2 3 FEB 2004 Activation of passivated iron Description 5 The present

I nvention relates to a process for high tenperature, high pressure T FER 2004
hydrogen activation of passivated iron useful as catalytically act i?\/e
conponent after said activation, which conprises effecting said activation
in the presence of a nitrile 10 at from 20 to 180C. Catal ysts consisting
whol |y or substantially of elenental iron are very inportant, for exanple
for the synthesis of _anmonja . from nitrogen and hydrogen, for producing
hydr ocar b%g é"‘ﬁ’tolrﬁ“sy?ﬁtR%%?’sval%dgéy?ﬁ scher-Tropsch synthesis) and for the
hydrogenation of nitriles to amnes (J.W Ceus, Applied Catalysis 2a, 313
- 333 (1085%yiptdwah catal ysts are usually prepared by reducing iron oxides
with 26 hydrogen- To this end, the iron oxide is-reduced in a hydrogen

stream at ph et : L de_ aoxygen_bei Qnyerted into water
and rermvﬂé}é2 ?%e%s%ge ?g{&&{ﬁﬁg %gﬁg%é 8_%‘3,62% °g8 E_'(':rﬁlnl e ?{gﬁeg?[&ﬁf&t%ﬁ'of

mol t en anBi s %ﬁfﬁ?@ﬁﬁe{‘nﬁﬁp%&ﬁﬁﬂﬁﬁl‘?'} & BFHvakedsdpen; ysefwdy dogen
stream JCaimhiricagdy aglive cempghent ggfer 88&d -acgd¥atképos twhitdhe

exper i nentampriisesi nffediaing e idoapt brax ioadiat i prlesienesd OFideStrigeiron in
a hydr egest Stdcaaoces pgdee be achi eved at tenperatures 30 above 400C and
that the reduction of doped iron oxides as used in anmonia synthesis can
be achi e\é(gd1i olnl Y at _abpve 500C. US 3, 758,584 discloses_at columm 1 |ines 47
to 65 red@®ihg SToi° oG deY KPosbH 0 BHGEPHAHY pfesismental aron to 10
percent LAFBIOFY dRROBFAEMBEAF aexIMREe foncbhe ssyithesisoof armmpératore of
350 to 4ejgogen whdchydagent héohypiratyernngonydicrar®odb from gyaraesis by

}/ol umlﬁ&;mr}tmﬁbﬁhgﬁofmcﬁ bi{ﬁ'ggeéfs_}- a_in?) £foSUdMe ih&aﬂﬁﬁélﬁ@tlﬂﬁ ®f ar e4gsed
or exanplf i I QRGRAl | a IR e al :

Accor di ngtfﬁ§§%84¥480, 051, (?ﬂg re%%;t ihgﬁ %%‘?I%a%l?g%gggc ?in%lgi omﬂgi n three
stages by're ing the iron oxide with hydrogen or nixtures of hydrogen
and anmonia in a first step, then treating the resulting elenental iron
with an ofderatahyaihiarg yasally pupagedobyl mdygiagdirem oxiseshivith st ep

r epeat Echtdr@geadute idris end, the iron oxide is reduced in a hydrogen

stream at high temperatures, the oxide oxygen being converted

into water and removed in that form.

DP patent 855,263 describes the reduction of molten and
25 subsequently comminuted iron oxide at 400°C in a hydrogen stream,

J. Mater. Sci. Lett. 8 (8) (1989), 895 - 858 reports the
experimental finding that the complete reduction of iron oxides
to iron in a hydrogen stream can only be achieved at temperatures

30 above 400°C and that the reduction of doped iron oxides as used in
ammonia synthesis can be achieved only at above 500°C.

Us 3,758,584 discloses at column 1 lines 47 to 65 reducing iron
oxides at 300 to 600°C in the presence of 0.01 to 10 percent by

15 volume of ammonja, Preferengé is given to a temperature of 350 to
420°C, in which case the hydrogen contains 0.25 - 3 percent by
volume of ammonia {column 2 lines 12 - 18)., Such iron catalysts
are used for example for hydrogenating adiponitrile. to
hexamethylenediamine.

