gugre?ﬂg% " d rsgpvuﬁ (E%;rc't a{ahcee%%"'%gﬁygﬁw&&és L%t ufie

sol ution on Heres
10 manganese salt in 1 ml of demineralized water. After impregnation the

catalyst was dried at 35°C and 60 mbar for 2 hours. Subsequently the sample

was calcined under air flow at 500°C for 2 hours.

This sample was designated as sample A-6.

15

Comparative example 1

Catalyst preparation. a-AloOs supported iron catalvst (Iron nitrate precursor.

20 Different iron loadings)

Subsequent incipient wetness impregnation steps were performed at ambient
pressure with an aqueous iron (III) nitrate (Fe(NO3)3.9H20) solution on 4 g of
a-AlpOs spheres (sieve fraction: 212-425 pm, BET surface area = 10 m?/g, total
25 pore volume = 0.5 cm3/g) to provide achieve four Fe/a-AloOs catalysts with
different iron loadings. After each impregnation the catalyst was dried at
ambient temperature and 60 mbar for 2 hours. After all the solution was
incorporated on the support, the sample was dried under air flow at 90°C for 1
hour. Subsequently the sample was calcined under air flow at 500°C for 2

30 hours.



25 area = 250 n2/g) to provide 13 wt % Fe/ y-Al 203. The sanpl e was prepared
follow ng the preparation procedure fromExanple 1. This sanpl e was

desi gnat edoastigamsbe C-9. 25 Exanple 4 Catal ytic testsPai/NIQWO@SEdsUr e
(H2/C0 = 1) b5 For the catalytic tests, 20 ng of any of the catalysts
described in Exanples 1 to 6 and Conparative Exanples 1 to 3 were m xed
with 200 ng of SiC as catalyst bed dilutant. The sanple to be tested was
placed in a plug flow reactor (diameter 5 nm and reduced under a m xture
of hydrogen (33%/v) and argon (67%/v) with a gas hourly space velocity of
42000 h-1 at 1 bar and 350C for 2 10 h (58mn). After reduction the feed
was switched to a mxture with 50%/v hydrogen and 50%/v carbon nonoxi de
(GHSV = 4200 h-1). The Fi scherTropsch reaction was carried out at 1 bar and
350C for 20 hours. The results of the catal ytic tests after 15 hours of
reaction are T oW m.t he e

bbeerved tnat THATHAETAGT At el ot e Rl G AT FLER IS0t byt Pl ooy
and hi gh sel eeésJu\mmgldardnhgz;vn&@ sahahafised mSBjle @t | ow pressures (1 bar) The
sanpl es fromthe conparative exanples C3 and G5 to C9 show hi gh nethane
selectivity (>43% and a noderate selectivity towards |ight olefins (<46%.

Sanpl e A-4 shpws tThe 20hi ghest catalyti g ggrligvity. Table 3 Catalytic tests
at 1 bar, 350C, H2/C0=1 (TOS = 15 h) Sanple Product selectivity* Activity
(ol coi gcat. $) CH4 (wt %p/ocR104 pobmefried sisingt i9hn GBratevasfhrecursor
Fe loading Iron nitrate mL of solution per 4 g of
Sample
(%owt) concentration (M) support

C-1 1 0.8 0.9

C-2 2 1.5 1.0

C-3 5 3.4 1.1

C-4 10 4 2

The samples were designated as C-1 to C-4, as indicated in Table 2

Characterization was performed by X-ray powder diffraction (XRD) and
transmission electron microscopy (TEM). XRD patterns were obtained at room
10 temperature from 30° to 85° 20 with a Bruker-Nonius D8 Advance X-ray
diffractometer set-up using Co-Kaz A=1.79026 A) radiation. The average iron
oxide particle sizes were calculated according to the Scherrer equation, using
the most intense diffraction line at 38.9°. The average crystallite size
calculated from XRD was 21 nm and the average size calculated from TEM
15  was 28 nm. TEM (Figure 2) shows large a-Al2O3s particles (approximately 200
nm) supporting iron oxide particles which agglomerate to form large Fe

clusters (> 30 nm).



