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Catalytic properties of PtGe intermetallic compounds, f&e, PtGe, and PtGe, were studied for the-+D,
equilibration and the hydrogenation of 1,3-butadiene. Powdered Pt, Ge, and-the itermetallic compounds

were treated with Hat 873 K to reduce their surface oxidized in air. XPS spectra measured after the H
treatment showed the complete reduction intbaPid GE& and the stoichiometric surface composition for all

the intermetallic compounds. The valence band XPS spectra suggested the electron transfer from Ge into Pt,
which was also evidenced by the positive shift in the Ge3d XPS spectra. The activity of the intermetallic
compounds for kD, equilibration was much lower than that of pure Pt. Their low activity for the hydrogen
dissociation resulted in the low activity for the hydrogenation of 1,3-butadiene. On the intermetallic compounds,
no butane was formed at the initial stage of the reaction. After most of 1,3-butadiene was converted into
butenes, the secondary hydrogenation of butenes into butane took place very slowly because of their intrinsically
low activity for the hydrogenation of butenes. The hydrogenation with a mixture;@nd D, showed no
inhibiting effect of 1,3-butadiene and 1-butene on the—H, equilibration. Kinetic studies on the
hydrogenation over B&e revealed that the reaction rate was zero-order with respect to the partial pressure
of hydrogen and first-order to that of 1,3-butadiene or 1-butene. The rate-determining step in the hydrogenation
of 1,3-butadiene would be the adsorption of 1,3-butadiene. The strength of the adsorption was in the order
of H, > 1,3-butadiene> 1-butene on RGe. The weaker adsorption of butenes would result in the high
selectivity to butenes in the hydrogenation of 1,3-butadiene.

Introduction Sn supported on alumina, which is known to be a good catalyst
. ) for the hydrocarbon reforming. In this catalyst system; £t
Intermetallic compounds (IMC), sometimes called ordered |\ic such as PtSp PtSn, and BSn have been proposed to be
alloys, are knpwn to be compo_unds between wo or more m_et?" the active species from the observation by transmission electron
elements having simple stoichiometry. The most CharaCte”St'Cmicroscopﬁ However, the presence of IMC has rarely been

fﬁaturfeli)fllMC is their speufllc crﬁtal strulctﬁre dgferenrt] from  renorted though the formation of an alloy is often claimed under
that of their component metals, while usual alloys have the same o ,tive conditiond1! This is because the bimetallic particles

crystal structure as that .Of either component metals. Th_e SpeCiﬁcare too small for observation by X-ray diffraction. Dautzenberg
structure sometimes gives them unique bulk properties, SuChet al’? have detected the presence of PtSn on silica-supported
as shape memory effect, hydrogen storage ability, SUPEICON-py g catalysts after Hreduction at 623 K for 3 h, while it

dtuc(:;!vgy, ar;d Sﬁ. Ond Thereforet,) II'\kAC h?vg ?eenTﬁxten3|}/ely was detected on alumina supported one only after the reduction
studied and utlizéd as new bulk materals. € Surace ; 923 K for 100 h. Bacaud et & .have investigated P{Sn/

p;Op?l’tl?StOf IIMC.’ hovxﬁ;]/er, hta\lle not attr?cﬁg ".‘“Ch ?ttetntlon Al,0s by tin Mossbauer spectroscopy and proposed the presence
O SCIENLSIS. N VIEW O e cataysis, mast of the INVESUGALoNS o v arious P+-Sn IMC in addition to the St and S+ ionic
on IMC have dealt with so-called hydrogen storage afloys species

because of their unique activity for hydrogen dissociation and ) . ) .

the possibility for the stored hydrogen to participate in the TO, C_l‘_"‘”fy the c_a@alytlc properties of IMC would bring th?
reaction. Rare-earth-containing IMC are typical hydrogen _pOSSIblllty of obtaining new catalys_t sy_stem_s as W_eII as provide
storage alloys studied for the catalytic reactions. Examples areinformation on the active species in bimetallic catalysts.
the reports on LaNjifor the synthesis of ammorfiand for the However, the catalytic properties of IMC other than those
hydrogenation of ethylerel.aCus for the synthesis of metha- containing rare-earth elements have never been clarified satis-
nol# ThNis® and CeA}f for the methanation of CO, and Lagu factorily. Bahia and Winterbottoth have reported the hydro-

for the decomposition of 4-methyl-2-pentarfolas the rare- ~ 9€nation of 1,3-butadiene on ZrpdThey found that ZrPghad
earth elements are easily oxidized, the surface of their IMC could high selectivity for the formation of butenes compared with Pd
not be the genuine surface with the intermetallic structure. In SPONge, which catalyzed the hydrogenation of butenes into

the case of LaNj the surface is covered with k@ or La(OH); butane after 1,3-butadiene was completely conve_r_ted into
and Ni8 that is, the surface is similar to Ni metallic particles butenes. Llorca et 4 have prepared PtSn IMC on silica by
supported on L#Ds. the interaction otis-[PtCL(PPh),] and SnC} with the hydroxyl

On the other hand, supported bimetallic catalysts have beendrouPs of silica and founq_that the supported PtSn has _higher
studied to enhance the activity, selectivity, and durability of activity than usual PtSnsilica for the reverse wategas shift
their parent, monometallic catalysts. A typical exampleis pt reaction and lactic acid formation from G@thylene, and k0.

