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1. 
INTRODUCTION 

This thesis is concerned with the hydragenation of CO over promoted iridium and capper 

catalysts. The main subject of this study is the promoting effect of iron on the CO 

hydragenation activity and methanol selectivity of Ir/Si02• In particular, the activation of 

a 1:1 Feir/Si02 catalyst wil! be discussed, basedon the comparison of a fresh Feir sample, 

which produces mainly hydrocarbons, and an activated catalyst after 48 hours CO 

hydrogenation, which is active and selective for methanol formation. The second subject 

that wiJl be discussed, is the effect of multivalent cations on the hydragenation activity of 

capper in zeolite-L. For both systems emphasis wil! be on the relation between catalyst 

structure, as studied by spectroscopie techniques and temperature programmed reduction, 

and catalytic activity. 

APPLICATIONS OF SYNGAS 

Synthesis gas (CO/H2 or CO/C02/H2) can be converted into a large variety of 

hydrocarbons and oxygenated products (Fig. 1.1). Basically, two routes for the conversion 

of syngas can be distinguished. Fischer-Tropsch synthesis, the production of hydrocarbons 

from CO and H2, involves the dissociation of CO, hydragenation of carbon and oxygen 

species, and chain growth of adsorbed CHx. Formation of methanol and other oxygenate 

products requires hydragenation of non-dissociatively adsorbed CO or C02, presumably 

through formyl or formate intermediates, and, in case of higher oxygenates, insertion of 

CHx species which are formed by dissociative adsorption of CO. The production of higher 

oxygenates wil! not be further discussed. 

Fischer-Tropsch synthesis was developed in Germany in the 1920's. It was used on a 

large scale during World War 11 for the production of liquid fuels from CO/H2 over cobalt 

catalysts. Since 1955 the Fischer-Tropsch process is used in South Africa, utilizing 

alkalized iron catalysts. Recently Shell introduced a two-stage Fischer-Tropsch/ 

hydrocracking process with high selectivity for the synthesis of middle distillates, on a 

plant in Malaysia [1]. Other recent developmcnts in process and reactor de~ign and in 

catalyst composition, also aim at improved selectivity, as has been reviewed by Mills 12] 
and Bartholomew [3]. 
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A process for the production of methanol from synthèsis gas was introduced by BASF 

in 1923. This process used a ZnO/er20a ca.ta.lyst, which is relatively ina.ctive and therefore 
was operated at high temperature and pressure (300-400 °e, 200-350 bar). An advantage 

of the ZnO/er20 3 catalyst is its stability against poisoning by sulfur and chlorine. In the 
1960's Ie I introduced a process based on a eufZnO f Al20 3 catalyst, which is operated at 

much lower temperature and pressure (250-300 °e, 50-100 bar), but requires better 

removal of poisons. Methanol is produced mostly for chemica! purposes, but it can be 

converted into gasoline, as in the MTG (methanol to gasoline) process that is used in 

New Zealand [4]. 

Nowadays, the production of synthetic fuels from coal or natura! gas, through either of 

the processes described above, in general is not economically attractive as an alternative 
for oil. It is possible, however, that in the near future Fischer-Tropsch or methanol 

synthesis will be used on a larger scale for the conversion of natura! gas at remote 

locations into liquid products, as in the SMDS process. Also, the demand for alcohols as an 

automotive fuel may increase for environmental reason. Processes for the conversion of 

synthesis gas may therefore in future become more important. 

METHANOL SYNTHESIS CAT AL YSTS 

Industrially most methanol is produced from eofe02/H2 over eufZnO/ AhOa 

catalysts. These catalysts are highly active (> lg methanol/g catalyst · hr), have a high 

methanol selectivity (> 99%), and are very stable. By addition of alkali the selectivity 

pattem of these catalysts shifts to higher alcohols. In addition to eufZnO, other (Iess 
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active) catalysts have also raised interest. Capper promoted by various oxides is active for 

the formation of methanol from C02-free syngas. Alkali-promoted Mo and MoS2 catalysts 

and promoted Fe, Ni, and Co catalysts are active for the formation of methanol and higher 

alcohols. Noble metal catalysts can be used for the selective formation of either methanol 

or higher oxygenates. For an extensive description of these catalysts we refer to reviews 

[2,5,6]. Here we discuss aspects of Cu -based catalysts and noble metal catalysts which are 

relevant for the present study of Culzeolite-1 and FeiriSi02. 

Oopper catalysts 

Studies of methanol synthesis over CuiZnO I Al20 3 and related catalysts have 

addressed three main subjects: the state of capper during reaction ( CuO or cun+), the 

active site (Cu or Cu + promoter oxide), and the reaction mechanism ( formation of 

formyl, formate, or carbonate intermediates). For the reaction under industrial conditions 

over CuiZnO I Alz03, C02 is the primary souree of methanol [7], though the reaction may 

also praeeed from CO [8,9]. A linear correlation has been reported between the copper 

area in CuiZnOIAiz03 catalysts, and the activity for methanol formation [10-13), 
indicating that methanol is formed on copper sites. However, the observed relation does 

not prove that the active phase consists of cuo. Under reaction conditions, copper is 

partially covered by oxygen, formed by dissociation of C02 [13]. The reaction most likely 

proceeds trough a copper formate intermediate, whose hydragenation is the rate 

determining step [12,14]. 

