HYDROGENATION PROCESS USING CATALYST COMPRISING ORDERED INTERIVIETALLIC
COMPOUND FIELD OF THE INVENTION The present invention relates to a process for the
hydrogenation, in particular the selective hydrogenation of unsaturated hydrocarbon compounds using
a hydrogenation catalyst comprising a specific ordered intermetallic compound, to a catalyst
comprising a support and the above 10 specific ordered inteimetallic compound supported thereon,
and to the use of a binadf BB @Mlﬂ@ W@%ﬁﬁ@ﬁ%ﬁ%ﬁ%@t BACKGROUND ART
15 Selective hydrogenatoos/Df RESENEGRID UNERMNBPIUALS BrembMaronustrial
significance. The pyrolysis of naphtha for the productlon of ethene Propene, butanes, 1,3-butadiene
and aromatics is a key process in the modern 20 petrochemical industry. For the nearly complete
removal of aﬁ&n@c&ﬁp@ﬁﬁﬁ%ﬂ@ﬁz 03 and 04 cuts, selective hydrogenations are generally
used. For instance, the hydrogenation of acetylene is an important 25 industrial process to remove
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BACKGROUND ART

15
Selective hydrogenations of unsaturated hydrocarbon compounds
are of high industrial significance. The opyrolysisg of
naphtha for the production of ethene, propene, Dbutanes,
1, 3-hutadiene and arcmatics is a key process in the modern
20 petrochemical induétry, For the nearly complete removal of

alkynic compounds from the €5, Cz and C4 cuts, selective
hydrogenations are generally used,

For instance, the hydrogenation of acetylene is an important
25 industrial process to remove traces of acetylene -in  the
ethvlene feed for the production of polyethylens. Because
acetylene poisons the catalyst Zfor the polymerisation ol
athylene to polyethyvlene, the acetylene content in the
ethvlene feed has to be reduced to the low ppm range.
30 Moreover, economic efficiency reguires high selectivity of
acetylens hydrogenation in the presence of an excess of

ethylene to prevent the hydrogenation of ethylene to ethane.

Tvpical hydrogenation catalysts contain palladium dispersed
35 o metal oxides. While palladium metal exhibits high
activity, e.g. in the hydrogenstion of acetylene, it

possesses only limited selectivity because of the Iormation



10 (US 4,404,124; and D. C. Huang et al., Catal. Lett. 53, 155 - 159 (1998)), Sn (S. Verdier et al., J.
Catal., 218, 288 - 295 (2003)), Au (T. V. Choudhary et al., Cabal. Lett., 86, 1 - 8 (2003), Ni (P. Miegge
et al., J. Catal., 149, 404 - 413 (1994), and Pb (W. Palczewska et al., J. Mol. Cabal., 25, 307 15 - 316
(1984). However; the catalytic perfoimence of these modified Pd catalysts remains insufficient and
further improvements in selectivity may decrease the costs for the production of polyethylene. In
addition to selectivity, the long-term stability of palladium catalysts has to be improved 20 further. The
C3 cut (propylene) is generally purified by selective hydrogenation of propyne (methylacetylene) and
propadiene (allene), and the obtained propylene may be further processed 25 to polypropylene.
Another impoor%ant selective hydrogenation in industry is the removal of traces of 1,3-butadiene from
the C4 fraction aftet the axtractive sepafationHEVESEPHAISTS ctafsts ke 36 BEmmdHIESed in this
reaction. Furthéfirpethersel Sotive iaogonatoniohl Seeyeidactadiene, obtained by cyclic
dimerization of 1,3-butadiene, to cyclooctene on Pd/AI203 and of benzene to cyclohexene on
rutheniug calglystsarg.of Impay; iper I ei stab%yi of the used.catalyst have
been stronglg]ffsired. %edgi{rl gfnaerg\%l%c’igggr%%uggfgg& %goér P%%Gg él%g %e&%ﬁ%ﬁffﬁ. Héliner et
al. in Z. Natuforsch, 23, 1772 183 (54778ha by K2 ¥halRfedt aPRe 9 LeR-Coriimbh Mét. 32 129 -
140 (1974). HBfEeE Hhy Eatfyiic potevitistvf thésegompounds-has been unknownesa/fhen20 The
use of ordered-iitermeetallicceomponinds esteatalysts imavasietrof different tgactions,is generally
described in +{200440120207 4 And i 2004012230,42 dlowever, hesg doauments fal fo

disclose the lication of this type of 15 compounds fo hydrogenatjons,Tet one §ei’é%:tlve
hydrog;g%atiofih[,_js‘?1 In%eé): ,4thjé9f§(:u§% tr?esecr‘efg?éﬁ’é}gs " oft their G8& 7 fudt BEffs. IR Bdditon, these
patent applicafions 1&iP® discRRBe the spetfitd based intefmetaiifcsdompbunids afBie-prassént

invention. 20(2003) ), Au (T. V. Choudhary et al., Catal. Lett., 86, 1 - 8
(2003), Ni (P. Miegge et al., J. Catal., 149, 404 - 413

{1994), and Pb (W. Palczewska et al., J. Mol. Catal., 25, 307

15 - 316 (las4), However, the catalvtic performance of these

modified Pd catalysts remains insufficient and further
improvements in selectivity may decrease the costs for the
production of peolvethyviene. In addition to selectivity, the

- long-term stability of palladium catalysts has to be improved
20 further. ‘

The C3 cut (propylene) is generally purified by selective

hydrogenation of propyne (methylacetylene) and propadiene

(allene), and the obtained propylene may be further processed
a5 to polypropylene.

Another important selective hydrogenation in industry is the
removal of traces of 1,3-butadiene from the C4 fraction after
the extractive separation thereof. Pd/Al»03 catalysts are
30 commonnly used in this reaction. Furthermore, the selective
hydrogenation of 1,5-cyclooctadiene, obtained by cyclic
dimerization of 1,3-butadiene, to cyclooctene on PA/AL07 an&
of benzene to cyclohexene on ruthenium catalysts are of
importance.
35
In all of these selective hyvdrogenations, further

improvements of the selectivity to the desired product and an



It is therefore an object of the present invention to provide a process for the hydrogenation of
unsaturated hydrocarbon compounds, in particular of ethyne (acetylene) in admixture with a large
excess of ethene (ethylene) to afford ethene, 25 which overcomes the drawbacks of the prior art as
outlined above, and which shows an improved selectivity to the target product. It is another object to
provide novel catalysts having the above beneficial properties in selective hydrogenation reactions, in
particular in the selective 30 hydrogenation of acetylene to afford ethylene when ethylene is present in
an excessive amount. SUMMARY OF THE INVENTI®N 35 The above objects are attained by a
process for the hydrogenation of at least one unsaturated hydrocarbon compound using a
hydrogenation catalyst comprising a specific 4 ordered. intermetallic compound. The ordered
intermetallic COREBRT LSLEFIR tHE BTocESE B 116 TrVERtGH EoMTie S & folt bETidar S pe A
capable of adtihe@ing 1 diegenathd at least one metal of type B not capable of activating hydrogen,
and the structure of the intermetallic compound is such that at least one kind of type A metals is mainly
surrounded by atoms: of,the fmetal of type B According o gpotbar aspect, the presantijayention is
concerned with a 193(_:atalyst comprising a su ;ort nd th ab%ve ord7eieg ﬁ_tglrmetglyg comrPdound
supported th&red: - *R&Gordng o stitFarfothBr S85e - fie breédnt inléntion relates 1o the Tae of a
binary Pd-Ga&trd&reEipterfrfetalit 15 éompduntl- asi® ARt Prefétdd emBodimehts of #é present
invention are (Siibjeqt.of tiaerdependentclatns 220 BRIEERESCRIPTION OfcE-E ORABVANGS Fig. 1

shows the cagudination qf Bd.atoms.in RdGa (Fig. la) and in Pd3Ga7 (Fig. Ib). 25 Fig. 2 shows the

evoluti?& of in situ XRD patterns measured during theimal treatment of PdGa in 50% hydrogen in
heliumfrom 323 to 723 K. Fig. 3 shows the conversion (Fig. 3a) and selectivity (Fig. 30 3b) of PdGa
(40 mg), Pd3thE7 EE0 0§), PERIEOS (015 APt and PU20RH0Y P00 i§) ifdké hyafdyeratidn of
acetylene in admixitire with 4t Ekeess of etwlenieoaisA 73sK. Fagad shows dees converdiondFige 4a) and

selectivity (Figg 2 A0 A57Prepared Rd2Ga (10 g, Fozézpmilied in argen, Q0,8 ma) and B4/AI203
(0.1 mg) in the hydrogenation of 4eet/gne. n.admixjure with an excess of ethyjene at 473 K+
1% compounds to hydrogenations, let alone selective
hydrogenations. In fact, the focus of these references is on
their use in fuel c¢cells. In addition, these patent
applications fail to disclose the specific Pd based
intermetallic compounds of the present invention.
20 ‘
It ig therefore an object of the present invention to provide
a process for the hydrogenation of unsaturated hydrocarbon
compounds, in particular of ethyne (acetylene} in admixture
with a large excess ©0f ethene {(ethylene) to afford ethene,
25 which overcomes the drawbacks of the prior art as outlined
above, and which shows an improved selectivity to the target
product. It is another object toc provide novel catalysts
having the above  beneficial properties in selective
hyvdrogenation reactions, in particular in the selective
30  Thvdrogenation of acetylene to afford ethylene when ethylene

is present in an excessive amount.
SUMMARY OF THE INVENTION
35  The above objects are attained by a process for the

hydrogenation of at least one unsaturated hydrocarbon

compound using a hydrogenation catalyst comprising & specific



5 Fig. 5 shows the conversion (Fig. 5a) and selectivity (Fig. 5b) of Pd2Ge (0.5 mg) and PdZn (100 mg)
in the hydrogenation of acetylene in admixture with an excess of ethylene at b473 K. Fig. 6 shows the
conversion and selectivity of the hydrogenation of acetylene to give ethylene in the presence of an
excess of ethylene at 473 K using PtZn as a catalyst. 10 DETAILED DESCRIPTION OF THE
INVENTION The benefits of the hydrogenation process of the present invention can be achieved
preferentially if the hydrogenation 15 proceeds selectively. Everyone active in the field of
hydrogenation catalysis is familiarwiththeterm"selectigehydrogenations"”. Generally, a chemical
reaction is referred to as being 20 selective if this reacts preferentially with one of several functional
groups of similar reactivity which are present in the maqlecules of the reaction mixture, whereas the

remaining fultGibTET Grodps BF IS b react BFBG HicarthrloWerdasiee, 18 - HE G hardly react in
the case of highly28selaotivé reactidis: Diferepty statedthehydrotaration issetectveif tHis is
selecting a cedaighysiegeraion eactopdoncerdaaiigiregenationteactigns)femdhe vaseas
hydrogeatiopreacliops which ajgRassibledn thJeagtion ixtuge, Ganseayenty Jeuy, selegtive SO
hydrogenation™ as it is used herein covers e.g., the following situations: (1) some of the unsafurations
(e.g. double FXERPHPBle LIRAs) EGFthE tifﬁ‘é%?dfﬁ?eﬁyo%?ar%ﬁ%?%ﬁdlﬁ SEPERYEY arfe®
hydrogenate@wiith préferenaé wie@as thenstherur@atafaticnsreacdt tove Sighificartly 85 iower degree,
and (2) in thesease-thaione vy ma-wasatifrations ohihe: unsaturateg hydrocatben campound to be

reacted can e yeipgegated twice (5.9- ple.bRds).they 4 are hygtrogshatedwith preferegoe only

once, and the 2n . \
10 catalyst cCOomprising a support and the above ordered

intermetallic compound supported thereon.

According to still another aspect, the present invention
relates te the use of a binary Pd-Ga ordered intermetallic

15 compound as a catalyst.

Preferred embodiments of the present invention are subject of

the dependent claims.
20 BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 shows the coordination of Pd atoms in PdGa (Fig. la}
and in Pd3Gan (Fig. 1b).