We have already reported on the catalytic properties of Co-
o 6

* Corresponding author. FAX:#+81-3-5734-2758. E-mail: komatsu@ containing IMC, CoGe, CoGe C.O.Sn’ and COA}'. . Thgse
chem.titech.ac.jp. compounds gave much lower activity fopHD- equilibration

€ Abstract published ilAdvance ACS Abstractdune 15, 1997. than did pure Co. However, they catalyzed the hydrogenation
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of acetylene with a high selectivity to ethylene, while pure Co E/—\——///\

produced almost exclusively butane with a much higher rate.

The unique selectivity of the CeGe IMC for the partial

hydrogenation was found to result from their very low activity

for the hydrogenation of ethylene. Ge x1/5

=1
The purpose of this study is to clarify the catalytic properties 2
of Pt—Ge intermetallic compounds compared with those of g M
parent Pt and Ge. The results together with those on@® Z
IMC reported earliéf would provide further and fundamental 3
insights into the catalytic properties of IMC consisting of T PuGe

transition and typical elements. Platinum is one of the most

active metal catalysts, while germanium is almost inactive

compared with the transition metals. The combination of these

two elements, which are greatly different in the physicochemical PiGe x 1730
nature, may generate unique catalytic properties as found in the
case of Co-Ge IMC. The PtGe binary system has six
intermetallic phases, e, PiGe, PtGe, PtGe, PiGe;, and 300 400 500 600 700 800
PtGe.l” Among them, we used e, PiGe, and PtGe because
Ge-rich IMC may have a very low catalytic activity. In fact,

CoGe is less active than CoGe for the hydrogenation of
acetylené® The hydrogenation of 1,3-butadiene was carried

out to compare the hydrogenating activity for the conjugated and Dy (99 at. %, 13.3 kPa) circulated through 0.50 g:GR,

diene with that for the monoolefin because the geometrical PtGe, PtGe, and Ge) or 0.25 g (Pt) of the pretreated catalysts
environment of Pt atoms, such as the distance between Pt atomsThe extent of the equilibration reaction was monitored by the

as well as their electronic nature, may reflect on the catalysis change in the fraction of HD in hydrogen, HDKH- HD -+

in the hydrogenation of two distant unsaturated bonds. In - .
" ; . PR D), measured with the mass spectrometer. For hydrogenation
addition, Ge is also an effective additive like Sn for supported reactions, a mixture of 1,3-butadiene (1,3-BD) ang ot

Pt reforming catalysts, and the formation oH&e 'aIon on 1-butene and bkiwas circulated through 0.50 g of the pretreated
?r:gng;:tils 223 :Joeeenrtir:gg?g%eﬁ&eéeﬁreﬁttgse%ﬁgaﬂ?glZ’Lug)n/ on catalyst. Initial pressures were 6.6 kPa (1,3-BD and 1-butene)
the activ)é sp%cizs for the Pt reforminggcatalystsg and 19.9 kPa (b), respectively. The extent of the reaction was
' monitored by the decrease in total pressure measured with a
silicon diaphragm sensor, and the change in gas composition
Experimental Section was measured with GC. 4and D> were purified by passing
through the Mn/SiQ and silica gel columns. 1,3-BD and
Catalyst Preparation. Pt—Ge intermetallic compounds 1-butene were purified by repeating a freepamp-thaw cycle.
(IMC), P:Ge, PiGe, and PtGe, were prepared by arc melting The hydrogenation of 1,3-BD (6.6 kPa) with the mixture of H
the mixture of stoichiometric amounts of platinum (Tanaka (10.0 kPa) and B (10.0 kPa) was carried out in a similar
Kikinzoku Kogyo, 99.95%) and germanium (Soekawa Chemi- manner.
cals, 99.99%) granular metals under 400 Torr of argon. Ingots
th_us ot_)tained were crushed in air and filtered into fine particles Reguits and Discussion
with diameters of less than 90m. Powders of pure Pt
(Soekawa Chemicals, 99.9%) and pure Ge (Soekawa Chemicals, pylk crystal phases of the prepared—@e intermetallic