For various unpromoted and promoted copper catalysts, cun+ has been proposed to be 

the active site for methanol formation. This may in particular be the case for reaction of 

C02-free syngas. Sheffer and King observed an enhancement of the activity of 

unsupported capper by one order of magnitude, due to actdition of alkali [1.5]. The increase 

in activity could be related to the concentration of Cu+. A positive effect of alkali was also 

observed for supported catalysts [16,17]. In a study of catalysts for synthesis of higher 

alcohols, Calverley and Smith [17] proposed that C02 reacts on copper sites, whereas CO 

reacts on alkali/copper. Nonneman and Porree [18] suggest that Cu/SiOz catalysts are only 

active when alkali contaminants are present on the silica, causing formation of ion ie copper 

sites. They observed no activity of copper supported on clean silica. 

The methanol formation activity of copper catalysts can be influenced by the support. 

Chinchen et al. [13] observed a general trend in the relation between the copper area of 

catalysts supported on ZnO I Ah03, ZnO, Al203, SiOz, M.nO, and MgO, and the activity 

for methanol formation from COIC02/H2. By contrast, other authors report that the 

relation between area and activity is not a general trend, but only exists for groups of 

catalysts on similar supports [10,19,20]. The support may stabilize capper in a.Jl active form 

[21]. Brown Bourzutschky et al. [22,23] report an enhancement of the CO and COz 

hydragenation activity of Cu/Si02 by lanthana, which was explained by the stabilization 
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of Cu+. Chaumette et al. (24] observed deactivation of copper supported on MgO, La20 3, 

Sm20a, and MgO-Si02 in presence of CO, whereas C02 had a positive effect on the 

activity of copper supported on ZnO, ZnO / AhOa, and Zr02. These differences were 

explained by the formation of carbonates in the former case. Catalysts derived from 

copper-lanthanide intermetallic precursors are also deactivated by C02. These catalysts, 

particularly those derived from CeCu2, are highly active for methanol formation from 

CO/H2, and produce methanol at temperatures as low as 100 °C (25]. The activity is not 

related to the copper surface area. 

In general, hydragenation of C02-containing syngas, appears to be determined to a 

large extent by the dispersion of the copper particles, which may be influenced by the 

support. For hydragenation of COrfree syngas, the presence of a promoter is required, 

either to enhance the number of Cu+ sites, or to stabilize intermediates. In this case, the 

activity is determined by the interaction between copper and the promoter or the support. 
The aim of the present study is to further increase the CO hydrogenation activity of copper 

catalysts, by producing small metal particles in interaction with multivalent cations, thus 

affecting not only the activation of CO, but particularly also the activition of hydrogen. 

Noble metal catalysts 

Out of the Group VIII metals, Pd, Ir, and Pt have the lowest activity for methanation 

reactions (26]. The main reason for the low activity is the non-dissociative a.dsorption of 

CO on these metals, whereas CO is dissociated on the other metals at tempera.tures that 

are normally used for synthesis gas rea.ctions (27]. However, as was first reported by 
Poutsma et al. [28], methanol may be formed on these meta.ls, particula.rly on Pd, when 

used in the right temperature-pressure regime (250-350 °C, elevated pressure). 

The influence of different promoters and supports on the activity of Pd ha.s been 

studied extensively. The activity of silica supported Pd catalysts can be significa.ntly 

enhanced by addition of promoters such as Li and Na [29], Mg and La (30], and Fe [31]. 

Results by Ponec and coworkers [32] indicate that alkali contaminants that are present on 

commercially available supports, influence the activity of 'unpromoted' Pd catalysts, 

similar to the effects on Cu/Si02 that are discussed a.bove. This might expla.in why large 

differences are observed in the selectivity of Pd on different types of silica [33]. Ryndin et 
al. [34] showed that the nature of the support influences the activity a.nd selectivity. The 

methanol synthesis activity of supported Pd catalysts increases in the order Al20 3 < 
Ti02 < MgO ~ ZnO < Zr02 < Si02 << La20a, whereas the hydrocarbon synthesis 

activity increases in the order ZnO :::; MgO << Si02 ~ AhOa < La20a < Zr02:::; Ti02. 

Sudhakar and Vannice [35] studied the activity of Pd supported on different rare earth 

oxides, of which Pd/La20 3 and Pd/Nd20 3 were found to be the most active. 

Several explanations have been given for the observed promoter and support effects. 

Ponec et al. propose that ions are active for the formation of methanol on Pd [30] and Rh 
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[36]. The influence of the support or promoter oxides should therefore be the stabilization 

of these i ons. Calculations indicate that the formation of formyl intermediates is enhanced 

on positively charged metal ions [37]. However, the observation that Pd ions are the active 

site is not in agreement with results of Berlowitz and Goodman [38], who showed that 

methanol may be formed on Pd{llO) single crystals. The activity of Pd(llO}, extrapolated 

to higher pressure, was reported to be similar to Pd/Si02. Hicks and Bell [39] suggest that 

changes in crystallite morphology cause differences in activity, which indicates that PdO is 

the active site. By contrast, Kikuzono et al. [29] and Vannice et al. [40] propose that the 

promoter or support is actively involved in the reaction, by stahilizing reaction 

intermediates. 