A-1 22 61 13 7.7x10-8 A-4 17 63 18 3.4 x10-7 A-6 18 58 16 5.8x10-8 C-3 73
22 2
WO 2011/049456 PCT/NL2010/050711

21

Comparative example 2

Catalyst preparation. Bulk iron catalyst

5 25 g of iron (III) nitrate (Fe(NO3)3.9H2O were dissolved in 100 ml of
demineralized water. The solution was heated to its boiling point after which it
was slowly added, under vigorous stirring, a near boiling solution of 25 g of
sodium carbonate (Na2COs) in 100 ml of demineralized water. The resulting
precipitate was filtered and re-slurried in 1 1 of near boiling demineralized

10  water to remove any residual sodium. The purification process was performed
four times until neutral pH was reached. The purified precipitate was dried 6
hours at 60°C and subsequently 24 hours at 120°C under static air. The
catalyst was calcined at 300°C for 5 hours under air flow using a heating ramp
of 5°C/min.

15
Characterization was performed by X-ray powder diffraction (XRD). XRD
patterns were obtained at room temperature from 30° to 85° 20 with a Bruker-
Nonius D8 Advance X-ray diffractometer set-up using Co-Koiz A=1.79026 A)
radiation. The average iron oxide sizes were calculated according to the

20  Scherrer equation, using the most intense diffraction line at 38.8°. The average
crystallite size calculated from XRD was 27 nm. This sample was designated

as sample C-5.

25 Comparative example 3

Catalyst preparation. Promoted bulk iron catalvst (precipitation)

25 g of iron (III) nitrate (Fe(NOs3)3.9H20 and 1.2 g of copper (II) nitrate
30 (Cu(NO3)2.3H20) were dissolved in 100 ml of demineralized water. The
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solution was heated to its boiling point after which a near boiling solution of 25
g of sodium carbonate (NasCO3) in 100 ml of demineralized water was slowly
under vigorous stirring. The resulting precipitate was filtered and re-slurried
in 1 1 of near boiling demineralized water to remove any residual sodium. The

5 purification process was performed four times until neutral pH was reached.
The purified precipitate was re-slurried in 200 ml of demineralized water and
8 g of potassium waterglass solution (K2O:SiO2 (1:2.15), Akzo-PQ) were added
to the slurry under vigorous stirring. 1.5 ml of concentrated HNOs were added
to precipitate the SiO9 and to lower the total potassium content.

10

The obtained precipitate was dried 6 hours at 60°C and subsequently 24 hours
at 120°C under static air. The catalyst was calcined at 300°C for 5 hours under

air flow using a heating ramp of 5°C/min.

15 Characterization was performed by X-ray powder diffraction and X-ray
fluorescence (XRF). From XRF analysis it was determined that the catalyst
contents 6%wt SiO2 and 1.8%wt CuO and that potassium content was
negligible. XRD patterns were obtained at room temperature from 30° to 85°
20 with a Bruker-Nonius D8 Advance X-ray diffractometer set-up using Co-

20 Ku2 (A=1.79026 A) radiation. The average iron oxide sizes were calculated
according to the Scherrer equation, using the most intense diffraction line at
38.9°. The average crystallite size calculated from XRD was 28 nm. This

sample was designated as sample C-6.

25



50 37 5 7.6 x10-8 C9 54 44 0 1.2 x10-8 *Hydrocarbons only Exanple 5 5
Catal ytic tests at nedium pressure (H2/CO = 1) For the catalytic tests, 2
m of anywof2oting94sat al ysts descri bed in Exanples 1 and PChaNieowiosediwi th 10
m of SiC as catalyst bed dilutant. The sanple to be 10 tested was pl aced
in a plug flow reactor (dianeter 7 mm and reduced under a m xture of

hydr ogen and argon with a gas hourly space velocity of 660 h-1 at 2.5 bar
and 350C for 2 h. After reduction the tenperature was decreased to 280C and
the feed was 15 switched to a m xture of hydrogen (50%/v) and carbon
nonoxi de (50%/v) with a gas hourly spacegoyelocity of 1500 h-1. After the

i ntroduction of synthesis gas (P = 20 bar), reaction tenperature was
increased to 340C with a ranp of 100C/ h. After 6 hours the tenperature was
decreased to £Bunparatdge ksamplafd er which tenperature was increased to 340C
to resune the neasurenents 20 at high tenperature. During the experinents
performed at 20 bar, the concentrations of CO CO2 and hydrocarbons from

G -G o in theCauillket prepaentioea Pus@dted Kk arodCatSred (sirgariupgt s of | i quid
products formed during reaction were ignored in the data anal ysis.