99.99%) were also filtered to have diameters of less than 90 compounds (IMC) were analyzed by the powder X-ray diffrac-
um and used as reference catalysts. tion. The XRD patterns showed almost exclusively the peaks
Characterization. Temperature-programmed reduction (TPR) of each aimed IMC. No diffraction peaks of oxide phases were
of IMC and their component metals, Pt and Ge, crushed in air gbserved.
was carried out under flowing #6%)/N; gas mixture with a While the IMC were crushed in air to get the fine powder,
TCD detector to measure the consumption of hydrogen. Tracetheir surface must be oxidized to some extent. In order to reduce
amounts of oxygen and water in the/N, gas mixture were  the oxidized surface to obtain the genuine surface of the
removed by passing through the columns of MnASa@d silica intermetallic phase, each IMC was treated with hydrogen at high
gel. The temperature was raised from 298 to 873 K at a heatingtemperatures. Temperature-programmed reduction (TPR) of the
rate of 10 K mim®. The weight of the sample was 0.50 g, powdered IMC and their component metals was carried out to
except for the pure Ge (0.050 g). XPS spectra of IMC, Pt, and know the optimum temperature for the complete reduction
Ge were obtained with an ESCALAB 220i spectrometer (Fisons without a significant sintering, which will decrease the surface
Instruments) with an X-ray source of Mgok The powdered  area. Figure 1 shows the TPR profiles of Pt, GeGet PiGe,
sample was pressed into a pellet and put into a pretreatmentand PtGe. Pure Pt powder gave two peaks at 390 and 720 K
chamber. After reduction with flowing hydrogen (101 kPa) at corresponding to the hydrogen consumption. As Pt is known
873 K for 1 h, the sample was transferred into the spectrometerto pe easily reduced around room temperature, the 390 K peak
in vacuo to measure the spectra. Binding energies were obtainedshould be assigned to the reduction of the oxidized Pt surface,
using the Cls peak (284.5 eV) as a standard. though its small peak area indicates that the surface was not
Catalytic Reaction. Catalytic reactions were carried out oxidized extensively. The 720 K peak might result from the
using a glass circulation system connected to a quadrupole mas$iydrogen storage into the bulk. Pure Ge powder gave a large
spectrometer (Ulvac, MASSMATE 100). Before each reaction, amount of hydrogen consumption above 800 K though only an
the sample was pretreated with 26.6 kPa of hydrogen at 873 K one-tenth amount was used compared with the other samples.
for 1 h followed by an evacuation at 873 K for 10 min.,-H This indicates that the surface was extensively oxidized in air
D, equilibration was performed with a mixture obKL3.3 kPa) and that the reduction of the oxidized Ge, probably'Geeeds

Temperature / K

Figure 1. Temperature-programmed reduction of powdered Pt (0.50
g), Ge (0.050 g), and PiGe intermetallic compounds (0.50 g).
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Figure 2. Pt4f XPS spectra measured before (- - -) and aftér ki, Figure 3. Ge3d XPS spectra measured before (- - -) and aft@rHy

treatment at 873 K for 1 h. treatment at 873 K for 1 h.