Unpromoted iridium and platinum catalysts have a much lower CO hydragenation 

activity than palladium, and also a lower selectivity for methanol. Therefore these 

catalysts have not been as extensively studied as Pd. In presence of a promoter oxide, 

however, the differences between Pd, Ir, and Pt are much smaller. A significant 

impravement of the activity can be achieved by using Ti02 or V203 as a support [41), by 

addition of Mo[42,43], or by addition of Fe, Co, or Ni. The latter will be discussed below. 

STRUCTURE AND ACTIVITY OF SIMETALUC CATALYSTS 

Catalytic properties 

Bimetallic catalysts containing Fe, Co, or Ni and a noble metal (Ru, Rh, Pd, Ir, Pt) 

have catalytic properties significantly different from the monometallic catalysts. Bhasin et 

al. [44] showed that by addition of Fe to Rh/Si02 catalysts, the C2-oxygenate selectivity 

shifts from ethanol/acetaldehydefacetic acid towards ethanol. When the Fe content is 

increased, methanol becomes the main oxygenate product. A catalyst containing 0.5 wt% 

Fe and 2.5 wt% Rh produced 35% methanol and 25% C2-oxygenates (mainly ethanol). 

The hydracarbon activity was low, up to an iron/rhodium ratio of one. Kintaichi et al. [45] 

showed that the oxygenate selectivity of Ir/Si02 is decreased by addition of Co, but the 

activity is strongly enhanced. An optimum was observed in the activity at Co/Ir = 1. The 

selectivity pattem shifts from 78% methanol for Ir (at 280 °C and 51 bar) to 35% 

methanol and C2+-oxygenates at Co/Ir 1. Fukushirna et al. [46} report a positive effect 

of iron on both the activity and selectivity of Ir jSi02. The activity of Ir /Si02 is increased 

50-fold by addition of iron in an Fe/Ir ratio up to 0.2, and the methanol selectivity 

increases from 67% to 85% (250 °C, 20 bar). At higher Fe Joading, a decrease of the 

methanol yield and selectivity was observed. An enhancement of the activity was also 

reported by these authors for Pd/Si02 [31]. For Fe/Pd ratios up to 0.3 a high methanol 

selectivity (> 90%) was observed, but a maximum was found in the activity at an Fe/Pd 

ratio of O.I. FePd/Si02 may be selective for the formation of aromatics, when used for CO 

hydragenation at high temperature [47]. 
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Fipre 1.2. (a) Effect of Fe on the activity of Pd/Si02 and Ir/Si02. Pd: results reported by 
Fukushima [31] et aL; Ir: comparison of results from Fukushima (46] and Koningsberger [48]. 
(b) Activity of Felr/Si02, as reported by Koningsberger et aL [48]. 

In a study of Felr/Si02, Koningsberger et al. (48] observed a high activity and 
methanol selectivity also for catalysts with high iron loading. As is shown in Figure 1.2a, 
the methanol yield does not decrease above Fe/Ir = 0.2, but remains high up to Fe/Ir = 1. 
However, in order to reach the high activity, an activation period up to 48 hours may be 
required. The rate at which the activation occurs depends on the metal loading and 
reaction conditions, as will be discussed in the next section. The most important factor 

determining the activation, however, is the Fe/Ir ratio. Figure 1.2b shows the methanol 
yield vs. time for silica supported 1:5 Felr, 1:1 Feir, and 5:1 Felr cataJysts. It is obvious 
from this figure that, contrary to the catalyst with low iron loading, 1:1 and 5:1 Felr/Si02 

initially have no favorable selectivity, but improve gradually during reaction. Similar 
effects were also observed for FeRu, FeRh, FePd, and FePt, and for Co- and Ni

containing bimetallic catalysts (49]. Catalysts with Co or Ni and Ir or Pt in a 1:1 ratio are 

~C2+ 
80 

!! 

1
60 

40 

ethanol 

methanol 
0 

FeRu FeRh FePd Felr FePt Colr CoPt Nilr NiPt 
Figure 1.3. Selectivity of silica supported FeM, CoM, and NiM catalysts; 1:1 promoter : metal 
ratio. Reaction conditions: H2/C0=3, 270 °C, 40 bar. Resu!ts from Niemantsverdriet et aL (49]. 
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less active than Fe~based catalysts, but, as is shown in Figure 1.3, are selective for the 

formation of methanol. Woo et al. [50] showed that the selectivity of FePt/Si02 is a 

function of the Fe/Pt ratio and the metal loading. For a 1:1 FePt catalyst with 2% 

loading, a methanol selectivity of 80% was observed, whereas the selectivity was 10% for a 

catalyst containing 10% metal. 

lchikawa and coworkers stuclied CO hydrogenation and olefin hydroformylation over 

bimetallic cluster~derived catalysts [51 ~57]. It was shown that, similar to catalysts derived 

from nitrates and chlorides, cluster~derived FeRh catalysts are selective for oxygenates, 

particularly ethanol, and FePd, Felr, and FePt catalysts are selective for methanol. A 

high methanol selectivity was observed for catalysts with Fe/M ratios up to one [55~57]. 