25 Fig. 2 shows the evolution of in situ XRD patterns measurad
during thermal treatment of PAGa in 50% hydrogen in helium
from 323 to 723 K.

Fig. 2 shows the conversion (Fig. 3a) and selectivity (Fig.

30 3b) of PdGa (40 mg), Pd3Gay (100 mg), PA/Alp03 (0.15 mg), and
PdonAggg (200 mg) in the hydrogenation of acetylene in
admixture with an excess of ethylene at 473 K.

Fig. 4 shows the conversion (Fig. 4a) and selectivity (Fig.
35  4b) of as-prepared PdsGa (10 mg), PdpGa milled in argon

(0.8 mg) and Pd/Als03 (0.1 mg) in the hydrogenation of

acetvlene in admixture with an excess of ethylene at 473 K.



reaction step is hardly observed.For the purpose of the present invention, a hydrogenation is referred
to as 5 selective if the molar ratio of the desired target compound to the undesired target compound(s)
is larger than 1 preferably more than 2 : 1, more preferably more than 5 and most preferably 10 : 1.

10 A typical example of situation (1) is the hydrogenation of an alkadiene to afford mainly, preferably
almost exclusively, the corresponding alkene without substantial reaction of the alkene to the
corresponding alkane. Situation (2) may be exemplified by the reaction of an alkyne to give mainly the
15 corresponding alkene, whereas the consecutive reaction of the alkene to afford the alkane hardly
takes place. As will be appreciated from the above, the two situations are not mutually exclusive. That
means, both of the Cq:'bove S|tuat ns may exist in the selective hydrogenation of a speC|f|c 20 molecule.

In the case of tHe' acktyTBRY ?ea Bn FP Y& RXeesE oF etifeneifich TORREpSHAY to &ifhtion (2), it
is important thét thefetRgizfe, indspitanstitstaryePdimrceht@fiongois hirdlyvenveded teetisime 25
Examples of sélecivedyytsagenationaatie cesedbedintheBackground Ad section.afdhe present
specification. shhe wnsaturated hydrocarbon compound used in the selective hydrogenation process of
the present invention is not limited 30 in kind as long as this contains one or more unsaturations

susceptible to hydrogenation and poses a selectivity problem compound having both
Fig. ¢ shows the conversion and selectivity of the

hydrogenation of acetylene to give ethylene in the presence

of an excess of ethylene at 473 K using PtZn as a catalyst.
10

DETATILED DESCEIPTION OF THE INVENTION

The Dbenefits of the hydrogenation process of the present
invention can be achieved preferentially if the hydrogenation

15 proceeds gelectively.

Everyone active in the field of hydrogenation catalysis is
familiar with the term tgelective hydrogenations®,
Generally, a chemical reaction is referred to as being
20 selective if this reacts preferentially with one of several
functional groups of similar reactivity which are present in
the molecules of the reaction mixture, whereas the ramaining
functional groups ¢f this type react to a significantly lower
degree, i.e. they do hardly react in the case of highly
25 selective reactions. Differently stated, a hydrogenation is
selective 1f this ig selecting a certain hydrogenation
reaction (or certain hydrogenation reactions) from the

various hydrogenation reactions which are possible in the

reaction mixture. Conseguentcly, term "selective
30 hydrogenation" as it is used herein covers e.g., the
following situations: (1) some of the unsaturations (e.g.

double and/or triple bonds} of the unsaturated hvdrocarbon
compound to be reacted are hydrogenated with preference
whereas the other unsaturations react o a significantly
35 lower degree, and (2) in the c¢case that one or more
unsaturations of the unsaturated hydrocarbon compound to be
reacted can be hydrogenated twice (e.g. triple bonds), they



35 double bond in the hydrocarbon compound a carbonyl molecule.However, the 7 carbon-carbon
triple bonds, and is free from further unsaturations susceptible to hydrogenation, i.e. hydrogenable
crroup(s).According to a more preferred embodiment, the 5 unsaturated hydrocarbon compound is
selected from the group consisting of alkadienes, alkatrienes and alkapolyenes; alkynes, dialkynes,
trialkynes and polyalkynes; and aromatic compounds. The alkadienes, alkatrienes and alkapolyenes,
and the alkynes, dialkynes, triaikynes and polyalkynes cover 10 both, alicyclic and cyclic compounds.
Still more preferably, the unsaturated hydrocarbon campound is selected from the group of alkadienes,
cycloalkadienes, alkynes and benzene. The alkadiene may be I,3-butadiene, which will be converted
15 by way of the selective hydrogenation of the present invention,mainly tol-butene,without being fully
hydrogenatedt§ bu Xrﬁgé: to? %?gtf%%caﬁﬁtl&gbre%?ﬁ?eeﬁﬁﬁﬁﬁlka%ﬁfe i€35Fexafiipte, f)%?cyglg%itadiene
which will aff6RPESEIPTheSetactive hydrogératiopseithednvention: 20-byclcoeters svhilé cybieoctane
resulting fronpihestutlthydiegenationris a nminohp@etebnEie: selective hydeagenation afbenzene will

afford cyglohexane. withminer amoupts af.cyclohexadiene and gyclphexans, A.example of & selective
hydrogenation of a triple b nd,lg t%e %resence of a double 25 bagnd is thegurlflcatlon of 1,3-butadiene
T RS p

by hydrogenation of vinyl* BES in R Still AfothEr 8ximpiB Tt a Seléctive

-

hydrogenatioR§ & p&dotiognstanifedisenzene té arftviee preferably more than 5 : 1,
and most preferably 10 : 1.

10 A typical example of situation (1) is the hydrogenation of an
alkadiene to afford mainly, preferably almoest exclusively,
the corresponding alkene without substantial reaction of the
alkene to the corresponding alkane. Situation (2) may be
exemplified by the reaction of an alkyne to give mainly the

15 corresponding alkene, whereas the consecutive reaction of the
alkene to afford the alkane hardly takes place. As will be
appreciated from the above, the two situations are not
mutually exclusive., That means, both of the above situations

may exist in the selective hydrogenation of a specific

20 molecule. In the case of the acetviene reaction in a large
excess of ethylene which corresponds to situation (2), it is
important that the ethylene, in  spite of its large

concentration, is hardly converted to ethane.

25 Examples of selective hydrogenations are described in the

Background Art section of the present specification.

The unsaturated hydrocarbon compound used in the selective
hyvdrogenation process of the present invention is not limited
30 in kind as long as this contains one or more unsaturations
susceptible to hydrogepnation and poses a selectivity problem
as outlined above. For example, the unsaturated hydrocarbon
compound may be an unsaturated carbonyl compound, e.g. &
compound having both a carbonyl moiety and a carbon-carbon
35 double bond in the meclecule. However, the unsaturated
hydrocarbon compound preferably contains, as unsaturations

susceptible to hydrogenation, carbon-carbon double and/or



30 The alkyne is preferable ethyne (acetylene), and this is the most preferred embodiment of the
present invention. Through the process for the selective hydrogenation of the invention, ethyne will
predominantly be converted to ethene (ethylene) while the hydrogenation of ethene to afford ethane is
35 negligible. This is even so when the selective hydrogenation of ethyne is carried out under reaction
conditions where ethyne is present in admixture with an excess of ethene in 8 relation to ethyne,
which is a particularly preferred embodiment of the selective ethyne hydrogenation according to the
present invention. Most preferably, ethene is presentin the reaction mixture to be hydrogenated in a
large excess in relation to ethyne. The ethyne to ethene weight ratio in the starting mixture of the

selective eth¥ne Eggl(_oggngtion of the i ven;jgn i% Spreferab y1.:10tQ 1106, more pre%erg@%l :50to 1
- 103.In industfia procesges?,nthe &thiéne to 106 yhe w%ﬁlg tré‘tcl";q in ‘thé Mixture Obtained after the
selective hydidgértatioh-is W 5icEF a§Parteles $20BY theddledtiverhy dfodenatotrerstisiyt Acetylene
to styrene in gxcess( af) styreneds @andther example ofiarselectivé briavirogeinatiomeAs willdies

appreciaged, thalseactionis thepolysiyiens codpierpar of the selective pacetylenediudregenation in
excess of ethé/é%ne iélttbg fee% yseg iBcrat e éorlrg%aratigg of Qole/eelg@gene.ﬁz As Eﬁgd ereei{} the term
"ordered intefmetallic cor%pound" refers 10 a'compoun fhat consists 6F more an%neyme%cl and has

an ordered cA/SRAISERict e EEY IS purbbse bF e et SredificdicheBordin®) 2GREsESi) and

arsenic (As) areneganded asTmetalbksiicerthey cahferm 2iniaterareialit lcompouadss In thedordered
crystal structure, subsfantially alunit eelsinclude-the:same arrangement ofetal alomssThe catalyst
for use.in the, inyentior jrpcz:# he gnaungugg%{[eg 30 or a supported, catalyst. If it is anunsupported

catalyst, the orderéd intel staliic conmpo Emayc%rgﬁgiﬁ% at’leasSt 90%, m?e%gréﬁf at least 55%, more

preferably at &%t JIRAGHRR ‘@falysr SFRE pakirte &P Hayt for ERafpleEorisisibf the

group of alkadienes, c¢ycloalkadienes, alkynes and benzene.

" The alkadiene may be 1,3-butadiene, which will be converted

15 by way of the selective hydrogenation of the present
invention, mainly o l-butene, without being fully
hydrogenated tc butane te a significant degree. The
cycloalkadiene iz, for example, 1,S5~cyelooctadiene which will
afford wupon the selective hydrogenation of the iInvention

20 cyclooctene, while cyclooctane resulting from the full
hydrogenation is a minor product. The selective hydrogenation

of benzene will afford cycliohexene with minor amounts of
cyclohexadiene and cyclcochexane. An example of a selective
hydrogenation of a triple bond in the presence of a double

25 bond ig the purification of 1,3-butadiene by hydrogenation of
vinyl acetylene present in the mixture. Still another
example of a selective hydrogenation is the reaction of

nitrobenzene tc aniline,

30 The alkyne is preferable ethvne {(acetyvlene), and this is the
most preferred embodiment of the present invention. Through
the preocess for the selective hvdrogenation of the invention,
ethyne will predominantly be converted to ethene (ethylene)
while the hydrogenation of ethene to afford ethane 1is

35 negligible. This is even so when the selective hydrogenation
of ethyne is carried out under reaction conditions where

ethyne is present in admixture with an excess of ethene in



volumes of a non-ordered intermetallic compound which may 35 e.g., be due to the preparation
method of the ordered intermetallic compound. Most preferably, the catalyst for use 9 in the selective
hydrogenation processoftheinvention consists entirely of an ordered inteLmetallic compound. It will be
appreciated that defects which usually cannot be 5 completely avoided in a real crystal may be present
in the ordered intermetallic compound. Such defects can cause a small number of unit cells in the
ordered intermetallic compound to have a different arrangement of metal atoms than the majority of
the unit cells. Defect types include for 10 example vagancies, interstitials, atom substitutions and
anti-site defects. Crystal imperfections due to the presence of defects will lead to a certain
homogeneity range of the ordered 15 inteimetallic comgounds. However, the formulae used in the
present specliatio PBfer £ theeIdR4T Erystal ShRure Sas fill B ApratiRBironP e 2578 the
stoichiometrierams irgretmefals ieinsifg e brderedlimemmetaliccesmpbint axmseddihttte formula
may vary up and deves ko givevihan example sit abtiaan-erdered itersmeiallis gompeund isn
represenfed by, the.general formula AxBy. fenx apd.ydnay independently be an igleae of 1,or more.