much higher temperature than that of the Pt reduction (390 K). ) ) . . )
A small peak at 740 K might correspond to the reduction of Peak at 390 K (Figure 1). An increase in total intensity after
G, the treatment, as was also observed for the other samples, could
The TPR of the powdered IMC gave different profiles from be ascribed to the slight sintering during the treatment at 873
those of the parent Pt and Ge.;®¢ and PGe gave a broad K to make the surface flat to some extent.
peak at 390 K and a large peak at 670 K. It seems clear from Pure Ge powder showed two peaks at 29.6 and 33.2 eV,
the profile of Pt that the broad peak results from the reduction Which correspond to (e(29.6 eV) and Ge® (33.0 eV),
of Pt. The large peak could correspond to the reduction of Ge. respectively. After the bl treatment, the peak at 33.2 eV
However, the peak temperature was much lower than that of cOmpletely disappeared, while the peak at 29.6 eV increased in
the pure Ge reduction. Obviously, the surface Ge atoms stronglyintensity. It is clear that the Htreatment at 873 K totally
interact with Pt, resulting in the easy reduction. As we used reduces G¥ at the surface into Ge
0.5 g of IMC and 0.05 g of pure Ge for the TPR measurement,  Inthe cases of B&e and PiGe, the relative intensity of Pt4f
the amount of the oxidized Ge is small ors®¢ and PGe peak was a little weaker before the treatment. This indicates
compared with the pure Ge. From these results, the TPRthe presence of a small amount o Pwhose Pt4f, peak
profiles of PtGe and PiGe cannot be the sum of the profiles overlaps the Pt4f, peak of Pt The spectra after the treatment
of Pt and Ge. This could be an indication that no significant were essentially the same as the spectrum of pure Pt. Ge3d
phase separation into platinum metal and germanium oxide Spectra gave a main peak at 32.6 eV with a smaller peg&¢pt
occurs at the surface of these IMC. Pt metallic particles on or a shoulder (BGe) at 30.5 eV. The ftreatment eliminated
some oxide supports sometimes provide a significant amountthe Gé* peak (32.6 eV) and gave a peak at 29.9 eV. Though
of dissociated hydrogen onto the oxide during the hydrogen this binding energy is a little higher than that ofG29.5 eV),
treatment, accelerating the reduction of the support o¥ide. it is far from Gé* (ca. 31 eV). We conclude that the,H
Therefore, there remains the possibility for the phase separationtreatment at 873 K on f&e and PiGe is sufficient to reduce
if the same phenomenon occurs at the surface of IMC. surface Ge species oxidized in air into®Ge
PtGe gave three peaks in its TPR profile. The reduction of  PtGe before the treatment exhibited the different spectra from
Pt is represented by the peak at 390 K as in the cases@&Pt those of PiGe and PiGe. Pt4f peaks were very weak,
and PiGe, though its peak area was significantly large, suggesting that the surface is covered with Ge species.
indicating that Pt in PtGe is oxidized easier than Pt in the other Moreover, the Pt4f, peak was higher than the Pi4fpeak,
Pt-rich IMC. The other two peaks at 720 ar@70 K could and no G&peak was observed, demonstrating the deep oxidation
arise from Ge species. The two-step reduction suggests thatof both Pt and Ge compared with:Be and PiGe. This deep
Ge*" species exist in a comparable amount at the surface tooxidation coincides with the larger TPR peaks for PtGe than
give the 720 K peak or that Gespecies having little interaction ~ those for PiGe and PGe (Figure 1). However, the H
with Pt coexists at the surface to give the peak at higher treatment changed the spectra into almost similar ones obtained
temperatures. for PzGe and RiGe, with an exception that the Pt4f spectrum
From the above results, we chose the pretreatment temperatureontained a Ge Auger peak around 77 eV. Therefore, PtGe
of 873 K to reduce the oxidized surface, though the reduction was also found to be reduced completely by thetidatment
of Ge and PtGe may not be complete at the temperature.at 873 K. In the case of P{Ge supported on alumirtd,H.
Therefore, the oxidation state of the surface Pt and Ge atomstreatment at 923 K reduced a part of\Ginto G&, which was
was next examined by X-ray photoelectron spectroscopy. proposed to form PtGe alloy. Though the reduction of Ge in
Figures 2 and 3 show XPS spectra of Pt4f and Ge3d regions, Pt—-Ge/ALOs was much easier than that of Ge in Geldd, a
respectively. The spectra were measured before and after thestrong interaction between Ge and alumina might hinder the
in situ Hy pretreatment at 873 K for 1 h. In the case of pure Pt reduction of Ge because the unsupported Ge was completely
powder, two peaks at 71.3 and 74.6 eV were observed beforereduced into Geat 873 K in this study.
the treatment. These peaks were essentially the same ag Pt4f  In the XPS spectra after the;itteatment, the binding energies
(71.3 eV) and Pt4f, (74.6 eV) peaks of Pt foil. The binding  of Pt4f;, peaks were almost the same among pure Pt (71.3 eV)
energies and peak shape did not change after ghecdtment. and IMC (71.3-71.4 eV), while those of Ge3d peaks were
This indicates that no appreciable oxidation occurs at the surfaceslightly shifted from pure Ge (29.6 eV) to IMC (29.9 eV). The
of Pt powdered in air, which was expected from the small TPR higher Ge3d binding energy observed on IMC suggests that a
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Fraction of HD / %
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Binding energy / eV

) Reaction time / min
g'%“fff;'r ﬁ'ence band XPS spectra measured aftetreatment at o 5 1y..p, equilibration on PO, 298 K), Ge (J, 573 K), PiGe

' (m, 523 K), PtGe (a, 523 K), and PtGe®, 573 K).
TABLE 1: Surface Composition of Pt—Ge Intermetallic . . .
Compounds hydrogen during the Hpretreatment might result in the lower
equilibrium value of the HD fraction. E&e did not show any
activity for HD formation at 298 K. It required 523 K to

sample  stoichiometry  before reduction  after reduction  catalyze the reaction with a similar rate of HD formation to

Pt composition/at. %

PLGe 75 74 79 that obtained on Pt at 298 K. J#&e exhibited a little lower
PtGe 67 62 67 activity at the same temperature, 523 K, while higher temper-
PiGe 50 ° 51 ature (573 K) was needed to get a comparable reaction rate on
a76—78 at. % in phase diagrati. PtGe. The fraction of HD on these IMC approached its

equilibrium value, 48.7% at 523 K or 48.9% at 573 K. Pure

significant electron transfer from Ge to Pt occurs on IMC to Ge powder was the least active and gave a very low rate of HD
lower the electron density of Ge. We measured the valence formation even at 573 K. The active site in the-&e IMC
band XPS spectra to know further the electronic state in IMC should be Pt atoms. We have already repdftéet much lower
(Figure 4). Pure Pt and IMC gave a peak near the Fermi level, activity of Co—Ge intermetallic compounds for the,HD,
while pure Ge did not show any significant peak. The peak equilibration than that of pure Co.
near the Fermi level can be assigned to Pt5d orbitals. The peak Though we did not measure the specific surface areas of the
on IMC was obviously shifted from pure Pt with increasing Pt powdered catalysts, the activity for the-+HD, equilibration was
content. This could correspond to the electron transfer from found to decrease to a great extent with decreasing Pt content
Ge into Pt, which is in agreement with the peak shift in the except for the difference between;Be and PiGe. We can
Ge3d spectra (Figure 3). A similar peak shift has been reviewed conclude that the activity of PiGe IMC and their component
for the valence band spectra of many IMC, such asAj metals for the dissociation of hydrogen is in the order oBPt
Ni—Mg, Pd—Al, and Pd-La system&! In addition to the peak =~ PtGe = PLGe > PtGe> Ge. The huge difference in the
shift, it is clear that the peak became narrower with Ge content. activity between Pt and PGe IMC demonstrates that no phase
The distance between Pt atoms should be longer in IMC than separation into Pt and Ge patrticles takes place at the surface of
that in pure Pt with fcc structure because of the dilution by Ge the IMC. This again supports the regeneration of the genuine
atoms as well as the change in the crystal structure. This resultsintermetallic surface by the Hreatment. The difference in
in the less overlap of Pt5d orbitals and the narrower band width. activity might be caused by the change in the electronic state