The activity reached steady state after 10-15 hours of reaction, and remained constant 

during 50 hours [57]. Iron containing bimetallic catalysts had a higher activity for 

hydroformylation of ethylene and propylene, indicating that Fe promotes the insertion of 

CO. A higher CO hydragenation and olefin hydroformylation activity was observed for 

catalysts derived from bimetallic clusters, e.g. Felr4(CO)J5, as compared to catalysts 

prepared from mixtures of monometallic clusters [56,57]. 

Guczi and coworkers studied the effect of iron and lanthanum on the activity of zeolite 

supported palladium catalysts, and multiple promotion of Pd/Si02• lt was observed that 

the activity of Pd/zeolite-X is enhanced by smal I arnounts of iron (Fe/Pd = 0.07) or 

lanthanum (La/Pd = 0.7). Both promoting effects were attributed to an increase of the 

number of Pd sites, either by formation of bimetallic particles, or, in case of La, by 

modification of the support [58]. Modification of the support was also proposed for MgO

promoted FePd/Si02 catalysts [59]. 

Activation of FelrjSi02 

100~~~~~~~~--·················~~··················~~ 

wt% Felr i @:11-g -========1 

I 
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50 

Figure 1.4. CO hydrogenation over 
1:1 Felr/Si02: influence of the metal 
loading on the methanol selectivity [60]. 
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Figure 1.5. Influence of the rednetion 
conditions on the methanol yield of 
Felr/Si02 [49]. 



8 chapter 1 

100 100 -10 

l 

f 
1 
1 

i 

a l 

f 
1 
0 c 
11 

i 
E 

00 40 80 120 00 10 20 30 40 

time [h] p [bar] 
f'i&ure 1.6. Pressure dependenee of CO hydrogenation over 1:1 FeirSi02 (5 wt%). (a) Selectivity 
vs. time. (b) Activity a.nd selectivity as function of pressure. Measurements by Louwers and 
Niema.ntsverdriet [60). 

aif 
! eB 
s. 

4f 
2 11 

0 

The CO hydrogenation activity and methanol selectivity of Felr/Si02 are inflnenced 
by the Fe/Ir ratio (Fig. 1.2), and by parameters snch as the metal loading, rednetion 

conditions, and reaction conditions. These parameters also determine the time-scale on 
which the activation of Felr/Si02 occnrs. Similar to what was observed by Woo et al. [50] 
for FePt, the methanol selectivity of Felr/Si02 decreases at higher metalloading. Louwers 

and Niemantsverdriet [60] measured methanol selectivities between 85% for 1:1 Felr/Si02 

with 1% loading, and 68% for a catalyst with 9% loading. As is shown in Figure 1.4, the 

catalyst activation is also a function of the metal loading: at higher metalloading a Jonger 
activation period is required. 

Rednetion of the catalyst in high pressure H2 has a negative effect on the activity, and 

does not significantly influence the duration of the activation period (Fig. 1.5). By 
contrast, a high pressure of the syngas has a positive effect on the activation of Felr/Si02• 
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Figure 1.7. (a) Influence of H20 on the activity and methanol selectivity of 1:1 Felr/Si02. 
(b) Influence of C02. H2/(CO+C02) = 3. 
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As is shown in Figure 1.6, the catalyst is very slowly activated in 2 bar H2/CO, and has 

not reached steady state after 120 hours of reaction. When the pressure is increased, 

activation occurs more rapidly and the methanol selectivity increases. 

Water that is formed by Fischer-Tropsch reaction over Feir/Si02, has a negative 

effect on the activity for methanol formation. Figure 1. 7 shows the activity and methanol 

selectivity of Feir/Si02 for reaction of H2/CO/H20 in a 3: 1 : 0.16 ratio, i.e. the amount 

of water that is formed by 16% non -selective reaction of CO ( normal experiment: 1% 

non-selective). Initially, the catalyst has a high methanol selectivity, mainly as aresult of 

the poisoning of sites that are active for formation of CH4. It is obvious, however, that also 

poisoning of the methanol formation sites occurs, as the activity in presence of H20 is 

much lower than during a normal experiment. Figure 1. 7b proves that is not indirectly 

caused by formation of C02 from CO + H20. This figure describes an experiment with 

COTcontaining syngas, in a 3:1 H2/(CO + C02) ratio. C02 causes a decrease of the 

activity, because it acts as a dilutant of CO. 

In summary, it appears that the activation of Feir/Si02 is enhanced by CO, and 

retarded by H20. This explains the differences in methanol selectivity and activation of 

catalysts with low and high metalloading (Fig. 1.4), as the total conversion, and therefore 

also the amount of H20 formed, increases with metalloading. The results suggest that the 

act i vation of Feir /Si02 is related toa reductionfoxidation equilibrium. 

Structure of FeM/Si02 catalysts 

Reduced FeM/Si02 catalysts (M = Ru, Rh, Pd, Ir, Pt) generally contain multiple 

metal phases. The noble metal and part of the iron are in the zero valent state, and form a 

bimetallic phase. In most catalysts also an iron oxide phase is observed, even after 

reduction at high temperature. The noble metal and iron may furthermore be present in 

unalloyed reduced particles. 

c Table 1.1. Mössbauer spectroscopy of 
0 H2/M 1:1 FeRh/Si02 (62]. a 
E 1.52 
:=1 FeO Fe2+ Fe3+ • c 
8 
c fresh 100 Gl m 

reduced 47 53 0 ... 
i. co 52 30 18 
s:. 