40
Bccording to US 4,480,051, the reduction can also be carried out
in three stages by reducing the iron oxide with hydrogen or
mixtures of hydrogen and ammonia in a first step, then treating
the resulting elemental iron with an oxygen-containing gas in a

45 second step and then as third step repeating the reduction
similarly to the first step.



"simlarly to the first step 23 FEB2004 2 The reduced iron catal yst
obt ai ned according to the processes nentioned is pyrophoric. If t hd 3 FEB 2004
reduction of the iron oxide was <carried out directly in the synthesis
reactor contenplated for the later reaction, the catal yst can subsequently
be used for the 5 contenplated chem gal reaction- However, the reduction in
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Activation e pur poses of the present invention is the conversion of
reducedly [sic]/passivated iron into a catalytically active form The

di sadvant &gecak Higgefere ba hdvenbsaepmnttoactidvee itde iiwonhexidd) cueadtar
necessit atks dirglerpdaped atynbesis tdetangaoheost 2Ahet pysoPforikhi s | eads to
appr ecuabb@tﬂgdtahﬁesﬁé Y p%%%@%'ée@fbsx Q‘%ea’tﬂ&ﬁ@ Q:‘ilx agqy! er}e‘?_ﬂ?
(preheateg, 2y %Ogﬁé SRS €8 ¢h %igatggétof ﬁ%%ﬁéf 313 t hough

the tine nee actlvatlonls esst an wt e%- reduction
of the iron 3s oxide, it is stil] high. For instance, A V. Slack, G R
James: ANGRARGENIPEPLWY 98/NAPE8) Brikaraspavatianapy beseffaqrpdiwdthi bes

t he proceditzodes-oxryey ariintyres pas sienpegd tires fromd 20ntandehg,a synt hesi s.
The actdvate tErabakess ptacd’at THomctA0at Dot &C saed cé@&%ﬁst%bom 17 hours,
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in a hydrogen atmosphere at from 180 to 500°C, preferably from 200
to 400°C.

25 Activation for the purposes of the present invention is the
conversion of reducedly [zic]/passivated iron into a
catalytically active form.

The disadvantage is that even the subsequent activation in the
30 reactor necessitates high temperatures in the range from 200 to
400°C. This leads to appreciable extra costs on account of the
increased equipment needs {preheater, cycle gas compressor,
reactor material, etc.). Also, although the time needed for the
activation is less than with the initial reduction of the iren
3% oxide, it iz still high. Por instance, A. V. 8lack, &. R. James:
Ammonia, Part IT, Marcel Dekker Inc., 1977, 113 - 114 describes
the progedure for activating & passivated iron used in ammonia
synthesis. The activation takes place at from 300 to 480°C and
takes about 17 hours, t¢ which has to be added the same time for
40 heating the reactor.

DE-A-3,524,330 describes the activation of passivated iron in the

presence of a Redox system, eg ketone/alcohol, at temperatures of

about 200°C. The disadvantages here are the high temperature and
45 the appreciable time required for the activation.



"DE- A- 3,524, 330 describes the activation of passivated iron in the %rfmfﬂﬁ
of a Redox system eg ketone/al cohol, at tenperatures of about 200G b
di sadvant ages here are the high tenperature and 45 the appreciable tine
‘required for the activation. 2 3 FEB 2004 3 It is an object of the present
invention to provide a process for agtechnically sinple and econoni cal
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conponery g3kh&batdiyesambh¥fdd) can be obtained according to processes
known per se. useful precursors for such an iron accordingly include iron

15 oxides, iron hydroxides, iron_oxyhydroxides or m xtures thereof

( conponenti®aiav Shahcthide dbdeRt| 19 achieded by orlte procesy defiingd,
iron(l1) @%itke dutsetll) hydroxide, iron(lll) hydroxide or iron
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of the follow ng elenents
Such compounds can be used to produce supported iron catalysts,
25 but are preferably used for producing unsupported iron catalysts.

Useful precursors for such an iron include as component a}
readily water-soluble salts of iron, such as nitrates, chlorides,
acetates, formates or sulfates, preferably nitrates, or mixtures

30 thereof, and also mixtures of such salts with the aforementioned
iron oxides, iron hydroxides or iron oxyhydroxides.

Such compounds can be vsed to produce unsupported iron catalysts,

but are preferably used for producing supported iron catalysts.
35

The. passivated iron which is used in the process of the invention

and which is useful as catalytically active component after

activation may include further components, such as promoters.