Table 1 shows the surface composition of IMC calculated of Pt as can be seen in the valence band XPS spectra (Figure
from the core level XPS spectra. In the cases @GBtand 4), because the shift of the Pt5d band to the higher binding
PtGe, the surface Pt compositions were almost the same asenergy makes the spectrum relatively closer to that of Au, which
their stoichiometric values and did not change significantly by is much less active as a catalyst. However, the difference in
the H, treatment. Therefore, we conclude thai@&d and PiGe the geometric circumstances around the active Pt sites may not
have the genuine intermetallic phase even at their surface afterbe excluded to be the cause of the huge activity change.
the H; treatment at 873 K. On the other hand, PtGe exhibited Compared with Pt, the low activity of PGe IMC for the
very low surface Pt composition before the Heatment as H,—D; equilibration implies their different activity and selectiv-
expected from its weak Pt spectrum (Figure 2). This surface ity for the reactions containing hydrogen, for example, hydro-
enrichment in Ge before the reduction implies the presence of genation. We have fouAflithe high selectivity for the partial
the surface Ge species having little interaction with Pt. Such a hydrogenation of acetylene into ethylene on-@e IMC. In
Ge species was already assumed to explain the two-step TPRhis study, PtGe IMC were used as a catalyst for the
profile (Figure 1). The Htreatment increased the Pt composi- hydrogenation of 1,3-butadiene (1,3-BD). Figure 6 shows the
tion to reach the stoichiometric value. Therefore, we conclude results obtained on pure Pt; gas phase composition against the
that PtGe also has the genuine surface intermetallic phase aftereaction time (a) and the selectivity to each product against the
the H, treatment. conversion of 1,3-BD (b). An excess amount of Mas

The catalytic properties of PiGe IMC were first studied for ~ supplied for the total conversion of 1,3-BD into butane. At
H,—D; equilibration. Figure 5 shows the change in the fraction any reaction time, the decrease in total pressure agreed well
of HD in gas phase with reaction time. Catalysts were pretreatedwith the consumption of kcalculated from the hydrogenated
with H, at 873 K for 1 h toobtain the specific metallic or products. Therefore, the formation and accumulation of coke
intermetallic surface as mentioned above. On pure Pt, HD wasor oligomer on the surface can be neglected for the discussion
produced readily at 298 K. However, the HD fraction was on the selectivity. 1-Butendsans-2-butenegis-2-butene, and
leveled off at about 40% and did not reach its equilibrium value, butane were the reaction products. The formation of butane
47.4%, at this temperature. A significant amount of stored was obvious even at the initial stage of the reaction. This is a
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. -, o . Figure 8. Gas phase composition (a) and selectivity (b) in the
Figure 6. Gas phase composition (a) and selectivity (b) in the : _ h
hydrogenation of 1,3-butadiene on Pt at 298 K. 1,3-B), (-butene hydrogenation of 1,3-butadiene on®é at 523 K. Symbols are the

(0), trans-2-butene 4), cis-2-butene [@), and butane®). same as those in Figure 6.
100 was formed with a much slower rate than that of the initial
2 @) formation of butenes. It is clear that ;B has the high
2 80 1 selectivity for the butene formation in the hydrogenation of 1,3-
Z 60 BD. The 1-butene/2-butene ratio at 50% conversion was 2.0.
§ w0 | After 1,3-BD was totally consumed, the isomerization of
2 1-butene into 2-butenes gradually occurred.
.g 20 | As shown in Figure 8, RGe exhibited a similar tendency to
0 PGe at 523 K, that is, butane was scarcely formed until most
0 10 60 90 120 of .1,3-BD was converted into butenes, thoggh an induction
period was observed for the butene formation. The rate of
Reaction time / min 1-butene isomerization after 1,3-BD conversion exceeded 95%

was slightly higher, and the 1-butene/2-butene ratio was 2.9.
Because the activity and selectivity ob8¢e after the induction
period were close to those ofsBe, a certain transformation of
surface structure might occur from the genuingdet surface
structure into a BGe like structure during the induction period.