In the present specification, ABg_g.f% x =v = 1) and A337 represent ordered intekmetallic compounds
having a certafi StoichiomautcrRd=25 of the SonfTert &G Exafple, PGS atl PisGar).
Taking accouit®T te abBiE Horfofendirang e ehé Vafues Bhwandydnay seadlightly gfedteeor
slightly less thardhe idolel Bumberzingisated.in the formulalFar instance;ds ¢thecast-ebABi.e. x =y

= 1), such asin Pd(za, the actyalvgiues of 30 x.of e may-be betweenahout 0,3 and ., Ihe prdered
interm tallic C%Tgpounds of the inventipn ma havgla vari,e)ty of stoichiometric ratiostPrefer%bly, the
8 rter e

ordered intermatdie coffdiinds &R BiRary Compoind& & Hdse OPta+ned  a £
selective hydrogenation is typically as large as > 106.

The selective hydrogenation of phenyl acetvlene to styrene in
excess o©f styrene ig another example of a selective
15 hydrogesnation. Ag will be appreciated, that reaction is the
polystyrene counterpart of the selective acetylene
hydrogenation in excess of ethylene in the feed used for the

preparation cf polyethylene.

20  As used>‘heraiﬁq the term “ordered intermetalllc compound®

refers to a compound that consists of more than one metal and

has an ordered crystal structure. For the purpose of the
present specification, boron (B), silicon (85i) and arsenic
(As) are regarded as "metals” since they can form

25 intermetallic compounds. In the ordered c¢rystal structure,
substantially all unit cells include the same arrangemsnt of

metal atoms,

The catalyst for use in the invention may be an unsupported
30 or a supported catalyst. If it ig an unsupported catalyst,
the ordered intermetallic compound may make up at feast 50%,
preferably at least 95%, more preferably at least 99% of the
catalyst. The "balance to 100% may, for example, consist of

volumes of a non-~ordered intermetallic compound which may

L]
in

e.g., be due to the preparation method of the ordered
intermetalliic compound. Most preferably, the catalvst for use



35 comprising two types of metals, but they may also be ternary or multinary inteLmetallic compounds.
An example of a ternary 10 ordered inteimetallic compound for use in the present invention is
Pd2PtGa3. 5 The ordered intermetallic compounds within the meaning of the present invention are to
be distinguished from metal alloys and metal solid solutions. Alloys and solid solutions do not have an
ordered atomic structure, as described above. Metal atoms are arranged randomly in unit cells of
alloys and solid 10solutions. Ordered inteiuetallic compounds also generally have a more stable
atomic arrangement in comparison to alloys and soli@ solutions.This results in an enhanced lifetime of

the 15 catalyspunder reaction £onditions g allays and salid solutions atoras, are prong.to: Migration

with an associated retductiog of Cfta| tic %erforrgance The ordered i[rltermetallic compound for use in
the process 20 AEeIdinG b tHe présant veRTioiT comprises alfeast ohe Metd Ot fybe A capable of

activating hydrogen, and at least one metal of type B not capable of activating hydrogen, and the
structure of thie owdered iriermpetabic iconedoutithis steli daatat deastionaird of typerhmetals,

preferabg/ alltype A metals Jsmajply surrounded by a Qﬁthﬁéﬁ}etﬁle()f&é%%gnlén this gatgext, the
term "mainly” agcourgs for the fac;httiai lIkcl:ere ma b% ge eqst% d%llje tg atom substitutions so that there

may be somé Tietars of t%/rﬁtéeﬁet & crystalcs?r fireof the'i erme‘?ﬁﬁ%t&%mﬁg’ﬁnd?ﬁ%ﬁ% fifdt

coordination SBfsphereBiRffichherdBic alStFéAE oriforeBfty e ATHERAI atdrRSTTRE 2bbve
requirement obbeimgrramty surteunded:is fulfiked if atteasty 8086 tpreferally =l least8OYa mare

preferably atleast 90%6,.and mest preferably; about 100% of he-first cagrdination, sphere of lgast one

kind ofll[ge type A 3 metal%lsn%c.cggled b¥ atg:rgg o{_t;ﬁesB metéalls. The %b(%vi si%qat}g)n thaa}lgm type A

metal @&oms %585[‘ greemaYrgy,:'mo%e speciﬁc‘aﬁ/ echIusf‘lver ’surr%u?lraed%i/ @pe metal atoms 11
anti-site defects.

Crystal imperfections due to the presence of defects will
lead to a certain homogeneity range o0f the ordered
15 intermetallic compcunds. However, the formelae used in the
present specification refer to the ideal crystal structure.
As will be appreciated from the above, the stoichiometric
ratio of the metals forming the ordered intermetallic
compound as used in the formula may vary up and down. To give
20 an example, i1f a binary ordered intermetallic compound is
represented by the general formula AgB,, then x and vy may
independently be an integer of 1 or more. In the present
specification, AB (fi.e. ® = y = 1) and A3B7 represent ordered
intermetallic compounds having a certain stoichiometric ratio
25  of the constituent metals (for example, PdGa and PdiGay).
Taking account of the above homogeneity range the values of =
and y may be slightly greater or slightly less than the whole
numberé indicated in the formula. For instance, in the case
of AR {(fi.e. x = v = 1), such ag in PdGa, the actual values of

30 x or v may be betwe=en about 0.9 and 1.1.

The ordered intermetallic compounds of the invention may have
a variety of stoichiometric ratios. Preferably., the ordered
intermetallic compounds are binary compounds, i1.e. those
3%  comprising two types of metals, but they may also be ternary

or multinary intermetallic compounds. An example of a ternary



(Ga) is illustrated for PdGa in Fig. la, and for Pd3Ga7 in Fig. Ib. The embodiment of the ordered
inteimetallic compounds for use in the process of the invention where the 5 type A metal atoms are
completely surrounded by type B metal atoms, i.e. where about 100% of the first coordination sphere
of the at least one kind of type A metal is occupied by atoms of type B metals does, however, not
exclude the presence of defects. The feature that the structure of the ordered 10 intermetallic
compound is such that at least one kind of type A metals, preferably all type A metals, is surrounded
mainly by atoms of the metal of type B indicates thatithe atoms of type A metal are predominantly
coordinated to atoms of type B metals, i.e. coordinated at least 50%, preferably at least 15 80%, and
more preferably_about 100% to type B metals. The molar ratio of the metals ofg e A and B (A:B) may
be from 20 ; T)%lgﬁr:e%o. 'ﬁ%ffceﬁﬂy%%‘f}&ﬁ 2 SRR TH0, pidtéraofPfom E: 1% %20?%%??% eferably
from 1 : 1 20%8vens iTie hfetBPaRyBe A is not limited in kind, as long as this is capable of activating
hydrogen. However, Cr, Mo, W, Mn, Re, Fe, Ru, Os, Co, Rh, Ir, Ni, Pd, Pt, Cu, Ag, and Au are

preferred. Cryiflo, WeEeaG0s Rbe NicRd 208 Plaginorprefeued nThere isdppaticylar liitation of
the 25 metals oftg e B,.either. According to a Rrégfeg}gd embodlmee%g, t%gse metals. are EJ?glected from
] n n,

the group coR&isting of BEATGA MR, T Si, Ce, h, Pb° s eh B FEnd B2 e Ghe Wétals of
the groups 121E3 ME4 &hd A%l éfthe Petohe Ehart: Abesidifgto apreferied 30 emsodifment fthe
mentioned nietals exg. afihegeaupscb2il3, d4-and 1bof thes PadediciClaalt asdype B mietais.are
combined with palladivm apdigrplainum,anciel angther type.Ametal fo farm the grdered intgimetallic
compoy d, which Is more preferably a binary ordered intermetallic compound. 35 12 inteLmetallic
compotinds 0 d WiftF&t least one of B, Al, Ga, In, Ti, Si, Ge, Sn and Zn, intermetallic compounds of
Pt with at least one of Al, Ga, In, Ti, Sn and Zn, and intermetallic 5 Pd/Pt compounds with at least one
of Al, Ga, In,di@eackeSn, such:asRd2RtGa3c Preferally, the ardereth mterMetallie cempounalis a binary
compound olRdin combinafion with.Bealsi: Censn.ohGay MAIE preferablyifds abinagy eompound
of Pd in comgig Hﬁgé/vnigh Ge, % or G%.eé%%qrgingéo aastill éghrg%rce%%refﬂregteirpngodg ent,.the
ordered intermetallic compound for use in the process o? the presen INVERALIoN 15 an of ereé_f‘%inary
Pd-Ga Iiternt@tafitompeAE TACES ARG 88 arfotRel prefeted embBdifehPfe Gitred ittt metallic
compound issbinarpesmpetndsf Btm combisation withaZz tElveabovieh]l anteametatlicacadipounds,
in particular ordesed binary integpetallic; compeynds,camprising Pd are preferably used in the selective
hydrogenation of carbon-carbon multiple bonds, especially the selective hydrogenation of
carbon-carbon triple bonds to give the corresponding alkene. The compounds 20 to be hydrogenated
are preferablfifee By Athsaftraelyrdips ameREBRBGydgersfon tthel ifanRRhecess

carbon2arbarctripleéiboad(s the present invention comprises at least one
metal of type A capable of activating hydrogen, and at least
one metal of type B not capable of activating hydrogen, and
the structure of the ordered intermetallic compound is such
that at least one kind of type A metals, preferably all type
A metals, is mainly surrounded by atoms ¢f the metal of type

b
0

B. In this context, the term "mainly" accounts for the fact
that there mav be defects due to atom substitutions so that
there may be some metals of type A in the crystal structure
of the intermetallic compound, in the first coordination
30 sphere of which there are alsc one or more of type A metal
atoms. The above reguirement ¢f being mainly surrounded is
fulfilled if at least 50%, preferably at Ileast 80%, more
preferably at least 90%, and most preferably about 100% of
the first coordination sphere of least one kind of the type A
35 metals iz coccuplied by atoms cof type B metals. The above
situation that the type A metal atoms (Pd) are mainly, more

specifically exclusively surrounded by type B metal atoms



The specific ordered intermetallic compound to be used in the 25 selective hydrogenation process of
the present invention is preferably Pd2Ga, PdGa, PdGas, Pd3Ga7, PdSn, PdSn2, Pd2Ge, PdZn, PtGa
or PtZn; more preferably PdGa, Pd2Ga, PdGas or Pd3Ga7; and most preferably PdGa, Pd2Ga or
Pd3Ga7. These specific intermetallic compounds may be used in the selective 30 hydrogenation of
any unsaturated hydrocarbon, in particular, in the following reactions: (cyclo)alkadiene -* (cyclo)alkene
and alkyne -- alkene (in particular, ethyne -* ethene). In a particular preferred embodiment of the
selective 35 hydrogenation process of the invention,Ithe at least one unsaturated hydrocarbon
compound is ethyne (acetylene), and the intermetallic compound is an ordered binary Pd-Ga 13
intekmetallic ﬁgnspound,, rfferabg/ P%G% or Pd3Ga7. Even more greferably the selective
hydrogenation 6t ethyne to GRERE FEEarfigd ofitwith e ABSVe orberetifitenibtaitactimpdihds
under reactiofiébnditiéns wheF&¢he emypéistarting raterialis preséarirradmbdsrawith bitiene, the
ethene beingcaresenhiilamge-excess imrefationdowibyae. ditwas surprisiaghy tounddar-theqesent

inventors; that 18 intgimetallic campaunds.as geitedda Claim, Lofier disting advapiagesjp selective

hydrogenations, er#, over the suppor ed monowetall'c C taIy;Is of the prior,art, such as supported

palladium, pl&fitiin and fodithd cat y@fjé? and ‘Over allsiEd OF’ﬁFotrnSfé%r éﬁﬁ&rﬁ%aﬁ@? > in teims
of 15 selectivity t6!tfie desiredproane. WitHoue ivishing td besscundiby #iEoiy et Bsswherghat the
enhanced setettivityis duederthegdefined struetuser et active:sitesAllopsng aalyeestedmadsarption

geometries of the upsaturated hydracarbon cempeungtg be pygdragenated -Because the atams of at
least 2Q one metal of t , preferably all type A atfoms in the structure of the ardered.intelmetallic
G eatsiee el e Aens :

compoinid are Tamnty strrotind&a By ¥y tomis; the Thdividtar Sofs SPheTe A ek are
isolated. Thigtisiridered 6 BodrRPad oRésuppiyofachRardhydidyefilareiiegas tganehhanced
25 selectivitypPuettoribe isDlation efdypa Acstomgpenty sbme adserptiah geonietriescahthe s€actants

are pO'SSib'e-@%?&rﬁ"}QéQaﬁn%%r‘ %%%Enm%iﬂ\é%@li%mE@ ‘é’é}héé%BF?Qr@ﬁ C@}@'&SE?
comprising tr%ﬂeeorn eﬁged mtermeéglgg On%g)tm%ounds as egegcr ﬁj abo%/e An cggfectgg V\_[thh tshg
hydrogenation procéss g the presen jl”nvenc?lon.a(t,ataff/sF scréenihg Riethicds maK/ be use%ato“readily

determire WHIER or@@re At RERAR CoMpoamIs are-Veli-stitedXge B metals.