40 Advantageous promoters are one or more of the following elements
or compounds based on the following elements or mixtures thereof
(component (b)):

palladium, c¢obalt, ruthenium, rhodium, platinum, iridium, osmium,
45 copper, silver, gold, chromium, molybdenum, tungsten, manganesce,
rhenium, zinc, cadmium, lead, aluminum, ¢in, phegphorus, arsenic,



or conpounds based on the follow ng el enments or m xtures thereof
(component (b)): palladium cobalt, ruthenium rhodium platinum i il ﬁfﬁﬂrzﬂﬂ"
osm um, 45 copper, silver, gold, chrom um nolybdenum tungsten,
~manganese, rhenium zinc, cadmum |ead, alum num tin, phosphorus,
arsenic, 2 3 F E B 7004 4 antinony, gisnmuth and rare earth netals, silicon,
zirconium vanadium titanium 5 Advantageous further conponents
(conponent 1(:c)) are .one or nore conpounds based on one or nore alkali or
al kal i ne BRFHPHEt Hlsnutly andpgare epethaetialat eslilicom,uséfodniasn,
cat al yti cahhddigu,i wétagbmponent after activation, the precursor of
conponent (a) may 10 already contain conponent (b) or its precursors
parti al kya@hanteERug! ch e 11 o prepare, t passi vated iron useful
as catal yiicall ggt ?Jl%t%e?rrp@ghgé{’g%ﬁ e‘rcl% Y _5?%1‘%i )t RESpPRT % BPTey
conmponent “UH rpgé PPEQAR, &Oiftt 8F " fimfukand px)alialiine preehmedieds.
partially or conpletely. 15 Preferred precursors for conponent (b) include
readily Watmrepsoeubhe paddivasedcirg esefudf ad heal1gRBRAB1PRMIiQREd, such
as nitrateswpoiener bdesr RAGkALESR, faf éuréef%‘:jﬁé%%m Bﬁ&flter Bl Yayi trates.
o sl nelu Bily

20 Prefgr o] t. (¢ e rea er -%ol ubl e
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usef ul ascompminghyt (ehinay adirpeey conporiantombdeintaqlelivaki Dy WrkeBudsaMé t hout
conponentpddrjiaany(6y esmpaeteepents (b) and (c) are useful as precursors
for supported or unsupported catal ysts. 30 Such supported catal ysts may

i ncl ude rier . materials referably al unj num oxi de, silicon

oxi de, ai \r%gHgic %ngﬁoggt Ak FRTRONgRE F’N aiiaditegi BXRYELY zi r coni um

di oxi de, ‘f?&ﬁﬁé‘gP WPt et 52 PRCCIR e s, a6 the£lomeats| ventidned, canton and

al so ni xtdf &dtrakegofchlorides, acetates, formates, sulfates, preferably
nitrates.

20
Preferred precursors for component (c} include readily
water-soluble salts or complexes of the elements mentioned, such
as hydroxides, carbonates, nitrates, chlorides, acetates,
formates, sulfates, preferably hydroxides and carbonates.

25
Catalyst precursors including passivated iron useful as
catalytically active component after activation with or without
component (b) or (¢} or components (b) and (c) are useful as
precursors for supported or unsupported catalysts.

30
Such supported catalysts may include conventional carrier
materials, preferably aluminum oxide, silicon oxide,
alumosilicates, lanthanum oxide, titanium dioxide, zirconium
dioxide, magnesium oxide, zinc oxide, zeolites or activated

35 carbon and also mixtures thercor.

In a general embodiment for producing catalyst precursors,
precursors of component (a) are precipitated if desired together
with precursors of component (b) and if desired with precursors

40 of component (c) in the absence or, in the case of supported
catalysts, in the presence of carrier materials, if desired the
catalyst precursor thus obtained is processed into extrudates or
tablets, dried and subsequently calcined.