PtGe was less active than;Be and PiGe. Therefore, the
reaction was carried out at 573 K as shown in Figure 9. Butane
was not formed significantly, and the 1-butene/2-butene ratio
0 60 80 100 at 50% (_:onversion Was_estimated as 3.9. Inthe case of Pt alloy,
Bortolini and Massardiéf have reported that when Pt was
alloyed with Fe (RjFexp), the activity for the hydrogenation
Figure 7. Gas phase composition (a) and selectivity (b) in the of 1,3-BD increased and that the selectivity to butenes also
hydrogenation qf 1,3—butadiene orng®e at 523 K. Symbols are the increased from 58 to 89 mol % at 50% conversion. This
same as those in Figure 6. increase in selectivity was not so evident compared with Pt
typical result on Pt-supported catalyd@3 The rate of butane ~ ©€ IMC, where the selectivity was almost 100 mol %, though
formation increased with increasing reaction time especially after the activity decreased much by forming IMC. This difference
most of 1,3-BD was reacted. Finally, gas phase contained In the effect of second element may result from the change in
exclusively butane at 120 min of the reaction time. 1-Butene the Ptcrystal structure in the IMC as well as the difference in
was the main product in butene isomers. The isomerization of the électronic nature of the second element.
1-butene to 2-butenes occurred very slowly; a 1-butene/2-butene From the above results, the characteristic catalysis by Pt
ratio at 50% conversion was about 3.0, which was slightly higher G& IMC in the hydrogenation of 1,3-BD is summarized as
than the value (1.9) obtained on P4@k at 288 K22 The follows compared with the pure Pt and Ge:
activity of pure Ge was very low. Only 1.6% conversion was (1) The activity decreased in the order obPPEGe > PtGe
obtained at 573 K fo2 h of thereaction. > PtGe> Ge.

The Pt-Ge IMC gave a comparable conversion to that on Pt (2) Very low activity for butane formation in the presence or
at 298 K when the reaction temperature was raised to 523 K even in the absence of 1,3-BD resulted in the high selectivity
and higher. Figure 7 shows the result onG¥ obtained at  to butenes. The activity order was in good agreement with that
523 K. Butane was not formed at the initial stage of the in H,—D, equilibration (Figure 5). Therefore, the low activity
reaction, which is totally different from the result on Pt (Figure of Pt—Ge IMC for the 1,3-BD hydrogenation can be explained
6). After most of 1,3-BD was converted into butenes, butane by their low activity for the dissociation of hydrogen. In order

Selectivity / mol%

Conversion / %
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Figure 10. Gas phase composition in the hydrogenation of 1-butene

to clarify the reason for the high selectivity of-FGe IMC for on PtGe at 523 K (a), BGe at 523 K (b), and PtGe at 573 K (c).
the butene formation, the hydrogenation of 1-butene was lPutene©), trans2-butene £), cis-2-butene ), and butane).
performed under the equivalent conditions used for the 1,3-BD . . .
hydrogenation. represented by the distance betweer_1 the adja_cent F_’t ato_m_s_ differs

On pure Pt, 1-butene was hydrogenated quickly into butane @M°Ng the PtGe IMC. The_larger_dlfference in t_helr activities
within 0.5 min at 298 K with an evolution of the heat of reaction. for the 1,3-BD hydrogenation might be an evidence for the
Itis clear that Pt catalyzes the hydrogenation of 1-butene much 9¢ometrical effect because 1,3-BD usually needs two Pt sites,
easier than that of 1,3-BD. The high activity for the 1-butene While 1-butene can be adsorbed on a Pt site.
hydrogenation must result in the simultaneous formation of ~For Co-Ge IMC, CoGe, and CoGewe have reportéd the
butane during the 1,3-BD hydrogenation. The rate of butane unique catalysis for the selective formation of ethylene in the
formation shown in Figure 6, however, was much slower than hydrogenation of acetylene comparing with the complete
that measured separately without 1,3-BD. The inhibiting effect hydrogenation to form ethane on pure Co catalyst. A significant
of adsorbed 1,3-BD on the hydrogenation of 1-butene is obvious. retardation of hydrogen dissociation by ethylene found on CoGe