The molar ratio of the metals of type A and B (A:B) may be
from 20 : 1 to 1 : 20. Typically it is from 2 : 1 to 1 : 20,
preferably from 1 : 1 to 1 : 20, more preferably from 1 : 1
20 to 1 ¢ B, The metal of type A is not limited in kind, as
long as this i1s capable of activating hydrogen. However, Cr,
Mo, W, Mn, Re, Pe, Ru, Os, Co, Rk, Ir, Wi, Pd, Pt, Cu, Ag,
and Au are preferred. Cr, Mo, W, Fe, Co, Rh, Ni, Pd and Pt
are more preferred. There is no particular limitation of the
25 metals of type E, either. According to a preferred
embodiment, these metals are gelected from the group
consisting of B, Al, Ga, In, TL, Si, Ge, &n, Ph, As, &b ,Bi,
Zn, Cd and Hg, i1.e. the metals of the groups 12, 13, 14 and
15 of the Periodic Chart. According to a preferred
30 embodiment, the mentioned metals e.g. of the groups 12, 13,
14 and 15 of the Periodic Chart as type B metals are combined
with palladium and/or platinum and/or another type A metal Lo
form the ordered intermetallic compound, which 1z more
preferably a binary ordered intermetallic compound.
35
The intermetallic compound for use in the process of the

pregsent inventicon is more preferably selected from



35 catalyse a specific type of (selective) hydrogenation. Suitable screening methods are described in
A. Hagemeyer, A. Strasser, P. Volpe, F. Anthony, High-throughput screening in 14
heterogeneouscatalysis: Technologies,strategiesand applications, Wiley-VCh, Weinheim, 2004. 5 The
skilled person in the field of hydrogenation catalysis will readily select and optimise the reaction
parameters for a certain selective hydrogenation reaction. For instance, the temperature range of
industrial selective hydrogenations is typically 10 to 300C, preferably 200 to 250C, most 10 preferably
30 to 200C. The pressure is generally 1 to 100 bar, preferably 2 to 75 bar, most preferably 5 to 50 bar.
For more details, reference is made to WO 03/106020. The present inventors have found that binary
ordered 15 intermetallic compounds comprising palladium and gallium are especially useful selective

hydrogenatiof S atANSE? it pArti AR RS seiechve HydfbgenatiBh B 2B8&re B efiyleris
Accordingly, #e pfésenéinvedtion 3 diractedrin anntiemaspelt te theouseofd biraryRd<Gacardered
20 inteimetallic-campeund:as agatalyst.ckhe gresent inventoss, faye foundithat this fyne ef, qrdered
intermetallic pounds. arfi r advantages in_catalysis, in particular, in_the field of selective
hydrogenatio%%{?Due to tr%?%%o (‘E%ﬁ;lgct%n%%ﬁ%iﬁeg x(‘llgd:c’l)‘!.4;§‘(t§él: ﬁ%), t%xel’pg.ﬂpadiﬁ%éls%%’ retained

in the metalli€8fdte BT at v E4fRdtime PE REFARRAL Pd-GR BN PTG FGent-StFEHgR Tah € formed.
It is consideré@imgt thesel glestrdricfattorsdeme torthedfighestructurabstabiitgt: dbbinarydPd-Ga ordered
interfrlngtallic @gmpets_mdseln mditiﬁn,da? WQ@%(?@BQ&%%WQW to 53(% sg@%ggﬁs lq;d?,qﬁgg%hyﬁride
2bove 16p50S. ealy b G et Al 38 o s ouids SeE T o 6b Gxcelot
hyd rog%gtiorﬂoc%?aﬁ’/gﬁﬁ(fﬁ P H- &R Etive-RFd [GRRARGN t84ctioMRT Bhdie tRemexeaRent
selectivity anétabifiy. Of cdusedens 16thehoutstanding smbiitysthey dre also pramising
candidates asDasalystptordurthen tipascafdeagionsompound. According to another
preferred embodiment, the ordered intermetallic compound ig a
binary compound of Pt in combination with 2Zn. The above
15 intermetallic  compounds, in particular ordered binary
intermetallic compounds comprising Pd are preferably used in
the selective hydrogenation of carbon-carbon multiple bonds,
especially the selective hydrogenation of carbon-carbon
triple bonds to give the corresponding alkene. The compounds
20 to be hydrogenated are praferabiy' free o©f any unsaturated
groups amenable to hydrogenation other than the carbon-carbon
triple bond(sg).

The specific ordered intermetallic compound to be used in the

25 selective hydrogenation process of the present invention is
preferably PdpGa, PdGa, PdGag, PdaGay, PdSn, PdSny, PdaGe,
Pdin, tGa or Ptin; more preferably PdGa, PdpGa, PdGag or
Pd3Gay; and most preferably PdGa, PdpGa or PdaGay. These
specific intermetallic compounds may be used in the selective

36  hydrogenation of any unsaturated hydrocarbon, in particular,
in the following reactions: (cyclo)alkadiene — (cyclo)alkene
and alkyne — alkene (in particular, ethyne — ethene).

In a particular preferred embodiment of the selective

35  hydrogenation process of the invention, the at least one
unsaturated hydrocarbon compound is ethyne (acetylene), and
the intermetallic compound is an ordered binary Pd-Ga



5 The stoichiometric ratio of Pd and Ga in the ordered intermetallic compound of the invention may be
in the range of 20 : 1 to 1 : 20. The Pd Ga range is preferably from 2 : 1 to 1 : 20, more preferably from
1:1to1:5. Examples of the binary Pd-Ga ordered inteimetallic compounds are PdGa, 10 PdGab,
Pd3Ga7, and Pd2Ga. PdGa, Pd2Ga and Pd3Ga7 are particularly preferred. These binary Pd ordered
intermetallic compounds, and also Pd2Ge and PdZn have been found to be highly selective
hydrogenation catalysts, e.g. in the selective hydrogenation of acetylene to ethylene, even when 15
the acetylene in the feed is admixed with a large exagss of ethylene. In addition, PdGa and Pd3Ga7
proved to have an excellent structural stability under various reaction conditions, e.g. in reactive gas
atmospheres, of hydrogen various hydrocarbons, carbon monoxide and_oxygen, in 20 particular under

reaction condilGRS WHIEH aré t@?&%@%ﬁplo@@ﬁ%ﬁﬁ%ﬁﬁ%ﬁe&ﬁe 6denatfohse §ore
temperature$HOALIFEM fempémate 1o boue 500 KrThistatider PUGEAnY Pe3Ga7 ¢alene
unsupportedstate) highiy atfactivetatalystsibgenesalipadicularefonseleriive 2bdaystsaganations,

and especially for the industrial hydraganation ofpgetylene.in admixture with,a large excess of

ethylene to afford ethylene with high selectivity. The ordered inteimetallic compounds for use in the

process of 30 th&TveRtion dan ; fretince Be Hafifaelired by mELRGER ARoURt BF R nstituent
metals suitablg té 3319 thEgGREE nidtaliie domsvuri: Thignetals subjected to the theimal treatment are
present in a molar ratio corresponding to their molar ratio in the inteLmetallic compound. Preferably,

the 35 melting,of (he.metals s cawrigd; gut upderinegt gas imasphets, suchas.aigon.andsitrogen,

prefer argon. This manufacturing method is standard in solid state 16 chemistry. The method of
bropartt) PO ARETAIART TR RHIBl= Bo DL (N WOVRH ek LR of 118 HESen:
application, &#Viireeedetatiin REGiedigker, DpISaBIREI TRchniSelfe UnivErsitat Déifnstadt
(Germany), K99, dhe eanteotsoaiawhichiis hetewdthyvineerpotatethby referencesitits entitetyas

supported palladium, platimum and rhodium catalysts, and over
alloyed or promoted paliadium catalysts, in terms of
15 selectivity to the desired product. Without wishing to be
bound by theory, it is assumed that the enhanced selectivity
is due to the defined structure of active sites allowing only
certain adsorption geometries of the unsaturated hvdrocarbon
compound to be hydrogenated. Because the atoms of at least
20 one metal of type A, preferably all type A atoms in the
structure of the ordered intermetallic compound are mainly
surrounded by tvpe B atoms, the individual atoms of the type
A metals are isolated. This is considered to avoid an
oversupply of activated hydrogen, and leads to an enhanced
25 selectivity. Due to the isclation of type A atoms, only some

adsorption geometries of the reactants are possible.

According to another aspect, the invention is concerned wikh
supported catalysts comprising the ordered intermetallic
30 compounds ag described above in connection with the

hydrogenation process of the present invention.

Catalyst gcreening methods may be used to readily determine
which ordered intermetallic compcounds are well-suited to
35 catalyse a specific type of (selective) Thydrogenation.
Suitable gcreening methods are described in A. Hagemeyer, A.

Strasser, P. Volpe, F. Anthony, High-throughput screening in



The preparation of some ordered intermetallic compounds may 10 involve annealing steps, e.g., where
the respective compound does not crystallize from the melt. To give an example, this is necessary for
Pd3Ga7 which does not show congruent melting behavior. Looking at the phase diagram of the
respective inteLmetallic system, the skilled person will conclude where 15 annealing is necessary to
achieve the thermodynamic equilibrium of the sample so that the thetutodynamically most stable
modification is formed. The annealing is preferably carried out for an amount of time and temperature
as large as possible. 20 As mentioned earlier, the orgiered intermetallic compound for use in the
process of the invention may be used in the as-synthesized form as an unsupported catalyst. In this
case, the specific surface area (BET method, N2 adsorﬁgjé)n, for 25 more details see the Examples) is

typically in th er%ﬁﬁ%%?b?ﬁ’b’f to Qﬁa%ékjlg.sﬁﬁ incredse tHECAERE surfadd BREESHHS to ERRance the
activity of thea®ataht bt provedbermaficiélo cdmimingie(e.gOpdlverize) the ordered intermetallic
compound. For example, the ordered 30 intermetallic compound obtained by melting the constituent

metals a5 explaineg,abovemay. be gomminyted W;%Maa%gci%g?&%&@?g@%@aéwaagm The
means to be usrggl for gg%]ﬁmnutlr%g% e.g. pulverizing) the ordered intermetallic compound are not

limited in kind “may bE5AI#ilES 38 SwiRg iff® trs- fifiilss Prarfetaly il B- 8PRGTIR if%h argon

atmosphere.dn fR-Aldmatie] # ditferdty Fremsstalit Sompeants dhay beXpsuntisyhang, e.g.
using a 17 moitarc #hpaboveconyatigtion tregtiestsresilt ira specifie suface aeea of the:ordered

inteLmetalic compouad which s ically adhe sangg.ol Q.05 20 mpio, preferalO-L (g,3.10 m2lg
and m%%[ prefer@e gmt.}; tg %mg/g. 'I{')oo mcreasek;[he cgtalgtlc actjvity of the_ 0 %%riﬁ inter §r5alllc
compotifds SFtheTRGEton® their Surface may be SUEGEE 16 Suricd Bty bifore Yﬁ)e);{l e used as
a 10 hydrogétffion Batdigstak e deldctive hydregendtiont The SiFfaed®Etching thayte &@¥ied out
prior to or aftesthercamndiautian freatraént: dris prafereskio dotheetthingoaussequent to the
comminution treatment. However, the ordered inteLmetallic compounds, e.g., the binary Pd-Ga
The present inventors have found that binary ordered
15 intermetallic compounds comprisging palladium and gallium are
egpecially useful sgelective hydrogenation catalysts, in
particular in the selective hydrogenation of acetylene Lo
ethylene. Accordingly, the prezent invention is directed in
another aspect to the use of & Dbinary Pd-Ga ordered
20 intermetallic compound as a catalyst. The present inventors
have found that this tvpe of ordered intermetallic compounds
offers particular advantages in catelvsis, 1in particular, in
the field of selective hydrogenations. Due to thelr ratio of
electronegativities (Pd: 1.4; Ga: 1.8}, the palladium is
25 retained in the metallic state but at the same time, a
covalent Pd-Ga bond of sufficient strength can be formed. It
18 considered that these electronic factors lead to the high
structural stability of binary PA&-Ga ordered intermetallic
compounds . In addition, the covalent bonds are likely to
30 suppress or prevent hydride formation, This avoids an
oversupply of active hydrogen which may& reduce the

selectivity.