45



In a general enbodi nent for producing catal yst precursors, precursors of
conponent (a) are precipitated if desired together wth precursorsch]FEB 2004
conmponent (b) and if desired with precursors 40 of conponent (c) in the
absence or, in the case of supported catalysts, in the presence of carrier
materials, if desired the catalyst recursor thus obtained is processed
into extrudates or tablets, dried and subsequently calcined. 45 2 3 FEB
2004 5 The precipitation fromgenerally aqueous solutions may be effected
in a convefhd @agripbtateion ffopmegempdad llyy aqaebis avlations efiyieat i ng
reaants éiyfeelﬂadgmgatdtﬁllvﬁkﬂt@bnby nﬁah@@ﬂl Ngo rkﬁ:a 1EeHPeJcﬂ§1Lt iBn §Epporte:j
cat al ysts g i tu carrier mteria
with a s I%’[l oggesﬁg%én%:oe%g%?t% @%?’8335, %{i orrpone'ﬁtcr(%gléﬁd P® desired
conmponen t(e“)p fHRE" T ndi vi dual 10 conponent s bei ng added si nul taneously or

I n succession, or by spraying the conponents (a), if desired conponent (b)
and if d@m@dte@mﬁryst(sc;lr@rgemearadayraPJo roitaihabld rbya saeﬂyﬁﬂiﬁg)rgal
manner . 1liatréesahflarSialPWeeH! § WolRiBhi 6F ddMps ngmaw,e ?_ pyedried in
2 Convent aaghnapar ag,ang e/n% R {10 ,m;; 190 3( at from 80
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active comaanent after activation may al so be obtained by nelting
i ron-containing oxides, hydroxides or oxyhydroxides or mxtures of such

conpou 5 i_ron-cantainin arting conpounds may
alr eadyr/i%ls r@%uégpé/ rr%oggg?ug{%s%gteéb ?’ 9"?‘% nPFaA¥iehddsi bl e
if desired FEEIYSTLIPBMEM JEBPrat aneréﬁé‘Htg?cso @Déﬁnmﬂﬁﬁrsbw) and
(c). Aft erﬂtcéWﬂ'nsé)c iten128%e cat al yst precursor material is generally
exposed to a reducing atnosphere. This is preferably done by exposing the

catal yst phesulsfeneRbely afol1owaddBy AICHITANRE Sor? 1HYL21BL RO, JoiLcul ar

hydrogen 2@dedharday efedtdd RR' £988°850 to 500°C, preferably at from 200
to 450°C, in a gas stream, for example an air stream or a nitrogen
stream.

The catalyst precursors including passivated iron useful as
25 catalytically active component after activation may also be
obtained by melting iron-containing oxides, hydroxides or
oxyhydroxides or mixtures of such compounds at above 1500°C. These
iron-containing starting compounds may already include component
{b) or component (¢). It is similarly possible if desired to add
30 component (b) or component (c) or components (b} and (c¢).

After calcination, the catalyst precursor material is generally
exposed to a reducing atmosphere. This is preferably done by
exposing the catalyst precursor material to a gas atmosphere

35 containing molecular hydrogen and if desired further gases,
especially inert gases, such as nitrogen, at from 200 to 500°c,
preferably ar from 250 €2 450°C. Th¢ reaction times are generally
within the range from 2 to 72 hours. The space velpelity over the
catalyst precursor in this operation is preferably in the range

40 from 100 to 500 standard 1/1 of catalyst precursor x hour, the
space velocity over the ammonia synthesis catalyst precursor is
preferably in the range from 2000 to 10,000 standard 1/1 of
catalyst precursor x hour.

45 The catalyst precursor including metallic iron is generally
passivated at from 20 to 100°C, preferably at from 25 to 60°. An
advantageous way of doing this is to contact the catalyst



especially inert gases, such as nitrogen, at from 200 to 500C, preferably
at from 250 to 45040. The reaction tinmes are generally  within the raﬁgéazma
from2 to 72 hours- The space velocity over the catalyst precursor in this
operation is preferably in the range 40 from 100 to 500 standard 1/ 1 of
"cat al yst precursor x hour, the space vel ocity over the ammonia synthesis
cat al yst SCULSgr thpreferﬁ ¥n he range from 2000 to 10, 000 standard
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catal yst 23 FEB2004 6 precursor wth an oxi di zi ng gas preferably with a
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.be used amipwi®egas or as a gas containing further constituents, such as
inert gas, for exanple nitrogen or argon, especially nitrogen 15 The