Air 6 94 

co 17 42 41 
-50 0 100 300 500 

tempersture re] H2 22 47 31 

Figure 1.8. TPR of Rh, Fe, and FeRh [61]. 
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The formation of a bimetallic phase can be observed with TPR. Figure 1.8 shows the 

TPR patterns of Rh, Fe, and 1:1 FeRh, as measured by Van 't Blik and Niemantsverdriet 
[61). The catalysts were reduced and oxidized at 500 °C prior to the shown TPR. 

Reduction of the oxidized Rh/Si02 catalyst occurs in a single peak with a maximum at 

75 °C, and is completed at 140 °C. The Fe/Si02 catalyst is only partially reduced, in a 

broad peak above 220 °C. The reduction peak of the bimetallic catalysts is in between the 

peaks of Rh and Fe, indicating that the two oxides are in close contact. 
Niemantsverdriet et al. [62) performed Mössbauer studies of the structure of 

1:1 FeM/Si02 catalysts after different treatments. For FeRu, FeRh, Felr, and FePt, 
similar results were obtained. The properties of FePd are different, as will be discussed 

below. Table 1.1 lists the contributions of the various Fe states to the Mössbauer spectra 

of a FeRh catalyst. The fresh FeRh catalyst, impregnated with iron nitrate and rhodium 
chloride and dried at 120 °C, contains Fe3+. After reduction at 600 °C FeO is observed, 

present in an fee FeRh alloy, but a significant fraction of the iron is still present as Fe3+. 
The Fe3+ can be reduced to Fe2+ and FeO by CO adsorption at room temperature. This 

reduction may indicate that the reduced FeRh phase and the iron oxide are in close 
contact, as the reduction of Fe3+ to Fe2+ is not observed for monometallic catalysts. 

Exposure to air at room temperature causes oxidation of most of the iron. The resulting 

iron oxide can be partially reduced by CO or H2 at room temperature. 
As in the Mössbauer spectra, contributions due to unreduced iron oxide are also 

present in the EXAFS spectra of FeRh/Si02. Ichikawa et al. [63,57] observed Fe-0, 
Fe-Rh, and Rh-Rh interactions in the Fe and Rh K -edge EXAFS spectra of 1:2 FeRh 

catalysts. It was proposed that the iron oxide is highly dispersed, and anchors Rh atoms 
onto the support by formation of Rh-Fe3+-0 bimetallic sites. 

The structure of silica-supported FePd is different from the other FeM catalysts. In 

FePd/Si02, prepared from nitrates and chlorides, Niemantsverdriet et al. [64] observed FeO 
in bcc FePd and fee FePd bimetallic phases, and in the monometallic a-Fe phase. Fe3+ and 
Fe2+ were present only in small amounts. The high degree of reduction is confirmed by the 

CH3 CH3 )i 
CH~·-" co 1 'co 

' I ~ 3+ __ .,.. p~ 3+ _H_:2=----.... I ' 3+ 

Rh - Fe Rh - Fe Rh - Fe 
H2 ._ ethanol 

--,l H, )i ,' co 
H, I ·. 3+ 

Ir- Fe 
H2 ._ p~ 

3
+ H2 ... 

Ir- Fe 

CH 3 
0 
I _H--=2~.-.. methanol 3+ 

Ir- Fe 
Figure 1.9. Model for the active site in methanol and ethanol formation over FeM/Si02 
catalysts, as proposed by lchikawa et al. [55-57]. 
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absence of Fe~O contributions in the Fe EXAFS spectrum of similarly prepared 

1:2 FePdjSi02, as reported by Fukuoka et al. [57]. Large Fe~O contributions, however, are 

present in the spectra of cluster~derived FePd catalysts. Lietz et al. [58] conclude that, in 

addition to FePd and unalloyed Pd is present in FePd/MgO /Si 0 2 catalysts. 

Based on the characterization and reactivity results described above, two models for 

the active site in FeMjSi02 catalysts have been proposed. Ichikawa et al. propose the 

model that is presented in Figure 1.9. In their view, tilted adsorption of CO on a 

bi metallic M ~Fe3+ site occurs. CO is hydrogenated to form methanol, or inserted into 

adsorbed CH3 and subsequently hydrogenated, to form ethanol. Guczi et al. explain the 

promoter effect in FePdjSi02 by a decreased electron density on Pd as a result of the 

formation of bimetallic particles. A bifunctional mechanism is proposed, in which 

unalloyed Pd provides hydrogen, and PdxFe adsorbs CO. 

An important feature of both explanations discussed above, is that they implicitly 

assume that structural information derived from studies of freshly reduced catalysts, 

describes the surface of bimetallic catalysts during reaction. As is indicated by the 

act i vation of Fe Ir jSi02 (Fig. 1.2b ), this is not necessarily true. Therefore, the present 

study describes the structure of both freshly reduced and activated FeirjSi02. The aim of 

this study is to describe structural changes that occur during the activation period, and to 

relate these changes to the observed promoter effects. 

OUTLINE OF THIS THESIS 

This thesis deals with the relation between structure and activity of promoted iridium 

and capper catalysts. In Chapters 2 and 4, the activation of a 1:1 Fe Ir /Si02 CO 

hydragenation catalyst is described by a comparison of a freshly reduccd Felr sample, 

which produces mainly hydrocarbons, and an activated catalyst after 48 hours reaction, 

which is active and selective for methanol formation. As an intermediale step the 

unpromoted Ir /Si02 catalyst is discussed in Chapter 3. Chapter 5 is concerned with 

supported copper catalysts. 