For the above reasons, binary Pd-Ga ordered intermetallic
35 compounds were found to be excellent hydrogenation catalysts
{in particular, in selective hyvdrogenation reactions) due to
their excellent selecti#ity and stability. Of course, due to



15 compounds, are preferably used as catalysts in the unetched state. The surface etching may be
achieved by chemical etching, e.g. by using alkaline etching solutions and complexing amines, 20
such as EDTA and derivatives, dependent on the particular ordered intermetallic compound to be
etched. Useful alkaline etching solutions are, for example, aqueous alkali hydroxide (e.g. sodium and
potassium hydroxide) and alkaline earth hydroxide solutions, and aqueous aliwonia solutions. In the 25
case of ordered intermetallic palladium gallium compounds, in particular of PdGa and Pd3Ga7, the use
of an alkaline etching solution having a pH in the range of 8.0 to 10.5 afforded hydrogenation catalysts
showing in the selective hydrogenation of acetylene a higher activity while 30 maintaining an excellent

selectivity and _catalyst Iifetinge. I@the case of PdGa a pH aof about 9.0 and jn the case of Pd3Ga7 a pH
of 10.5 gave TH& best réSUIEE AT of SRy IA tHe selE&R% hy@Fsyenstidit of FERAERE™S5 While

the catalytic SERREBAGIHRE GrdertintetfictaliecompPodrs darrie incteased by wasy- of the surface
etching, the selectivity, e.g., in the acetylene reaction, may be slightly 18 reduced upon etching. To

regain the selectivity of the uggiched ordered internetallie compound, a tempesing atteguced
temperature to gfefgl%te a sintering of the ‘f%Iadymtfb%artlcles can be carried out. Suitable temperatures
for the tempering are 50 < 500 € Preretably Bo -4t0 CPHGRE praterdby 10 “300-E°THERERace area
of the hydrog&nhafibn catalyst for usé fh-theTIPpRstess &t tHepasehtinveniien vy alSo®e increased
by using precipitatian methatis, sebgel ehestistryiand inedsupports. Aecarding=o anethesaspect, the
pr?slent lnve@tfprwel%§%at§§;n§§_vw%ﬂ }znt_fa@%te;‘l ,Egmgjﬁ%?@?cgﬁg&ﬁgg%?@dﬂa@aﬂpportfed
catalyst comprising an e ordered.intermetallic co unds as recited in Claim 1, or a mixture o
these, J;)(r?ovid%(éagr? 4 su%f)%%érgﬁ Prefésd e%mcg)%‘?ments %lfg %%“é’or ecr%d“ ?nte?r%%@alﬁ’cgéb’rﬁ’)ouﬁ& in the
supported catafystscPG afe thesantasehosEseribéseYeiRdn eofRBEeton Hith1me by diddgenation
process. Suitabtesupperts aredhaskeseonmionly used inwaralySisw=g. sespodrds:Aavitg akigh

surface areah%m as agtivie.carpen, a@gﬁ%g%'pl% ﬂl}gatega@gplgét'ghe fog,q\_e;ivng Examples. are
given for illustration of the jnvention. and must not be constryed as limiting the pregent inygntion.
15 the acetylene in the feed is admixed with a large excess of
ethylene. In addition, PdGa and Pdi3Gay proved to have an
excellent structural stability under various reaction
conditiong, e.g. in reactive gas atmospheres of hydrogen,
various hvdrocarbons, carbon monoxide and oxyvgen, in
20 particular under reaction conditions which are typically
employed in industrial selective hydrogenations, e.g.
temperatures from room temperature to about 500 XK. This
renders PdGa and Pd3Gan {(e.g. in unsupported state} highly
attractive catalysts in general, particularly for selective
25  hydrogenations, and especially for the industrial
hydrogenation of acetvlene in admixture with a large excess

of ethylene to afford ethylene with high selectivity.

The crdered intermetallic compounds for use in the process of

30 the invention can for instance be manufactured by melting an
amount of the constituent metals suitable to form the
intermetallic compound. The metals subjected to the thermal
treatment are present in a molar ratic corresponding to their
molar ratio in the intermetallic compound, Preferably, the

3% melting of the metals ig carried out under inert gas
atmosphere, such as argon and nitregen, preferably argon.
This manufacturing method is standard in solid state



EXAMPLES 30 Preparation of catalysts Binary palladium gallium inteLmetallic compounds were
prepared by melting the corresponding amounts of Pd and Ga in 35 glassy carbon crucibles under
argon atmosphere in a high-frequency induction furnace. 1.2083 g palladium (ChemPur 99.95%) and
0.7917 g gallium (ChemPur 99.99%) were used to 19 obtain 2 g PdGa (11.354 mmol). 0.7909 g Pd
(7.432 mmol) and 1.2091 g Ga (17.340 unol) yielded 2 g Pd3Ga7. Pd2Ga was prepared in a similar
way. The crystal structure of the 5 obtained products was controlled by X-ray diffractometry using a
STOE STADI P diffractometer (Cu Kul radiation, curygd Ge monochromator) in transmission geometry
with a linear position sensitive detector and comparison with reference data from literature. 10 After
melting, Pd3Ga7 was annealed at 673 K for 800 h in a glassy carbon crucible sealed in a silica tube

filled with argSRSBYSER Was SindXidd a1 073 RTGFFIG- A% E05tuafiflartFaéaled §eartZampoules.
PdGa Was useduiitheut fdrtheriSedingalingiEhevsariples weresppweeredfin aswing:ralfRetsch
MM 200, 4 meG poied WC halis) for %30 mindier PoGaand 2 x 10 min ferRd3Gay; gk 25,4z,
Pd2Ga was efhettised fAepieparsd. 20.1ISL AN 1.3 Mot or ALELAIING naimasppere
using the above swing mill for 2 x 30 min. Pd2Ge was preparea y eﬁlngat% corfespohding amounts
of Pd contents of which is herewith incorporated by reference in

its entirety.

The preparation of some ordered intermetallic compounds may
10 involve annealing steps, e.g., where the respective compound
does not c¢rystallize from the melt. To give an example, this
ie necessary for Pd3Gev which does not show congruent melting
behavior. Looking at the phase diagram of the respective
intermetallic system, the skilled person will conclude where
15 ammealing is necessary to achieve the thermodynamic
equilibrium of the sample so that the thermodynamically most
stable modification is formed. The annealing is preferably
carried out for an amount of time and temperature as large as
possible.
20
As mentioned earlier, the ordered intermetallic compound for
use in the process of the invention may be used in the as-
synthesized form as an unsupported catalyst. In this case,
the specific surface area (BET method, N adsorption, for
25 more details see the Examples) is typically in the range of
0.001 to 0.1 mzfg. To increase the catalyst surface area, S0
as to enhance the activity of the catalyst, it proved
beneficial to comminute (e.g. pulverize) the ordered
intermetallic compound. For | example, the crdered
30  intermetallic compound obtained by melting the constituent
metals as explained above may be comminuted with an
associated increased catalyst activity. The means to be used
for comminuting (e.g. pulverizing) the ordered intermetallic
compound are not limited in kind, and may be ball mills,
35 swing mills, cryo mills, planetary mills, etc. optionally in
an argon atmosphere. In the alternative, the ordered

intermetallic compounds may be ground by hand, e.g. using a



and Ge metals in glassy carbon crucibles under argon 25 atmosphere in a high-frequency induction
furnace. After the melting the ingot of intermetallic compound was annealed at 1073 K for 170 hin a
sealed and evacuated quartz glass ampoule. 30 PdZn and PtZn were prepared by annealing of the
corresponding amounts of metals in evacuated quartz glass ampoules. First ampoules were heated up
to 873 K for 24 h and annealed at this temperature for additional 24h. Then amnoules were heated up
to 1173 K for 24 h and annealed at this temperature 25 for 72 h. According to XRD, PtZn appeared to
be a single phase after such temperature treatment, while PdZn was not. 20 Therefore, PdZn was
ground, pressed in a pill and additionally annealed at 1173 K for 3 days. After second annealing single
phase material was obtained. 5 In order to increase the active catalyst surface, chemical etching was

performed by &hidia SORuRINCAE, & TEIHY CE Smnie R AR R BN esdtdfor IMBrEO 2544 b%.) was
diluted with wiRsEBr-theaeqaired pHivaluer fbEarasuiementsaidroc] Ooperfoumed wiih @Krisk

pH-Meter 76k &aligratic,and.a Meitlieshglededniabid2 2 glegiode ¢glibrgiedwithibuffes splutigns
(Merck cgntiFj?_ldRﬂplj%:' 75951 %th)pggirgga%qLGa orP. 39 7OW§re ggded to 75 ml of the diluted

ammonia solution and ‘stirred for 10 minutes at 300 K. The solution wasfltrated under 15 Argon flow
and washed with additional 50 ml of the diluted ammonia solution. The etched sample was dried by
evacuation fof¢120 Hiifigasdesictdmer antestoted-dnder ¢ i aiglove bok. 20cGharactetizatioh of
catalysts In thespresentspecificatigpdhaspeeific swdacearea:afdhe inteumetallic.compounds was
measured asgordng i he ST melark(Quaniachione Quaniesoh L) The samples (200 o) 25
were treated over night at 393 K in helium flow (20 ml/min) and measurements were performed by

deteiudhing BT SRAGURDF AftfohehSdsbPbetisirfif tHrss tiffer SRR 968A chAtentrafibRs. 30 In

situ X-ray diffsEieT EXRECEysinfeals Were conddetéd onta STOBifftactaneterf(Gu-Ka&kia Bragg

Brentano geameityreatipped yteasesendagy: manrochrematoraa scinillation epuntesr: and-aBiihler

HDK high tempgatirg diffraction chambermounted gnto gp]_ee%%%ggﬁger. The gases were_mixed by 35
alc

Bronkhorst mass flovgi controller and introduced in the experiment amber at atotal flow of 100
mi/min. The ordere intermetallic compounds, e€.¢., the binary Pd-Ga

15 compounds, are preferably used as catalysts in the unetched

state.

The surface etching may be achieved by chemical etching, e.g.
by using alkaline etching golutions and complexing amines,
20 such as EDTA and derivatives, dependent on the particular
ordered intermetallic compound to be etched. Useful alkaline
etching solutions are, for example, agueous alkali hydroxide
{e.g. sodium and potassium hydroxide) and alkaline earth
hydroxide solutions, and aguecus ammonia solutions. In the
25 case of ordered intermetallic palladium gallium compounds, in
particular of PdGa and PdaGay, the use of an alkaline etching
sclution having a pH in the range of 8.0 to 10.5 afforded
hydrogenation catalysts showing in the selective
hydrogenation of acetylene a higher activity while
30 maintaining an excellent selectivity and catelyst lifetime.
In the case of PdGa a pH of about 5.0 and in the case of
Pd3Gay & pH of 10.5 gave the best results in terms of

activity in the selective hydrogenation of acetylene.