actlvatloq. g_f L he %%t%a % rec(grsor may be effected with advantage in the
react or TR ST AT BUTAf 92T Oraldfi da¥iDifortainkeg end, the
cat al yst SFEE'&?%&"W‘:%“ $spoisldasasnert igasd fed éxample néorogen @r be
suspendedaraor heesrexdadlyi nitrogenl.vent. 20 Useful nitriles include in
principle all nitriles individually or mxed, ie organic corrpounds whi ch
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such 25 as

directly a"ﬂél rT%‘(:'imt ngn%é’r%r’F‘d'tq'ctBP %ﬁ“gﬂlé’lsltpﬁﬁFF'ersqlbrmaé’xhﬁpqi%BPDSEd
benzonitrffe? %‘"‘éﬁ’l k6Heh2 oFie mepEtor Phtbealsyapended, irorthel refatidc in a
nitriles, spIvefittriles in which the nitrile group is directly
20
Useful nitriles include in principle all nitriles individually or
mixed, ie organic compounds which contain at least one,
preferably more than one, such as two, three or four, nitrile
groups which are reactive in the process of the invention, such
25 as aromatic. nitriles, ie nitriles in which the nitrile group is
dixrectly attached to an aromatic or arylaliphatic, for example
benzonitrile, o-aminobenzonitrile or phthalonitrile, or aliphatic
nitriles, ie nitriles in which the nitrile group is directly
attached to an aliphatic system or to the aliphatic moiety of an
30 arylaliphatic.

The aromatic or aliphatic nitriles may bear one or more, such as
two, three or four, further identical or different functional
groups, such as amino groups or ester groups.

3%
useful aliphatic nitrilee are aliphatic nitriles of from 1 to 20
carbon atoms, reckoned without the nitrile group or groups and
with the aliphatic system being linear, branched or cyclic, such
as linear nitriles having one nitrile group, for example

40 acetonitrile or propionitrile, cyclic nitriles having one nitrile
group, for example cyclohexyl nitrile, linear nitriles having one
nitrile group and a further functional group, for example
cyanoacetic esters or 6-aminccapronitrile, such as linear
nitriles having two nitrile groups. for example

45 2-methylglutaronitrile, adiponitrile or succinonitrile.



attached to an aliphatic systemor to the aliphatic noiety of an
arylaliphatic. The aromatic or aliphatic nitriles nmay bear one or mﬁéFEB 2004
Such as two, three or four, further identical or different functional
groups, such as am no groups or ester groups. 35 useful aliphatic nitriles
are aliphatic nitriles of froml to 2 carbon atons, reckoned w thout the
nitrile group or. groups and wth thefaliphatic system being |inear,
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In a preferred embodiment, from 1 to 10 g, preferably from 2 to

6 g, of solvent, especially ammonia, may be used per g of

nitrile.

25 The space velocity over the catalyst precursor is advantageocusly
in the range from 0.1 to 2.0 kg, especially from 0.3 to 1.0 kg,
of nitrile/l x h.

when the catalyst precursor is used in the form of a suspension

30 in a solvent, the activation may be carried out batchwige or
preferably continuously in the liquid phase in particular. The
temperature should advantageously be in the range from 20 to
180°C, preferably from 40 to 150°C, especially from 50 to 100°C,
The pressure should advantageously be in the range from 2 to

35 40 MPa, preferably from 2 to 30 MPa, particularly preferably from
3 to 30 MPa, especially from 4 to 9 MPa. The residence time
should advantageously be in the range from 50 to 275 min,
preferably from 70 to 200 min.

40 The activation may preferably be carried out in the presence of
an inorganic solvent, such as ammonia, or of an organic solvent,
such as an amine, diamine or triamine, preferably of from 1 to 6
carbon atoms, for example trimethylamine, triethylamine,
tri-n-propylamine, tri-i-propylamine, tributylamine, such as an

45 alcohol, for example methanol, ethanol, n-propancl, i~propanol,
n=butanol, i-butanol, s-butanol, preferably ammonia.
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Particularly advantageous catalytically active iron obtainable by
the process according to the invention includes from 0 to 25% by
weight of component (b), based on component (a), and from 0 to
10% by weight of component (c), based on component {a).
25
Cptimum parameters for obtaining the desired composition are
simple to determine in a few preliminary experiments.
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The iron obtainable by the process according to the invention is