Chapter 2 describes the structure of the fresh and activated 1:1 FeirjSi02 catalysts 

after reduction, CO adsorption, and oxidation, as studied by Extended X ~ray Absorption 

Fine Structure spectroscopy (EXAFS). Information about the activated catalyst under 

reaction conditions is obtained from an in~situ Mössbauer study. In addition to these 

experiments, results from temperature programmed rednetion (TPR) and transmission 

electron microscopy (TEM) are shown. 

In Chapters 3 and 4 we discuss the results of an infrared study of CO adsorption on 

Ir/Si02 and 1:1 Felr/Si02 catalysts. Temperature programmed desorption of CO, measured 

by IR, and ethylene hydragenation in the presence of CO, provide information about the 

reactivity of the adsorption sites. Based on the combined characterization and reactivity 

results, a model is proposed for the a.ctive site in methanol formation over Fe Ir /Si02. 
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In Chapter 5 we discuss the influence of Mg, La, and Ce on the CO and ethylene 
hydrogenation activity of Cufzeolite-1 catalysts. The catalytic results are compared to 
those of a silica supported copper catalyst. Characterization of the unpromoted and 
promoted catalysts is done by TPR and EXAFS. 
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ABSTRACT 

2. 
CO INDUCED CHANGES IN 

THE STRUCTURE OF FelrjSi02 

The structure of Felr/Si02 CO hydragenation catalysts has been stuclied by 

temperature programmed reduction, EXAFS, and Mössbauer spectroscopy. A comparison 

is made of the structure of a freshly reduced sample, which is selective for the formation of 

hydrocarbons from CO + 3 H2, and a catalyst activated by 48 hours synthesis gas reaction, 

which produces mainly methanol. The fresh sample contains iron oxide and bimetallic Felr 

particles after rednetion in H2 at 450 °C. In addition to these phases, a monometallic iron 

phase, formed by rednetion of part of the iron oxide, is present in the reduced activated 

catalyst. EXAFS results indicate that the surface of the bimetallic phase in both the fresh 

and the activated sample is enriched in iron. In-situ Mössbauer spectroscopy of the 

activated catalyst under reaction conditions shows the presence of Fe3+, Fe2+, Felr alloy, 

and e'-Fez.zC. 

INTRODUeTION 

Iron is known as an effective promoter of noble metal CO hydrogenation catalysts, 

which can increase both the activity and selectivity for oxygenated products. This 

promoter effect was first reported by Bhasin et al. [1], who observed an increased 

methanol selectivity of FeRh as compared to unpromoted RhjSi02, and a shift of the 

CToxygenate selectivity towards ethanol. Fukushima et al. [2] reported a st.rong 

enhancement of the activity of Ir/Si02, and an increase of the methanol selectivity, for 

catalysts with low Fe/Ir ratio 0.2). An increase of the activity due to addition of iron, 

though at constant methanol selectivity, was also observed for Pd/Si02 catalysts [3]. 
Koningsberger et al. [4] showed that Felr/Si02 catalysts with a higher iron content 

(Fe/Ir :::; 1) can also have a high methanol selectivity, but require an activation period up 

to 48 hours in order to reach a favorable steady-state activity and selectivity. A large 

group of catalysts, consisting of a noble metal (Ru, Rh, Pd, Pt, Ir) and a less noble metal 

(Fe, Co, Ni) in a 1:1 atomie ratio, shows the sarne behavior [5]. 
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The structure of bimetallic FeMjSi02 catalysts has been studied extensively [6-27], 
not in the least because these catalysts offer excellent opportunities for characterization 
with Mössbauer spectroscopy. Results of combined Mössbauer, EXAFS, XPS, TPR, and 

ESR studies prove the existence of a bimetallic phase in combination with unreduced iron 
in most catalysts. In addition to these phases, a-Fe [21,24] and unalloyed Pd [24] have 
been observed in FePd/Si02 catalysts. Mainly based on the results of characterization 

experiments, Ichikawa et al. [25,26] propose that the active site for methanol formation 

over FePd and Felr catalysts, or ethanol formation over FeRh, consists of the reduced 
alloy phase, which adsorbs CO and hydrogen, and unreduced iron which assists in the 
activation of CO. By contrast, Lietz et al. [24] propose that methanol formation over FePd 

catalysts requires the activàtion of CO on a reduced bimetallic site, and activation of H2 

on unalloyed Pd particles. 
In case of the 1:1 FeM/Si02 catalysts (or CoM, NiM), which require activation in 

syngas, we think that a model for the active site should not he based exclusively on 
characterization experiments of fresh catalysts, because the structure of the active system 
is not necessarily the same as that after reduction. Examples of changes in the structure of 

supported noble metal catalysts after CO adsorption have been reported in literature 

[28-31]. Moreover, iron-rich alloys may segregate under synthesis gas, which leads to 

carbidization of iron. A first indication for the occurrence of changes in the structure of 
FeM/Si02 catalysts in CO hydrogenation, is the rednetion of Fe3+ to Fe2+ by CO at room 
temperature, which has been observed by Mössbauer spectroscopy [13,14]. 