35 While the catalytic activity of the ordered intermetallic
compounds c¢an be increased by way of the surface etching, the

selectivity, e.g., in the acetylene reaction, may be slightly



21 exhaust gas composition was continuously monitored with a mass spectrometer (QMS 200,
Pfeiffer). For the in situ experiments usually 50 mg of the samples was dispersed onto a steel band.
The thermal stability of PdGa and Pd3Ga7 was studied in helium, 20% oxygen in He, or 50 % H2 in
helium. The in situ XRD patterns for PdGa and Pd30a7 were measured in the 20 10 range from 35.5
to 48.5 and from 22.5 to 52.5, respectively, with a step width of 0.02 and a counting time of 3 sec/step.
PdGa and Pd3Ga7 were heated from 323 K to 723 K and from 323 K to 693 K, respectively, and XRD
patterns were measured isothetually every 50 K. Thegeffective heating 15 rate amount-ed to 0.5 K/min.
Both, PdGa and Pd3Ga7 showed a remarkable stability and structural integrity upon the above thermal
treatment in various reactive gas atmospheres at temperatures commanly 20 used for selective

hydrogenatidreSFhirccoiBe dehfonsited T6t exefABi by P&t X&a§Tifrattisn (85 déskfibed
above), as wetiasdiethermad gradmetrid gnaigs sl T3 and @S} :Representative XRD patterns

measured durng besmaldieaimeant of PdGa 4r5856 hydrogen 4 halun fromnd23pdh néd3K are
oW B 192 88 cp0DE g oaddiana glffraction lags sarmespending 16 Bd metal, 0, or

Ga203 were detected. The observed nharrowing o the diffraction lines IS indicative of crystallite growth
of the PdGa hfETBRALRBWETEr, G to 506 Kowhith isTE Typicd 30 téfiperatdelembioyelIBF selective
hydrogenatiamss fiee elykralfitelgrowdi §s SMall. Catalytic measurements 35 Catalytic investigations
were performed in a plug flow 22 frit to support the catalyst bed. For temperature control, a

The surface area of the hydrogenation catalyst Ifor use in the
10 procezs of the present invention may also be increased by
using precipitation methods, sol-gel chemistry and inert

supports.

hccording to another aspect, the present invention is
15 concerned with the use of PdGa and PdaGay as a catalyst, and
to a supported catalyst comprising any of the ordered
intermetallic compounds as recited in Claim 1, or a mixture
of these, provided on & support. Preferred embodiments of the
ordered intermetallic compounds in the supported catalysts
20 are the same as those described herein in connection with the
hydrogenation process. Suitable supports are those commenly
used in catalysis, e.¢. compounds having a high surface area,

such ag active carbon, alumina, silica, silicates, etc.

25 The following Examples are given for idillustration c¢f the
invention and must not be construed as limiting the present

invention.

BXAMPLIES
30

Preparation of catalysts

Binary palladium gallium intermestallic compounds  were
prepared by melting the corresponding amounts of P4 and Ga in

35 glassy carbon crucibles under argon atmosphere in a high-
frequency induction Zfurnace. 1.2082 ¢ palliadium (ChemPur
9% .95%) and (0.7917 g gallium (ChemPur 95.99%) were used to



thermocouple was located next to the heating wire wound around the reactor. A second thermocouple
was placed inside 5 the reactor to measure the temperature of the catalyst bed. The reactant gases
were mixed with Bronkhorst mass flow controllers (total flow 30 ml/min). A Varian OP 4900 Micro gas
chromatograph (GC) and a Pfeiffer omnistar quadropol mass spectrometer (MS) were used for effluent
gas analysis. The 10 Varian MicroGC contains three modules, each with an individual column and a
thermal conductivity detector. Hydrogen and helium of the feed gas, and possible oxygen and nitrogen
impurities because of leaks in the set-up were separated on a molsieve column.Acetylene, ethylene,
and 15 ethane were separated on an alumina column.The total concentration of 04 hydrocarbons
(1-butene, 1,3-butadiene, n-butane, trans and cis-2-butene) was deteimined using a siloxane

(dimethylpoly2iant) tolimif Higherhydbcamons wete 4745 séhaPsted bnthe sBRAA c8Rfn but
not further 20tqudritified betauseldf.théprewente ofvmanyeiffefnt06 RigBS hydrscarhongand their
low total congenteatieadless than G186 okabsalute, praguct strean Loncenthation): Argon (803 and
helium (&.0) \ggt&gﬁ%%asp@égggggse%gosr thg &{%I iﬁ’f ac(g)lu%};] a%q 3f%r é/the &@%%go'umns

) . 439 )
respectively. A 25 measurementc;%clelncludlngstabl ization,sanipling, injection, an sepoaxtrlgt|gﬁ/took

between 4 aftF&Minutes. A&ty lene MdrogenStdit ERFEMMBRE welS tarfedlout@rté= 1o

curved Ge monochromator) in transmission geometry with a
linear position sensitive detector and comparison with
reference data from literature.
10

After melting, Pd3Gay; was annealed at 673 X for 800 h in a
glassy carbon crucible sealed in a silica tube filled with
argon. PdpGa was annealed at 1073 K for 170 h in evacuated
and sealed quartz ampoules. PdGa was used without further

15 annealing.

The gsamples were powdered in & swing mill {(Retsch MM 200,
4 ml WC pot, 2 WC balls) for 2 x 30 min for PdGa and 2 x 10
min for PdsGay at 25 Hz. PdpGa was either used as prepared
20 after grinding in a mortar or after milling in Ar atmosphere

using the above swing mill for 2 x 30 min.

PdnGe was prepared by melting the corresponding amounts of Pd
and Ge metals 1In glassy carbon c¢rucibles under argon
25 atmosphere in & high-freguency induction furnace. After the
melting the ingot of intermetallic compound was annealed at
1073 K for 170 h in a sealed and evacuated guartz glass

ampoule.

30  PdZn and PtiZn were prepared by annealing of the corresponding
amounts ©of metals in evacuated guartz glass ampoules. First '
ampoules were heated up to 873 K for 24 h and annesled at
this temperature for additional 24h. Then ampoules were

heated up to 1173 K for 24 h and annealed at this temperature

(W]
Ut

for 72 h. According to XRD, PtZn appeared to be a single

phase after such temperature treatment, while PJAdZn was not.



the condition of 0.5% acetylene, 5% hydrogen, and 50% 30 ethylene in helium. All gases were
obtained from Westfalen Gas (Germany). Activity and selectivity ofthe materials in the hydrogenation
of acetylene were measured by temperature- 35 programmed and by isothermal experiments. The
experiments were performed at 473 K in the isotheLmal mode. The conversion rate was calculated
using the following equation: 23 Cony- (Cbypass -Cr) Cbypass 5 where Cx is the acetylene
concentration in the product stream and C bypass is the acetylene concentration in the feed before the
reaction. The selectivity was calculated from the foll@®ing equation, with Cbna ass being the acetylene
concentration before the reactor and Cx the acetylene 10 concentration after the reactor: (Cbypass

-Cx) Sel - C -Cx+Ceth XCO04Fix Calculation of the selectivity,assumes that acetylepe is only
hydrogenate ’?ﬁ%’%ﬁéﬁé, wr?c%r%r%ay%%Sfurtt?e%%%%%‘dgengfé%gféee hanid’ Th& amBunt of AP(Q

hydrocarbong@@ttcsrbon depaesisdoiméd was SUppbséd tdde négligite..In addition tehydrdgenation
of acetylene fo.gthane, sthylens from.feed MaVe i 21 was obtained.

5
In order to increase the active catalyst surface, chemical
etching was performed by ammonia sclution at various pH.
Commercial ammonia solution {(Merck, 25%% p.a.) was diluted
with water to the required pH value. PH-measurements were

10 performed with a Knick pH-Meter 761 Calimatic and a Mettler-
Toledo Inlab 422 electrode calibrated with buffer solutions
{(Merck centiPUR pH = 7 and pH = 9). 50 mg PdGa or Pd3Gay were
added to 75 ml of the diluted ammonia solution and stirred
for 10 minutes at 300 K. The solution was filtrated under

15 Argon flow and washed with additional 50 ml of the diluted
ammonia solution. The etched sample was dried by evacuation
for 120 min in a desiccator and stored under Ar in a glove

jalobiiR
20 Characterization of catalysts

In the present specification the specific surface area of the
intermetallic compounds was measured according to the BET
method (Quantachrome Quantascrb Jr.). The samples (200 mg)
25  were treated over night at 383 X in helium flow (20 ml/min)
and measurements were performed by determining the total
amount of nitrogen adsorbed using three different nitrogen

concentrations.

30 In situ X-ray diffraction (XRD) experiments were conducted on
a &8TOE diffractometer (Cu-Kg) in Bragg Brentano geometry
equipped with a secondary monochromator, a& scintillation
counter, and a Blhler HDK high temperature diffraction
chamber mounted onto the goniometer. The gases were mixed by

35 Bronkhorst mass flow controller and introduced in the
experimental chamber at & total flow cof 100 ml/min. The



20 be hydrogenated to ethane, which is included in the selectivity equation. In order to measure
selectivity in acetylene hydrogenation at the same conversion, different amounts of catalysts were
used according to their specific activity determined in a previous experiment. 25 Activity of the samples
was calculated using following equation: Cony Cf"d Cexp Act- 24 where Cony is the calculated
acetylene conversion, Cfeed is the concentration of acetylene in feed, i.e. 0.5 %, maw:, the amount of
used catalyst in g and constant Cexp is 1.904 g/h 5 and contains experimental parameters like total
gas flow (30 ml), temperature (300 K) and pressure (1013 mbar) and is based on the perfect gas
model. The samples were diluted with 50 mg boron nitride (hexagonal, 10 99.5%, 325 mesh, Aldrich).
A commercial Pd on alumina catalyst (5 wt% Pd, Aldrich) was used as a reference. Additionally, an

unsupported FANAYRIM FI98r MBYRRRLGLER ad'® BerRPRTaR catdyet. TIEPHOAGRIIgyith 2
(Pd20.28Ag795RZ, refered toasRd20Ag86 in2hé folleéWwmp) fvas) prepared:by dbemelting sheu

corresponding-ghysicadntixtuie of the elements1:204Q5 9:A4-19%99%% GhemPu)-and 0,30348 g Pd
(99.95%$Cheg{|:%|é@) g]ar%(% _times in an arc melter under argon. Subsequently, the regulus obtained was
enclosed in an evacuated quartz glass ampoule and heated at 800C for six 20 days. After the heat
treatment, the regulus was powdered and phase purity of the Pd-Ag alloy obtained was confirmed by
X-ray powdeff8ifrattienmaln the-easé vt Pd2Ge, PdZa archBtZrdhedntevmetalic @8 icainpound was
groundlin a mefarand therameyptel catalyst was agljusted;to @gcﬁé?g@“tchanr@%:%i %org/p£§ionb |
Examples 1 2, \Y a 1 a}%i e activity, selectivity,.and long-term stability
of untreated %&%Gap%%%gé%"gf ggmrr?é%%%s?P G%éfqg c-%al le Tra%d r&%sgﬁ%xérnﬁp%ﬁ iangScetylene
hydrog&fatioh3W8fe detEffined In an ext8ss dfethylendR6.506 €ZM2 €395 H2 £80%°E2R%) and
compared to Tisspataijticcperfonmianiceof PoERI2e3dth of 0.02 and & counting time

of 3 sec/step. PdGa and PdiGay were heated from 323 X to

723 K and from 323 K to 693 X, respectively, and XRD patterns
were measured isothermally every 50 K. The effective heating

i5 rate amounted to 0.5 K/min.