30 useful in numerous chemical processes, for example the synthesis
of ammonia from nitrogen and hydrogen, the production of
hydrocarbons from synthesis gas (Fischer-Tropsch synthesis) or in
hydrogenations, such as the hydrogenation of nitriles, especially
alpha,omega-dinitriles to alpha,omega-aminonitriles or

35 alpha,omega-diamines, as catalytically active component in
heterogeneous catalysts. :

The heterogencous catalysts are preferably used in the
hydrogenation of adiponitrile to hexamethylenediamine and the

40 partial hydrogenation of adiponitrile to G-aminocapronitrile and
hexamethylenediamine.

If the catalyst is used for the synthesis of ammonia from

nitrogen and hydrogen or for the praduction of hydrocarbons from
45 synthesis gas (Fischer-Tropsch synthesig), the heterogeneous

catalyst may, after activation, be advantageously washed with
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ursor Wwas prepared by nelting a magnetite ore in air at above
2550C. The nmagnetite ore used had the following conposition: 72% of re,
0.08% of AP% @ 890 Bf08% 0D AIZU00P3IMPE Tal206 0% S Mg, 0.12% of Si,

20 0.01% of Ti, 0.17% of Mn, balance oxygen.

The cooled melt block was comminuted in a jaw crusher. A sieve
fraction of particle size 1.5 - 3 mm was separated out by sieving
and reduced in a hydrogen/nitrogen stream at 450°C in the course
25 of 72 hours. After cooling down to room temperature under
nitrogen, the catalyst was passivated with a mixture of 1% of air
with nitrogen in the course of 24 hours, care being taken to
ensure that the temperature of the bed hot cpot did not exceed
45°C.
30
In a 270 ml autoclave, 80 g of reducedly [sic]/passivated
catalyst spall was installed in a wire cage and the autoclave was
sealed. 69 g of ammonia and 34.5 g of ACN were then introduced,
the autoclave was heated to 110°C and hydrogen was pressed in via
35 a 2000 rpm sparging stirrer to a total pressure of 250+10° Pa.
After about an hour, the hydrogen uptake started, the rate of
uptake rising almost linearly with time until the nitriles had
been completely converted. Samples were taken during the
reaction, and it was determined that ACN is completely converted
40 into HMD and ACSA (Tab. 1)}.

ACN = 6-aminocapronitrile

HMD = hexamethylenediamine

ACSA = 6-aminocaproamide
45 ADN = adiponitrile
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b) Hydrogenation of adiponitrile to ﬁexamethylenediamine

The catalyst prepared according to 1 a) by activation of
reduced-passivated iron catalyst was used in the same reactor for
hydrogenating adiponitrile to hexamethylenediamine. unlike 1a),
the reactor was operated continuously. The hydrogenation was
carried out at 135°C, 250*105 Pa and a catalyst space velocity of
1.0 kg of ADN/1 of cat. x h. A mixture of ammonia and ADN in a
weight ratio of 2 : 1 was fed into the reactor continuocusly.
During a period of 100 hours samples were taken and analyzed by
gas chromatography, revealing a hexamethylenediamine yield of 59%
coupled with complete ADN conversion.
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‘Table 1 shows that the water fornmed reacts with ACN to form ACSA. b)

Hydr ogenation of adiponitrile to hexanethyl enediam ne 15 The cat al ys?H FEB 2004
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velocity of 20 1.0 kg of ADN/| of cat. x h. A mxture of anmonia and ADN in
a weight ¥eaGl818f-2 : 1 was fed into the reactor continuously. During a
period of 100 hours sanples were taken and anal yzed by gas chr omat ogr aphy,
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an aliphatic giskkl as claine |nanyo calmsJ_LtOS
wherein the nltr{; e useﬁ?gA%péoorrpoElﬁa sel ected fromthe group consisting

of adi ponltrlle and 6-ami nocapronitrile. 20 25 30 35 40 45
3. A process as claimed claim 1 or 2, wherein the nitrile used

is5 an aliphatic nitrile.

15 4. A process as claimed in any of claims 1 to 3, wherein the
nitrile used is a compound selected from the group consisting
of adiponitrile and 6-aminocapronitrile.
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