On the other hand, the rate of the 1-butene hydrogenation onhas been proposed to be the main reason for the selective
Pt—Ge IMC was lower than that of the 1,3-BD hydrogenation. formation of ethylene. The unique selectivity of the-Rae
Figure 10 shows the results of the 1-butene hydrogenation on!MC in the 1,3-BD hydrogenation may also be caused by the
Pt:Ge, PiGe, and PtGe. The comparison between the conver- change in the hydrogen dissociation activity in the presence of
sion rate of 1,3-BD in Figures 7, 8, or 9 and the formation rate hydrocarbons.
of butane in parts a, b or ¢ of Figure 10 clearly demonstrates Figure 11 shows the hydrogenation of 1,3-BD on Pt with a
the low activity of IMC for the 1-butene hydrogenation. PtGe mixture of H;and Dy at 298 K. The fraction of HD in hydrogen
catalyzed mainly the isomerization into 2-butenes. In the cases(Figure 11a) increased with reaction time, but its formation rate
of P:Ge and PiGe, the rate of butane formation in the 1,3-BD was much lower than that without 1,3-BD (broken line) as
hydrogenation after most of 1,3-BD was converted was almost shown in Figure 5. The strong adsorption of 1,3-BD may retard
the same as that in the 1-butene hydrogenation on each catalysthe dissociative adsorption of hydrogen. In Figure 11b, the
It is concluded, therefore, that the main reason for the high change in 1,3-BD fraction in the hydrogenation with Was
selectivity of IMC for the butene formation in the 1,3-BD also shown by the broken line using the data in Figure 6. It
hydrogenation is their intrinsically low activity for the butene should be noted that the rate of the 1,3-BD conversion was lower
hydrogenation, though the slight poisoning effect of coexisting with Hz/D2 than that with H, showing the normal isotope effect
1,3-BD to retard the butane formation was apparent @&t  on the reaction rates.
and PiGe. The poisoning species could be the adsorbed 1,3- On the other hand, the HD formation was not affected by
BD, because the poisoning effect was not obvious after the 1,3-BD on Pi{Ge as shown in Figure 12a compared with that
complete conversion of 1,3-BD. This development of activity without 1,3-BD (broken line). The adsorption of 1,3-BD could
was seen in the rate of isomerization of 1-butene into 2-butenesbe weaker than that of hydrogen. A slight decrease in HD
as well as in the rate of butane formation.,& did not give fraction after 15 min of the reaction could correspond to the
the induction period in the 1-butene hydrogenation (Figure 10b). change in the equilibrium caused by the exchange between gas
The induction period observed in the 1,3-BD hydrogenation phase B or HD and H in the hydrocarbons. The effect of
(Figure 8), therefore, could not be caused by butenes formed1-butene was also examined in a similar manner, and it was
in the reaction but by 1,3-BD. found that 1-butene did not affect the hydrogen dissociation,

The difference in the activities of PGe IMC for the either. Similar effects of coexisting 1,3-BD and 1-butene were
hydrogenation of 1,3-BD as can be seen in Figures 7a, 8a, andalso observed on e. Therefore, there must be a sufficient
9a was relatively large compared with that for the hydrogenation amount of hydrogen dissociatively adsorbed agy&etand RiGe
of 1-butene shown in Figure 10. The geometry of Pt atoms for the hydrogenation. The adsorption of 1,3-BD and 1-butene



Catalytic Properties of PtGe Compounds J. Phys. Chem. B, Vol. 101, No. 28, 1999571

50 3
(a)

s
= J— -
& . -
o ,
S 25 F
..é 2 —
g = -4r
~
- '/’

O 1 1

0 10 20 30
100 ,

- (b) -5
S 80 1.5 2.5 35
g
= 60 In P(H,)
% s Figure 13. Dependence of the rate of 1,3-butadiene hydrogenation
2 0r on the partial pressure of hydrogen for Pt at 3733, (PtGe at 483
.g 20 | ] K (m), and PiGe at 483 K &). P(C4Hs) = 2.7 kPa.

0 = : -3

0 30 60 90

Reaction time / min

Figure 11. Hydrogenation of 1,3-butadiene withu#®, mixture on Pt
at 298 K. Change in the fraction of HD in hydrogen (a) and gas phase
composition (b) with reaction time. Broken lines indicate the HD

= 4}
formation without 1,3-BD (a) and the 1,3-BD fraction in the hydro-
genation with H (b). Symbols are the same as those in Figure 6.
50 n
P
= (@) 5 I
[
2 y -0.5 0.5 1.5
Z BTy In P(C,Hg)
é Figure 14. Dependence of the rate of 1,3-butadiene hydrogenation
T on the partial pressure of 1,3-butadiene for Pt at 37K PtGe at
0 . . 483 K (@), and PiGe at 483 K 4). P(H,) = 13.3 kPa.
0 10 20 30 TABLE 2: Reaction Orders with Respect to the Partial
100 Pressure of Each Reactant
\ b) - -
S go I ( 1,3-BD hydrogenatioh 1-butene hydrogenatién
Q \
E 60 - 5 Catalyst P(Hz) P(C4H5) P(Hz) P(C4H3)
g Pt 1.0 0
2 40 r P:Ge 0 1.0 0 1.0
E -0 | > PtGe 0.9 0.4 0.6 0.7
= 2 Reaction temperatures were 373 K for Pt and 483 K feGEBtand
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0 30 60 90 kPa.P Reaction temperature was 523 K, and standard pressures were
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Figure 12. Hydrogenation of 1,3-butadiene withu#®, mixture on reaction rate thus measured was reproduced within 5% error