5 10 grams of catalyst were prepared by mixing 9.94 g of iron (ILIII) oxide
(Fes04), 3 g of titanium oxide (TiOg), 0.72 g of zinc oxide (Zn0O), and 0.42 g of
potassium carbonate (K2COs). The oxide mixture was sintered at 1050°C for 4

hours.

10  Characterization was performed by X-ray powder diffraction (XRD). XRD
patterns were obtained at room temperature from 30° to 85° 20 with a Bruker-
Nonius D8 Advance X-ray diffractometer set-up using Co-Koiz A=1.79026 A)
radiation. The average iron oxide sizes were calculated according to the
Scherrer equation, using the most intense diffraction line at 38.8°. The average

15  crystallite size calculated from XRD was 50 nm. This sample was designated

as sample C-7.

Comparative example 5
20

Catalyst preparation. Promoted and heat treated vy-AlsOs supported iron

catalyst

y-AlOs (surface area ~ 250 m?/g) was dried for 3 hours under static air at
25 200°C. After drying, the support was heated to 750°C. In a final step,
temperature was raised to 1250°C and the support remained at that
temperature for 10 minutes. The obtained support is a mixture of alpha and
gamma alumina as confirmed by XRD analysis. 4 g of HT (heat treated) y-
AlsO3 were impregnated with 2.6 ml of a praseodymium nitrate solution

30 prepared as follows: 3.1 g of praseodymium (IILIV) oxide (PrsO11) were



The results of the catalytic tests after 65 hours of reaction are
summari zed in 25 Table 4. WD 2011/ 049456PCT/ NL2010/ 050711 27 Table 4
Cat al yti cwoesti®4at5620 bar, 340C, H2/ CO=1 (TOS = 65 h) SacpNL2Predenat
selectivity* Activity (nmolco/gcad4.$) CH4 (wt% C2-C4 olefins (wt% Co5+
(W% A-1 17 39 14 3.2x10-6
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dissolved in 2.5 ml of concentrated HNOs. The solution was heated until water
was evaporated and the remaining solid was dried overnight under static air
at 100°C. The obtained praseodymium nitrate was dissolved in water and
made up to 25 ml. After impregnation, the sample was dried 20 h under
vacuum and afterwards it was dried 1 hour at 90°C under air flow. The

impregnated support was calcined under air flow at 500°C for 1.5 hours.

After the first calcination, the sample was impregnated with an iron (III)
nitrate (Fe(NO3)3.9H20) solution prepared by dissolving 0.286 g of the iron salt
in 1.3 ml of demineralized water. Subsequently the sample was dried for 20
hours under vacuum followed by a drying step at 90°C for 1 h. A final
calcination step was performed under air flow at 450°C for 2 hours. TEM
indicates that the surface of the a-alumina phase of the support (150-200 nm
0-Al2Os3 crystals) is mainly free of FesOs particles (Figure 3). This sample was

designated as sample C-8.

Comparative example 6

Catalyst preparation. y-AlsOs.supported iron catalyst

Subsequent incipient wetness impregnation steps were performed at ambient
pressure with 3.1 ml of a 1.8 M aqueous ammonium iron (III) citrate
(CeHs+4yFexNyO7, 15%wt Fe) solution on 2 g of y-AloOs spheres (BET surface
area = 250 m?2/g) to provide 13 wt% Fe/ y-AloOs. The sample was prepared
following the preparation procedure from Example 1. This sample was

designated as sample C-9.
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21 3.4x10-6
WO 2011/049456 PCT/NL2010/050711
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Example 4

Catalvtic tests at low pressure (Ho/CO =1)

5 For the catalytic tests, 20 mg of any of the catalysts described in Examples 1 to
6 and Comparative Examples 1 to 3 were mixed with 200 mg of SiC as catalyst
bed dilutant. The sample to be tested was placed in a plug flow reactor
(diameter 5 mm) and reduced under a mixture of hydrogen (33%v/v) and argon
(67%v/v) with a gas hourly space velocity of 42000 h-! at 1 bar and 350°C for 2

10  h (6°C/min). After reduction the feed was switched to a mixture with 50%v/v
hydrogen and 50%v/v carbon monoxide (GHSV = 4200 h-!). The Fischer-

Tropsch reaction was carried out at 1 bar and 350°C for 20 hours.