Both, PdGa and PdiGay showed a remarkable stability and
gtructural integrity upon the above thermal treatment in
various reactive gas atmospheres at temperatures commonly

20 used for selective hydrogenations. This could be
demonstrated for example by in situ X-ray diffraction {as
described above), as well ag by thermal gravimetric analysis
(TG and DSsC). Representative XRD patterns measured during
thermal treatment of P3AGa in 50 % hydrogen in helium from 323

25 to 723 K are ghown in Fig. 2. As can be seen, no additional
diffracticn lines corresponding to Pd metal, PdO, or Gas0sz
were detected. The observed narrowing of the diffraction
lines 1is indicative of crvstallite growth of the PdGa
material. However, up to 500 XK which is the typical

30 temperature emploved for selective hydrogenations, the
crystallite growth is small.

Catalytic measurements
35 Catalytic investigations were performed in a plug flow

reactor comsisting of a quartz tube with a length of 300 mm,

an inside diameter of 7 mm and eguipped with a sintered glass



25 Isothermal catalysis experiments were perfoimed by heating the untreated intermetallic compounds
and the reference materials (PdGa: 40 mg, Pd3Ga7: 100 mg, Pd/1203: 0.15 mg, 5 and Pd20Ag80:
200 mg) in helium to a reaction temperature of 473 K followed by switching to the ethylene-rich feed.
The acetylene conversion and the corresponding selectivity obtained are plotted in Figure 3a and
Figure 3b. During 20 10 hours time on stream Pd3Ga7 showed a constant acetylene conversion of
99%. PdGa reached a constant acetylene conversion of about 90 % after two hours time on stream.
Pd20Ag80 showed a nearly constant conversion levebat 85%, whereas Pd/Al203 exhibited a strong
deactivation from 100% to 15 40% conversion during 20 hours time on stream. In addition to a high
conversion of acetylene, the untreated inteLmetallic compounds PdGa and Pd3Ga7 possessed a high

long-time stabfe-Sel&CtiikESI Hbout #8usEhRpETtd f%50% Stechitiy BF BU2DRgS08 Hridtonls 20%
selectivity of PRIFATIOS20(Seevaiso Table Lafie rowstwithd-" intthe tatamimipH of etchingsofution”).
Examples 3 anedr2b lsnthermat eatalysisexpartnentsnearapesfiasmedeys heatingtheschemigally
etched (hy S u ' lutign) i Ili mpeunds in helium o a reaction
remperature 1373 Kioloued oy tehing 16 e S EnC Focdt The eSe At Shoih the

following Tablé'd, ifigh afst-309RSEdes (R obtaHEd fo‘ffﬂ@ab%%ér(&ﬁ%atﬁ?@js%xaﬂ?ﬁé’s 1 and
2. 26 Table roataylevrrsontersien afdseletlivitl dfimtieatedhavd:chemicaP ethed PHGa Pd3Ga7,

Pd/AI203, angR2d20Agg0. afiet-20H inamn exerss:ofrethylene.at 4l c8ample.pb@fo1 mass
gpectrometer (M3} were used for effluent gas analysis. The

1¢  Varian MicroGC contains three modules, each with an
individual column and & thermal conductivity detector.
Hydrogen and helium of the feed gas, and possible oxygen and
nitrogen impurities Dbecause o©of leaks 1in the set-up were
separated on a molsleve column. Acetylene, ethyvlene, and

15 ethane were sgeparated on an alumina column. The total
concentration of C4 hydrocarbons (l-butene, 1,3-butadiene,
n-butane, trans and cis-2Z-butene} was determined using a
siloxane {dimethylpolysiloxane) column. Higher hydrocarbons
were also separated on the siloxan column but not further

20  guantified because of the presence of mahy different Cg and
Cg hydrocarbons and their low total concentration {less than
0.1% of absolute product stream concentraticn). Argon (6.0)

and helium {(£.0) were used as carrier gases for the molsievse
columm and for the other columms, regpectively. A

25 measurement cycle including stabilization, sampling,

injection, and separation took between 4 and 5 minutes.

Acetviene hydrogenation experiments were carried out under
the condition of 0.5% acetvlene, 5% hydrogen, and 50%
30 ethylene in helium, 211 gases werese obtalined from Westfalen

Gas (Germany) .

Activity and selectivity of the materials in the
hydrogenation of acetyiens were measured by temperature~
3%  programmed and by iscthermal experiments. The experiments
were performed at 473 K in the isothermal mode. The

conversion rate was calculated using the following equation:



etching solution sample mass [mg] acetylene conversion % Selecti- vity % Activity [g/gcat'lli PdGa
40.0 86 75 0.205

23

(C:bypass”gzx}

qzbypass

Conv =

5 where Cy is the acetylene concentration in the product stream
and Cpypags 15 the acetylene concentration in the feed before
the reaction. The selectivity was calculated from the
following equation, with Chypags Dbeing the acetylene
concentration before the reactor and Cy the acetylene

16 concentration after the reactor:

(cbypass "cx)

Sel=
Chypass “Cx T Cethane T 2XCeanix

]
w1

Calculation of the selectivity assumes that acetylene isg only

hydrogenated to ethyléne, which may be further hydrogenated

to ethane. The amount of Cy hydrocarbons and carbon deposits

formed wag suppozed to be negligible. In addition to

hvdrogenation of acetvlene to ethane, ethylene from feed may

20 Dbe Thydrogenated to ethane, which is incliuded in the
selectivity eqguation. In order to measure selectivitv in
acetyliene hydrogenation at the same conversicon, different
amounts of catalysts were used according to their specific
activity determined in a previous experiment.

25

Activity of the samples was calculated using feollowing

egquation:

Conv Cppy C

exp

Act=
30 Mear



PdGa 9,0 5.00 93 64 1.771 (Ex.3)  Pd3Ga7 - 100 99 71 0.094

10
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20

25

30

25

24

where Conv is the calculated acetylene conversion, Cfead iS
the concentration of acetylene in feed, i.e. 0.5 %, megze the
amount of used catalyst in g and constant Cexp is 1.904 g/h
and contains experimental parameters like total gas flow (30
ml), temperature (300 K) and pressure (1013 mbar) and is
based on the perfect gas modsl.

The samples were diluted with 50 mg boron nitride (hexagonal,
99.85%, 325 mesh, Aldrich). A commercial P4 on alumina
catalyst (5 wt% Pd, Aldrich) was used as a reference.
Additionally, an unsupported palladium silver alloy was used
as a benchmark catalyst. The Pd~Ag alloy (Pdzp 28Agv9.77%.
referred to as PdypoAggg in the fbllowing} was prepared by
melting the corresponding physical mixture of the elements
1.20405 g Ag (99.995% ChemPur) and 0.30348 g Pd (99.95%
ChemPuzx) ) three times 1in an arc melter under argon.
Subsequently, the regulus obtained was enclosed in an
evacuated guartz glass ampoule and heated at 800°C for six
days. After the heat treatment, the regulus was powdered and
phase purity of the Pd-Ag alloy obtained was confirmed by X-

ray powder diffraction.

In the case of PdpGe, PdZn and PtZn, the intermetallic

compound was greund in a mortar and the amount of catalyst

was adjusted to reach more than 90 $ conversion.
Examples 1 and 2, Comparative Examples 1 and 2

The activity, selectivity, and long-term stability of
untreated Pd-Ga intermetallic compounds (PdGa, Example 1 and
Pd3Gay, Example 2) in acetylene hydrogenation were determined
in an excess of ethylene {0.5% CpHy + 5% Hy + 50% CoHy) and
compared to the catalvtic rerformance of PA/RA1503
{Comparative Example 1) and a Pdyohggy alloy (Comparative
Example 2).



Pd3Ga7 10.5 7.00 98 55 1.333 (Ex,4)  Pd/AI203 0.15 43 17 27.29

1¢
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Igothermal catalvsis experiments were performed by heating
the untreated intermetallic compounds and the reference
materials (PdGa: 40 mg, Pds3Gay: 100 mg, PA/ALl.03: 0.15 mg,
and PdopAggp: 200 mg) in helium to a reaction temperature of
473 K followed by switching to the ethylene-rich feed.

The acetylene conversion and the correspeonding selectivity
ebtained are plotited in Figure 3a and Figure 3b. During 20
hours time on stream Pd3Gay showed a constant acetylene
conversion of 99%,. PdGa reached a constant acetvliene
conversion of about 90 % after two hours time on stream.
PdyoAggp showed a nearly constant conversion level at 85%,
whereas Pd/Al;03 exhibited a strong deactivation from 100% to
40% conversion during 20 hours time on stream. In addition
to a high conversion of acetylene, the untreated
intermetallic compounds PdGa and PdiGany possessed a high
long-time stable selecitivity of about 70% compared to 50%
selectivity of PdppAggp., and only 20% selectivity of PA/Alp03
{see &lso Table 1 the rowg with "~ in the column "pH of

etching solution™).
Examples 3 and 4

Isothermal catalvsis experiments were performed by heating
the chemically etched {(by means of agueous ammonia solution)
intermetallic compounds in heiium to a reaction temperature
of 473 K followed by switching to the ethyvlene-rich feed.
The results are shown in the following Table 1, which also
includes data obtained for the above (Comparative) Examples 1
and 2.



9d20Ag80 200 83 49 0.040 Chemical etching of PdGa at a pH of 9.0 (m =5 mg) resulted 10 in 93%
acetylene conversion and 64 % selectivity after 20 hours time on stream. This corresponds to an eight
times higher activity compared to untreated PdGa (m = 40 mg). Chemically etched Pd3Ga7 also
exhibited an increased activity 15 in acetylene hydrogenation. 7 mg of Pd3Ga7 etched at a pH of 10.5
were sufficient to reach a similar acetylene conversion like 100 mg untreated Pd3Ga7. The above
shows that the activity of PdGa and Pd3Ga7 in the 20 selective acetylene hydrogenation can be
increased by chemical etching while maintaining a selectivity superior to conventional hydrogenation
catalysts. 27 Examples 5 and 6, Comparative Example 3 The activity, selectivity and long-teLm
stability of Pd2Ga inteimetallic compounds in as-prepared form after grinding in a mortar (Example 5)
and after millfRPEamiple €Gf BEEIENnE PyHRIGEHRt0F With Splegiessivevansduntot egaterde (0.5 %
C2H2 + 5 % kf2c+ SehnC2H1) werehdetermited andegraparedb thecafalytieperfemancs, of

Pd/AI203 10(Coreparative EXampledleess of ethylene at 473 XK.

5

Sample pH of sample acetyvlene |Selecti-~| Activity
etching mass conversion; vity % | [g/Gage Rl
sclution [mer] %

PdGa - 40.0 8¢ 75 0.205
- PdGa 9.¢ 5.00 93 64 1.771

(Ex. 3)

PdaGary - 100 89 71 0.0%84

Pd3Gazy i0.5 7.00 S8 55 1.333

{(Fx. 4)

PA/Al»05 - 0.15 43 17 27.23

PdonAggg - 200 85 49 0.040

Chemical etching of PdGa at & pH of 9.0 {m = 5 mg) resulted
10 in 93% acetylene conversion and 64 % selectivity after 20

hours time on stream. This corresponds to an eight times

higher activity compared to untreated PdGa (m = 40 mg).

Chemically etched Pd3Gay also exhibited an increased activity
15 in acetylene hydrogenation. 7 mg of Pd3Gay etched at a pH of
10.5 were sufficient to reach a similar acetylene conversion

like 100 mg untreated Pd;Gavy.

The above shows that the activity of PdGa and PdzGa- in the

20 selective acetylene hydrogenation can be increased by
chemical etching while maintaining a selectivity supericr to
conventional hydrogenation catalvsts.