PtGe at 523 K. Change in the fraction of HD in hydrogen (a) and gas under the same reaction conditions. Figures 13 and 14 show
phase composition (b) with reaction time. Broken lines indicate the the dependence of the initial reaction rate on the partial pressures
HD formatipn Wi_thout 1,3-BD (a) and the 1,3-BD fraction_ in_the of Hy and 1,3-BD, respectively, for Pt,§&e, and PGe. From
gydroge“at'on with B (b). Symbols are the same as those in Figure e glope of each line, the reaction orders for each catalyst were
’ calculated and are listed in Table 2 with the results obtained
might be the rate-determining step in their hydrogenation. From for the hydrogenation of 1-butene in a similar manner.
Figure 12b, the inverse isotope effect was clearly observed on On Pt metal, the reaction rate was first-ordeP(@1,) and
PtGe in the hydrogenation of 1,3-BD compared with the zero-order tdP?(C4Hg). This indicates that 1,3-BD is adsorbed
hydrogenation with K (broken line). This will be discussed on Pt much more strongly tharptdnd that the rate-determining
later. step is the adsorption of H This is a typical result for Pt-
The above results imply that the strength of the adsorption supported catalyséé. On PtGe, however, the reaction rate was
is the important factor governing the selectivity in the hydro- zero-order taP(H,) and first-order taP(C4He). It is revealed
genation. Therefore, the kinetic study was carried out to know that the adsorption of 1,3-BD is much weaker than that §f H
the reaction order with respect to the reactants. To obtain betterthe former step being the rate-determining step. This is the
reproducibility of the activity, the catalyst was used repeatedly opposite result to that on Pt. In the case of the 1-butene
with an evacuation at the reaction temperature for 5 min betweenhydrogenation, the reaction orders were zerd@i,) and one
the reactions. The weight of the catalyst was controlled to give for P(C4Hsg), which indicates the weak adsorption of 1-butene
less than 5% conversion of 1,3-BD, and the reaction temperatureas in the case of 1,3-BD. The weak adsorption of 1,3-BD and
was selected to obtain the best reproducibility of the activity. 1-butene agrees well with the negligible effect of 1,3-BD and
PtGe did not show the induction period after the first run. The 1-butene on the D, equilibration as mentioned above.
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On PtGe, the reaction orders in the 1,3-BD hydrogenation Conclusions
were 0.9 forP(H,) and 0.4 folP(C4Hg) and those in the 1-butene
hydrogenation were 0.6 fd?*(H,) and 0.7 forP(C4Hsg). These
results suggest thatJ&e does not adsorb the particular molecule
strongly among 1,3-BD, 1-butene, and td cover the surface
active sites. Because the activity and selectivity of3et for
the reactions tested in this study were not so much different
from those of PiGe, we expected the strong adsorption gf H
on PGe as was observed orngBe. The comparable strength
of the adsorption of 1,3-BD and##4nd the negligible effect of ) . )
1,3-BD on the H—D, equilibration might be explained simul- () _The Pt-Ge intermetallic compounds havg _the high
taneously by the idea that the adsorption site pfd-tifferent selectivity to butenes because of their lower activity for the
from that of 1,3-BD or that HD is formed through the adsorbed butene hydrogenation than that for the 1,3-butadiene hydrogena-

reaction intermediate in the hydrogenation of 1,3-BD in addition 0N, While pure Pt has low selectivity to butenes due to its
to the simple exchange between the dissociated H and D atoms&Xtrémely high activity for the butene hydrogenation.

The different reaction orders obtained betweeGBtand PGe (3) In the case of BGe, the lower activity for the butene
suggest that the surface structure and/or the electronic states oftydrogenation is caused by the much stronger adsorption of H
Pt are different on these IMC. Therefore, the surface transfor- @nd weaker adsorption of butene than that of 1,3-butadiene.
mation into the PGe like structure proposed to explain the  (4) The electron transfer from Ge to Pt5d orbitals as well as
induction period in the 1,3-BD hydrogenation on®¢ should the dlfferenpe in the gepmetrlcal environment of Pt active sites
be excluded. The induction period might correspond to the May result in the drastic change in the activity and selectivity
formation of surface active species from the adsorbed 1,3-BD. from those of pure Pt.

From the above results, the reaction mechanism is discussed The low activity for hydrogenation and hydrogen dissociation
to explain the high catalytic selectivity of §e for the (1) and the high selectivity for partial hydrogenation (2) are
formation of butenes in the hydrogenation of 1,3-BD. On Pt, similar catalytic behaviors to those of €Ge intermetallic
1,3-BD and butenes are adsorbed more strongly thanTtie compounds. This would provide general insights into the unique
normal isotope effect observed on the rate of the 1,3-BD catalytic properties of intermetallic compounds prepared by the
hydrogenation (Figure 11b) reasonably results from the differ- combination of transition and typical elements.
ence in the zero-point energy of,Hand Dy because the
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The catalytic properties of PiGe intermetallic compounds
for the hydrogenation of 1,3-butadiene are summarized as
follows compared with those of pure Pt.

(1) The activity for the hydrogenation is much lower than
that of pure Pt, and it decreases with decreasing the Pt content,
that is, in the order of BGe > PtGe > PtGe. Their low
hydrogenation activity results from their low activity for the
dissociation of hydrogen.