The aim of the present study is to investigate the relation between the structure and 

catalytic properties of FeMjSi02 catalysts. FelrjSi02 has been chosen for this study 
because it is the most active methanol synthesis catalyst of a group of bimetallic systems 

with a noble and less noble metal in a 1:1 ratio [5]. In this chapter we describe the 
structure of freshly reduced Felr/Si02, and an activated catalyst after 48 hours reaction in 
syngas, as studied by TPR, EXAFS, and Mössbauer spectroscopy. These results, together 

with those of the following two chapters, form the basis for a model of the active site for 

methanol formation over Felr/Si02. 

EXPERIMENT AL 

Catalyst preparation 

Felr/Si02 was prepared by incipient wetness impregnation of Si02 (Grace 332, 

270 m2/g, pore volume 1.6 ml/g) with a solution of Fe(N03)3.9Hz0 (Merck p.a.) and 

IrC13.nH20 (Johnson Matbey Chemicals, 54% Ir) in a 1:1 molar ratio. For Mössbaner 

experiments a catalyst with enriched iron (57Fej56Fe = 0.1) was prepared using 57Fe20 3 

dissolved in nitric acid. The total metal toading of the catalysts was 5 wt%. After 

impregnation the catalysts were dried in air at 110 °C for 16 hours. Characteriza.tion of the 
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catalyst was done after reduction in H2 at 450 °C ("fresh" sample) or reduction followed 

by 48 hours of syngas reaction ("activated"). Both samples were passivated by exposure to 

a diluted 02/N2 flow at room temperature, and subsequently stored in air .. 

CO hydrogenation 

CO hydragenation reactions were carried out in a stainless steel fixed-bed reactor. CO 

was led over a silica column at 300 °C in order to decompose metal carbonyls, and dried 

over a 4 A molsieve. Hydragen was dried, and used without further purification. Catalyst 

samples (250 mg) were reduced in hydrogen at 450 °C for 1 hour and tested at 270 °C and 

40 bar in a 4 Nl/hr syngas flow (H2/CO = 3). 

Temperature programmed reduction 

Temperature programmed rednetion (TPR) of passivated catalysts was done in a 4% 

H2/ Ar flow. The temper at ure was increased linearly to 400 °C with a heating ra te of 

5 °C/min. Hydragen consumption was measured by a thermal conductivity detector. 

Mössbauer spectroscopy 

Mössbauer spectra were collected by G. Howsmon at Purdue University using an ASA 

S-600 constant acceleration spectrometer with 57CoRh source. A high pressure cell 

(Pmax 8 bar) was used for in-situ measurements of the catalyst. The spectra were fitted 

with physically relevant parameters (isomer shift, quadrupale splitting, line width, 

hyperfine field, and absorbance) using a nonlinear minimization routine. Isomershifts are 

reported with respect to a-Fe. Spectra were corrected for iron impuritics in the beryllium 

windows of the cell by subtraction of pcaks of fixed isomer shift, line width and 

absorbance. In cases where the sample was heated or cooled, the isomer shifts were 

allowed to fluctuate within a narrow range corresponding to a high Debye tcmperature 

iron-beryllium alloy. 

Extended X-ray Absorption Fine Structure 

Fe K-edge and Ir L3-edge EXAFS measuremcnts were performed at EXAFS station 

9.2 of the SRS, Daresbury UK. Catalysts were reduced and passivated as described above. 

The samples were pressed in self-supporting wafers with absorption coefficients of 2.5 after 

the edge, and measured at liquid nitrogen temperature after 3 treatments: (i) drying in 

helium at 110 °C; (ii) in-situ reduction in H2 at 400 °C during 1 hour; (iii) in-situ 

rednetion at 400 °C and CO adsorption at room temperature during 1 hour. The 

passivated sample and the sample after CO adsorption were measured in helium 

atmosphere; the reduced catalyst was kept undcr hydrogen. 

EXAFS data analysis was done with a combination of experimental and theoretica! 

references. For most of the required absorber-backscatterer pairs, a reference compound 



18 chapter 2 

with known structure was available. Information about these reference compounds is listed 

in Table 2.1. Pt foil, Na2Pt(OH)6, and Ir4(CO)t2 were used as references for the Ir-Ir, 

Ir-0, and Ir-CO contributions in the Ir EXAFS spectra. It has been shown theoretically 

· [32] and experimentally [33) that platinum references can he used to analyze iridium data. 

The Ir-Ir references were made by isolation of the first and fourth Pr-Pt shell in platinum 

foil after subtraction of the neighboring shells, as described by Kampers [34]. The Ir-0 
reference, isolated from the spectrum of Na2Pt(OH)6 in the intervall.75:::; k:::; 14.48 A-t, 
was extended up to k = 19 A-t with backscattering amplitude = 0, in order to fit the 

spectra over a larger data range. This is allowed because the Ir-0 backscattering 

amplitude decreases strongly as function of the electron wave number (k), and is zero at 

k :::s 14 A-t (Fig. 2.7). The èontributions in the Fe EXAFS spectra were fitted with shells 

from Ni foil and Fe-acetylacetonate. Ni foil was used because the first and second Fe-Fe 

shells in Fe foil, which has a bcc structure, cannot he separated. References for the 

bimetallic pairs (Fe-Ir and Ir-Fe) were calculated with the program FEFF [35] using an 

inter atomie distance of 2.69 A. For monometallic pairs, this program gives good results 

[36], and calculates distauces with high accuracy. Calculated coordination numbers, 

however, are generally too low, with errors :::; 25%. These errors have been partially 

compensated by using a many-body amplitude rednetion factor (S02) of 0.9, in the 

calculation of the references. 