The results of the catalytic tests after 15 hours of reaction are summarized in
15 Table 3 below. From these results it can be observed that samples A-1, A-4

and A-6 show low methane selectivity (<22%) and high selectivity to lower

olefins (>58%) at low pressures (1 bar). The samples from the comparative

examples C-3 and C-5 to C-9 show high methane selectivity (>43%) and a

moderate selectivity towards light olefins (<46%). Sample A-4 shows the
20 highest catalytic activity.

Table 3
Catalytic tests at 1 bar, 350°C, Ho/CO=1 (TOS = 15 h)
Sample Product selectivity™* Activity
CH,4 (wt%) Co-C4 olefins (wt%) | Cs™ (wt%) (molco/gcat.s)
A-1 22 61 13 7.7x108
A-4 17 63 18 3.4 x107
A-6 18 58 16 5.8x108
C-3 73 22 2 7.9x108




A-6 24 38 19 6.1 x10-7 CG1 28 32 13 3.3x10-6 G2 36 27 8 3.8x10-6 CG3 39 20
7 5.6x10-6

WO 2011/049456 PCT/NL2010/050711
26
C-5 76 21 1 4.8x108
C-6 43 46 9 6.4x108
C-7 83 16 0 9.0x108
C-8 50 37 5 7.6 x108
C-9 54 44 0 1.2 X108

*Hydrocarbons only

Example 5

Catalvtic tests at medium pressure (Ho/CO = 1)

For the catalytic tests, 2 ml of any of the catalysts described in Examples 1 and
2 were mixed with 10 ml of SiC as catalyst bed dilutant. The sample to be
10 tested was placed in a plug flow reactor (diameter 7 mm) and reduced under a
mixture of hydrogen and argon with a gas hourly space velocity of 660 h-! at

2.5 bar and 350°C for 2 h.

After reduction the temperature was decreased to 280°C and the feed was
15 switched to a mixture of hydrogen (50%v/v) and carbon monoxide (50%v/v)
with a gas hourly space velocity of 1500 h-1. After the introduction of synthesis
gas (P = 20 bar), reaction temperature was increased to 340°C with a ramp of
100°C/h. After 6 hours the temperature was decreased to 280° for 33 hours
after which temperature was increased to 340°C to resume the measurements
20 at high temperature. During the experiments performed at 20 bar, the
concentrations of CO, CO2 and hydrocarbons from Ci-Cio in the outlet were
measured with a GC. Small amounts of liquid products formed during reaction
were ignored in the data analysis.
The results of the catalytic tests after 65 hours of reaction are summarized in

25 Table 4.
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Table 4
Catalytic tests at 20 bar, 340°C, Ho/CO=1 (TOS = 65 h)
Sample Product selectivity™* Activity
CH,4 (wt%) Co-C4 olefins (wt%) | Cs™ (wt%) (molco/gcat.s)
A-1 17 39 14 3.2x106
A-2 24 55 5 3.4 x107
A-3 21 53 11 4.3x107
A4 24 35 10 4.8x105
A-5 11 53 21 3.4x106
A-6 24 38 19 6.1 x107
C-1 28 32 13 3.3x106
C-2 36 27 8 3.8x106
C-3 39 20 7 5.6x106
C-4 38 16 6 5.8x106
C-5 30 32 14 3.6x10-¢
C-6 26 36 19 3.6x106
C-7 24 28 10 3.6x106
C-8 42 23 8 8.6x107
C-9 49 33 1 3.2 x107
*Hydrocarbons only
5

From these results it can be observed that the samples A-1 to A-6 showed low
selectivity to methane (<24%) and high selectivity towards Ca-Cs olefins
(>38%) when the high temperature Fischer-Tropsch reaction is carried out at
high pressure (20 bar).