Isothermal catalysis experiments were performed by heating the inteLmetallic Pd2Ga compounds and
the reference materials (Pd2Ga as prepared: 10 mg; Pd2Ga milled using a swing mill: 15 0.8 mg;
Pd/AI203: 0.1 mg) in helium to a reaction temperature of 473 K, followed by switching to the
ethylene-rich feed. Figs. 4a and 4b show the acetylene conversion and the corresponding selectivity
obtained in the above experiments. 20 As can be seen, Pd2Ga shows excellent activity, stability and
selectivity. The catalytic results after 20 h time on stream are compiled in the following table. As can
be seen, the activity of Pd2Ga 25 can be increased smgnificantly by milling ( note that only 0.8 mg
milled Pd2Ga was used in Example 6) so as to increase the specific surface area, while retaining the

high selectivity. 30 28 Table 2: Acetylene conversion, selectivity and activity of as-prepared and milled
Pd2Ga and PaiaTB05fter 20R iR arreXEssseSeiRyBra ™ 473K. 5 Sample Sample treatment

The activity, selectivity and long-term stability of PdsGa

intermetallic compounds in as-prepared form after grinding in

8]

& mortar {Example 5) and after milling (Example 6) in
acetylene hydrogenaticon with an excessive amount of ethylene
(0.5 % CopHp + 5 % Hp + 50 % CnhHy) were determined and
conpared to the catalyvtic performance of PA/Al503

10 (Comparative Example 3} .

Isothermal catalysis experiments were performed by heating
the intermetallic PdpGa compounds and the reference materials
(PdsGa as prepared: 10 mg; PdrGa milled using a swing mill:

15 0.8 mg; Pd/Al,03: 0.1 mg) in helium to a reaction temperature
of 473 K, followed by switching to the ethylene-rich feed.

Figs. 4a and 4b show the acetylene conversion and the
corregponding selectivity obtained in the above experiments.
20 As can be seen, PdyGa shows excellent activity, stability and

sgelectivity.

The catalytic results after 20 h time on stream are compiled
in the following table. As can be seen, the activity of Pd)Ga
25 can be increased significantiv by xﬁlling ( note that only
0.8 mg milled PdrGa was used in Example 6 80 as to increase
the specific surface area, while retaining the high

gselectivity.
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Sample mass [mg) Acetylene conversion [%] Selecti- vity [ct] Activity [g/gcat'hl Pd2Ga (Ex.5) None 10
94 74 0.89

28

Table 2: Acetylene conversion, selectivity and activity of
as-prepared and milled PdzGa and PA/AlpOy after 20 h in an
excess of ethyvlene at 473 K,

5
Sample Sample Sample | Acetylene | Selecti- Activity
treatment mass conversion vity [g/Gcar-hl
[mg] (%] [%]
PdrGa None 10 sS4 74 0.89
(Bx. 5)
PdoGa Milled in 0.8 84 77 10.0
(Ex. 6) argon
PA/Alo0x None 0.1 44 20 41.89%
{Comp.
Ex. 3)

Examples 7 and @8

10 Catalytic experiments were carried out using PdsGe (0.5 mg)
and PdZn (100 mg) as ordered intermetallic compounds in the
hydrogenation of acetvlene in the presence of excessive
ethylene at 473 K. Isothermal catalysis experiments were
performed similar to Examples 1 and 2, The results are shown

15 in Figs. 5a and 5b.

As can be seen, PdpGe which is used in Example 7 in an amount
of only 0.5 mg is highly active. Moreover, PdpGe and Pdzin
exhibit a high selectivity in the conversion of acetyvlene to

20 ethyviene in the presence of a large excess of ethylens.
Example 9
Acetylene was hydrogenated in the presence of an excess of

25 ethvlene at 473 K using 100 mg PtZn ordered intermetallic
compound as a catalyst. Isothermal catalysis experiments were



Pd2Ga (Ex.6) Milled in argon 0.8 84 77 10.0 Pd/AI203 (Comp. Ex.3) None 0.1 44 20 41.89 Examples
7 and 8 10 Catalytic experiments were carried out using Pd2Ge (0.5 mg) and PdZn (100 mg) as
ordered intermetallic compounds in the hydrogenation of acetylene in the presence of excessive
ethylene at 473 K. Isothermal catalysis experiments were performed similar to Examples 1 and 2. The

results are shown 15 in Figs. 5a and 5b.
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performed similar to Examples 1 and 2. as shown in Fig. &, &
high selectivity to the desired ethylene at a high conversion

is achieved.



As can be seen, Pd2Ge which is used in Example 7 in an amount of only 0.5 mg is highly active.
Moreover, Pd2Ge and PdZn exhibit a high selectivity in the conversion of acetylene to 20 ethylene in
the presence of a large excess of ethylene. Example 9 Acetylene was hydrogenated in the presence of
an excess of 25 ethylene at 473 K using 100 mg PtZn ordered intermetallic compound as a catalyst.
Isothermal catalysis experiments were 29 performed similar to Examples 1 and 2. As shown in Fig. 6,
a high selectivity to the desired ethylene at a high conversion is achieved. 30 CLAIMS 1.A
process for the hydrogenation of at least one 5 unsaggrated hydrocarbon compound using a
hydrogenation catalyst comprising an ordered intermetallic compound wherein the inteimetallic
compound comprises at least one metal of type A capable of activating hydrogen, and at least one
metal of type B not capable of activating hydrogefatfthe 10 structure of the intermetallic compound
is such that at least one kind of type A metals is mainly surrounded by atoms of the metal of type B.

2. The process accardigg-é:-&4im Eoxhereistherlabydwgenation isoa selegtive hydiogenation.

5 unsaturated Thydrocarbon compound using &  hydrogenation
catalyst comprising an ordered intermetallic compound wherein
the intermetallic compound comprises at least one metal of
type A capable of activating hvdrogen, and at least one metal
of type B not capable of activating hydrogen and the

10  structure of the intermetallic compound is such that at least
one kind of type A metals is mainly surrounded by atoms of
the metal of type B.

2. The process according to Claim 1, wherein  the
15  hydrogenation is a selective hydrogenation.

3. The process according to Claim 1 or 2, wherein the
unsaturated hydrocarbon compound has carbon-carbon double
and/or triple bond(s] but no other hydrogenable group(s}.

20
4, The process according to any one of Claims 1 to 3,
wherein the unsaturated hyvdrocarbon compound is selected from
the group consisting of alkadienes, cycloazlkadienes, alkynes

and aryls.

5. The process according to Claim 4, wherein  the
unsaturated hydrocarbon is ethyne which is converted to

ethene through the selective hydrogenation.

30 6. The process according Ho Claim 5, wherein the ethyne is
present in admixture with an excess of ethene.

7. The process according to any one of the preceding
claims, wherein the structure of the ordered intermetallic
35 compound ig such that at least 80% of the first coordination
sphere of the at least one kind of tvpe A metals ig occupied

by atoms of type B metals.



3. The process according to Claim 1 or 2, wherein the unsaturated hydrocarbon compound has
carbon-carbon double and/or triple bond(s) but no other hydrogenable group(s). 4. The process
according to any one of Claims 1 to 3, wherein the unsaturated hydrocarbon compound is selected
from the group consisting of alkadienes, cycloalkadienes, alkynes and aryls. 5. The Process
according to Claim 4, wherein the unsaturated hydrocarbon is ethyne which is converted to ethene
through the selective hydrogenation. 30 6.The process according to Claim 5, wherein the ethyne is
present in admixture with an excess of ethene. 7.Thg;process according to any one of the preceding
claims, wherein the structure of the ordered inteimetallic 35 compound is such that at least 80% of the
first coordination sphere of the at least one kind of type A metals is occupied by atoms of type B

metals. 31 & The priteBE EESHINYAB LAY, WHereh? 100% of tHeemat BoordinhtiG sphiste of the
at least one Kirdstf typeAdietals tsioequipied by &itams of type=B smetatse % iFhié prbcespaceording to

any one of the:preceding slaimg:; whergin the.metals oftype A arecsglected from the group consisting
of Cr, No, W, Mn, Re, Fe, Ru, Os, Co, Rh, Ir, Ni, Pd, Pt, Cu, Ag, and Au. . 10. The process according

to any one of the preceding claims, wherein the metals of type B are selected from the group
consisting of B, Al, % IPTPSiE8e, TiF IS SHRI, ZACd a5 HE 115 Re proRESE EREording
any one of the precedingrelaims; wiereimetie hiolarTatiopéthe naetals ot hygrec Adn8BA £Bis from
20 :1to 1:28:20:12..Hhe process aecerdingue any ong.of the.pregeding.claimg, wherein:the
intermetaIIinng\gundPié seg,etcteelfiro(? he gg}o&&&onsisting of Pd2Ga, PdGa, PdGas, Pd3Ga7,
PdSn, PdSn2, Pd2Ge, Pdzn, Ptzn and PtGa. 25 13. The process according to Claim 12, wherein the
inteimetallic compound is PdGa, Pd2Ga or Pd3Ga7.

16. The process according to any one o0f the preceding
claims, wherein the metals of type B are selected from the
group consisting of B, A1, Ga, In, Ti, 5i. Ge, Sn, Pb, As, 8b
Bi, Zn., C4, and Hg.
ib

11. The process according any one of the preceding claims,
wherein the molar ratio of the metals of type A and B (A : B)
ig from 20 ¢ 1 to 1 : 20.

20 12. The process according to any one of the preceding
claims, wherein the intermetallic compound is selected from
the group consisting of PdsGa, PdGa, PdGag, PdaGay, PdSn,
PdSny, PdpGe, PdZn, PtiZn and PtGa.

25 13. The process according to  Claim 12, wherein  the
intermetallic compound is PdGa, PdrGa or PdaGasy.

14. The process according to any one of the preceding
claims, wherein the intermetallic compound ig subjected to
30 surface etching pricr to use as a hydregenation catalyst in

the selective nhydrogenation.

1%. The preocess according to Claim 14, wherein the etching
is carried out using an alkaline etching solution.



14. The process according to any one of the preceding claims, wherein the intermetallic compound is
subjected to 30 surface etching prior to use as a hydrogenation catalyst in the selective hydrogenation.
15. The process according to Claim 14, wherein the etching is carried out using an alkaline etching
solution. 32 16. The process according to Claim 15, wherein the inter-metallic compound is PdGa or
Pd33a7 and the pH of the alkaline etching solution is in the range of 8.0 to 10.5. 17. The process
according to any one of the preceding claims, wherein the intermetallic compound is comminuted prior
to use as a hydrogenation catalyst in the selective hyglrogenation. 10 18. A use of a binary Pd-Ga
ordered intermetallic compound as a catalyst. 19. The use according to Claim 18, wherein the molar
ratio 15 of Pd and Ga in the ordered inteLmetallic compound is 20 : 1 to 1 : 20. 20. The use according
to Claim 18 619, WhereirPife SitieredsRgiieiaific cofpounthis"PdGebor PO8GaEZ0 2LhA catalyst
comprising & support aad arordergbinter mesallivicempaunssumported dheraen svhesein the
inter-metallic.cempoynd comprisesafilgasione mefdl ofifype.Acapahie of acliyating Bydrogen, and at

least ong metal of 25 type B not capable of activating hydrogen and the structure of the inteimetallic
compound is such that at least one kind of type A metals is mainly surrounded by atoms of the metal
of type B. 30-32. TRERatBYSCETOrdRGISCIAIE 215 Wheér@in tHsrde?éd ietmeRiiReestHpsuNd is a
binary Pd-Gazdered intérmetalic cdmpoundermetallic compound is comminuted

prior to use as a hydrogenation e¢atalyvst in the selective
hvdrogenatcion.

10
18. A use of a binary Pd-Ga ordered intermetallic compound
as a catalyst.

185. The use according te¢ Claim 18, wherein the molar ratioc
15 of Pd and Ga in the ordered intermetallic compound is 20 : 1
to 1 : 20.

20. The use according to Claim 18 or 19, whersin the ordered
intermetallic compound is PdGa or PdiGay.
20
21, A catalyst comprising & support and an ordered
intermetallic compound supported thereon, wherein the
intermetallic compound comprises at least one metal of type A
capable of activating hydrogen, and at least one metal of
25 type B not capable of activating hydrogen and the structure
of the intermetallic compound is such that at least one kind
cf type A metals is mainly surrounded by atoms of the metal
of type B.

30 22. The catalyst according te Claim 21, wherein the ordered
intermetallic compound is a binary Pd-Ga ordered

intermetallic compound.