10



C-8 42 23 8 8.6x10-7 CG9 49 33 1 3.2 x10-7 *Hydrocarbons only 5 Fromthese
results it can be observed that the sanples A-1 to A-6 showed | ow

sel ecti viwg 20n/m@etshane (<24% and hi gh sel ectivity towaPd3/NL2010A5el1ef i ns
(>38% when the high tenperature Fischer-Tropsch reaction is carried out at
hi gh pressure (20 bar). 28 Cains 1. A process for the production of

| oner olefins by the conversion of a feed stream conpri sing carbon nonoxi de
and hydrogen, using a supported, iron-based catalyst, wherein a catalyst
conposition is provided that conprises iron-containing particles dispersed
onto a support that conprises a-alumna (a8 5 Al 203), said support being

| oaded with at least 1 w.% (cal culated on the weight of the support) of
the iron-containing particles, wherein the nagjority of the iron-containing
particles is in direct contact wwth the a-alumna. 2. A process for the
production of lower olefins by the conveysion of a feed stream conprising
carbon nonoxi de and hydrogen, using a s ed, iron-

1. A process for the production of lower olefins by the conversion of a feed
stream comprising carbon monoxide and hydrogen, using a supported, iron-
based catalyst, wherein a catalyst composition is provided that comprises iron-
containing particles dispersed onto a support that comprises a-alumina (a-

5 Al20Os3), said support being loaded with at least 1 wt.% (calculated on the
weight of the support) of the iron-containing particles, wherein the majority of
the iron-containing particles is in direct contact with the a-alumina.

2. A process for the production of lower olefins by the conversion of a feed
stream comprising carbon monoxide and hydrogen, using a supported, iron-

10  based catalyst, wherein a catalyst composition is provided that comprises iron-
containing particles dispersed onto a support that comprises a-alumina (a-
Al203), said support being loaded with at least 1wt.% (calculated on the weight
of the support) of the iron-containing particles, wherein the majority of the
iron-containing particles has a particle size determined by Transmission

15  Electron Microscopy of 30 nm or or lower.

3. A process according to either or both of claims 1 and 2, conducted at a
temperature above 270 °C, and preferably not higher than 500°C.

4. A process according to any one of the preceding claims, wherein the iron-
containing particles on the catalyst composition as provided, have an average

20  particle size below 30 nm, preferably below 10 nm.

5. A process according to any one of the preceding claims wherein at least
70%, and preferably at least 80%, of the number of the iron-containing
particles is in physical contact with the a-alumina support.

6. A process according to any one of the preceding claims, wherein the iron-

25  containing particles on the catalyst composition as provided, are obtainable
from a precursor selected from the group consisting of iron tetracarbonyl, iron

pentacarbonyl, iron nonacarbonyl, iron nitrates, iron bromides, iron chlorides,



10 based catal yst, wherein a catal yst conposition is provided that
conprises iron-containing particles dispersed onto a support that conprises
a- al um nawQaM 1208356 sai d support being | oaded with at | @aFINL20w0/056711
(cal cul ated on the weight of the support) of the iron-containing particles,
wherein the majority of the iron-containing particles has a particle size
determ ned by Transm ssion 15 Electron M croscopy of 30 nmor or |ower. 3.
A process according to either or both of clains 1 and 2, conducted at a
tenperature above 270 C, and preferably not higher than 500C 4. A
process according to any one of the precegdogng clains, wherein the
iron-containing particles on the catal yst conposition as provi ded, have an
average 20 particle size below 30 nm preferably below 10 nm 5. A process
according to op (beides, irore phesbatss irool sallateswironeicatydacetamdes, 70% and
preferably at | t % of the .nu r. of the iron-containn rticles is
P ohyat oul cBrtaRe ot nofretaS TR0 Rishdfel O SAMRIRARBEENE 15 15
any one of thegdéstegdidigotilaticsBirombRaaisnahderonrsdearadss, andtpasfaraidy parti cl es
on the catal yst conposition as provided, are obtainable froma precursor

sel ect ed fron?FH@”EPHU%O%gHQF%WPHb of iron tetracarbonyl, iron

pentacar bogyl 7 i r oR pORAc A BRIk to TR QKA thel JhMInPA HBMALSS taih )
chlorides, 29 iron fluorides, Iron phosphates, iron sulfates, 1ron

acet yl acet onavregicleés ontlxcetalyescompantiduanpetvaded jomaprigy arcnatoskle, i ron
citrates, ironmggpéga%e§) iron nmal eates, iron oxal ates, iron ol eates, and

i ron stearat e& “ it %r%%é?ably ammoniumiron (I1l) citrate. 5 7. A process
accordi ng to gl ai M @roskereionding@o ey anBedthd prcedinl aidimdgwhardih ehe€feean t he
catal yst conposition as, provided conprise an iraqn oxide, preferably. Fe203.
8. A process afdféemoﬁowrﬁ?smw%é%ﬂqaﬁ‘@olbm@egﬁ#ﬁgna%?lﬁ%?a%éﬁe%@]ﬁhe f eed
Stream Conpri ges O QORI AMEARNARARNOKLAR difledi B @1 ratio H2: 0O of 10
fromO0.1:1 to 10:1, preferably wthin a range of from0.5to 1. 9. A
process accor @i ng Aoeremys ecerdihgtthenpoec efithegpickceding cladvper whardihéhe eact i on
tenperature i s abhove 290C, preferabl ove,. 31Q0C, , and hi gher ., t han 450,
b efer abl y notetirgharpRE FoBEbore 24p R ST AR A g SRR o
the precedi ngtledraitsoe, pwiereilynbtieighsr fiRaci00C. pressure is 1-700 Bar
preferably 5-100 Bar, and nost preferably 10- 50 Bar._ 11. A process
accordi ng to afy ohdrefess Recopdivgdaany oae Af Fhe Pxgretier slaipwerheren the are

pr oduced Vi : I no1 | i o) ) to 4
Carbon at s, 38008 A S 12100 DA PRl iR 200 PRk R n Rl L SRATN
cat al yst conpé8iBaron conprising a support conprising a-alumna, and an iron

conponent, the_ progcess conprising the step,.of allow ng.an organi¢ iron
conpl ex to dedbmpdSdoidartRAnANP PHEABE ChiheiRFe g CUTE o PR 19U oxi de
hanopar ti cl esolefiAgaeb PrddiRed 86 PIHRASEHHi 8 Terl8h 6O 0P W6 Greridh AddgsPpRFenGey of
the support material. 25 13. A process according to claim 12, wherein the

iron_conponenﬂpé@ﬂﬁpr@ésmWﬂﬁh-containing particles having an average
particle shze;smal \ gf,d0af3Be PRpRLBE HARN Yro R sk aldid AhpB%tion

comprising a support comprising a-alumina, and an iron component, the
process comprising the step of allowing an organic iron complex to decompose
under the influence of heat, so as to form iron oxide nanoparticles, wherein the
decomposition is conducted in the presence of the support material.

25 13. A process according to claim 12, wherein the iron component comprises
iron-containing particles having an average particle size smaller than 30 nm,
preferably smaller than 20 nm.

14. A process according to claim 12 or 13, wherein the iron-containing
particles are obtainable, preferably as iron oxide particles, from a precursor

30 selected from the group consisting of iron tetracarbonyl, iron pentacarbonyl,



14. A process according to claim1l2 or 13, wherein the iron-containing
particles are obtainable, preferably as iron oxide particles, froma

pr ecur sorwBQosigl4essbed from t he group consisting of ironPCe&iNLaewrosenyl, iron
pent acar bonyl, 30 iron nonacarbonyl, iron nitrates, iron brom des, iron
chlorides, iron fluorides, iron phosphates, iron sulfates, iron

acetyl acetonates, iron acetates, iron fumarates, iron gluconates, iron
citrates, iron benzoates, iron maleates, iron oxalates, iron ol eates, and
iron stearates, and preferably ammoniumiron (111) 5citrate. 15. The use of
a catal yst prepared according to any one gj clains 12 to 14, for the

sel ective production of olefins fromsynthesis gas

iron nonacarbonyl, iron nitrates, iron bromides, iron chlorides, iron fluorides,

iron phosphates, iron sulfates, iron acetylacetonates, iron acetates, iron

fumarates, iron gluconates, iron citrates, iron benzoates, iron maleates, iron

oxalates, iron oleates, and iron stearates, and preferably ammonium iron (III)
5 citrate.

15. The use of a catalyst prepared according to any one of claims 12 to 14,

for the selective production of olefins from synthesis gas