Table 2.1. Structural data and Fourier filtering ranges of the experimental 
EXAFS reference compounds. 

absorber- reference N R FT Anfe FT-I rrge 
scatterer compound [A] k [ -1 R [] 

Ir- Ir Pt foil 12 2.77 2.73-19.26 1.32-3.71 
Ir- Ir < tl Pt foil 12 5.54 2.76-19.26 4.90-5.98 

Ir-0 Na2Pt(OH)6 6 2.05 1.75-14.48 0.00-2.28 
Ir-CO <

2
> Ir4(CO)t2 3 1.87 2.80-16.45 1.06-3.30 

Fe-Fe Ni foil 12 2.49 2.30-16.00 1.40-2.74 

Fe 
0 (3) 

FeAcAc 6 1.99 2.45-13.27 0.70-2.18 

<I) Multiple scattering referente for the fourth Ir-Ir shell; ( 2) Ir-C 1.87 A + Ir-0* 3.01A; 
< 3l measured at SRS station 8.1. 

RESULTS 

CO HYDROGENATION 

Figure 2.1 shows the activity of an 1:1 Felr/Si02 catalyst for the formation of 

methanol and methane, which are the main reaction products of CO hydragenation (4]. 
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Figure 2.1. Conversion of CO into methane and methanol. 40 bar H2/CO 3, 270 °C. 
Comparison of the freshly reduced 1:1 FelrjSi02 catalyst, and the catalyst after 48 hours 
reaction, exposure to air at room temperature, and rereduction at 400 °C. 
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Under standard reaction conditions, the conversion of a freshly reduced catalyst reaches 

steady-state after a 48 hour activation period. During this period a new type of site 

appears to be formed which is active for the formation of methanol. No significant changes 

are observed with respect to the formation of hydrocarbons. Exposure to air at room 

temperature and renewed rednetion by H2 at 400 °C, as is done in some of the 

characterization experiments, has no effect on the activity for methanol formation, and 

only temporary enhances the formation of hydrocarbons. We conclude from these results 

that ex-situ characterization, by taking the catalyst out of the reactor and rereducing it in 

the Mösshauer or EXAFS cell, may be employed to the study the state of the Feir 

catalyst that is active for methanol formation. 

Felr, actlvated 

Felr, freah 

-.\ Ir· ·. · ; x·\ 
: \ isothermal 1 hr 

... ·· 

-100 0 100 200 300 400 

tempersture rel 
Figure 2.2. TPR of lr/SiOz and Felr/Si02 catalysts. Pretreatment: rednetion 450 °e + 
exposure to air at room temperature; activated catalyst: 48 hours reaction of Hz/C0=3 at 
270 °e and 40 bar + exposure to air at room temperature. 



20 chapter 2 

TEMPERATURE PROGRAMMED REDUCTION 

TPR was used to study the rednetion of passivated Ir/Si02 and 1:1 Felr/Si02 

. samples. The TPR profiles ofthe fresh Ir and Felr catalysts, after rednetion at 450 oe and 

meidation at 20 °e, and the activated Felr catalyst, after 48 hours syngas reaction at 

270 oe and meidation at 20 oe, are shown in Figure 2.2. The Ir/Si02 sample is reduced at 

low temperature, in a broad peak which has its maximum at 15 °e. The TPR profile of the 

fresh Felr/Si02 ca.talyst also consists of a peak at 15 °e due to removal of oxygen from 

iridium, but the main peak has shifted to 60 °e, indicating that an interaction between Fe 

and Ir exists. Due to the presence of iron oxide which has no direct interaction with 

iridium, hydrogen consumption continnes up to 400 °e. 
Reduction of the activated Felr catalyst takes place in a single step at higher 

temperature than that observed in the TPR of the fresh sample. In addition to this signa!, 

a large hydrogen consumption peak is also observed at 400 °e. Mass speetrometry 

experiments have shown that methane is formed at this temperature, indicating that the 

consumption of hydrogen is mainly due to the reaction with carbonaceons species that are 

formed during methanol formation. However, we cannot exclude that part of the signa! is 

due to rednetion of iron oxide, as in the fresh catalyst. 

velocity [mm/s] 

Figure 2.3. Mossbauer spectra of 
Felr/Si02 after ex-situ activation in 
40 bar H2feO. (a) Passivated catalyst 
(b) eatalyst red u eed in H2 at 400 °e. 
(c) Reaction in 8 bar H2/eO at 270 °e. 
(d) Post reaction in 8 bar H2/eO. All 
spectra are mea.sured at 20 °e, except C 
(270 °e). Bar indicates 1% absorption. 
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Table 2.2. Mössbauer parameters of 1:1 Felr/Si02. eatalyst pretreatment: 48 
hours activation in 40 bar H2jeo = 3 at 270 oe, and passivation by exposure to 
air at room temperature. 

experimental T iron IS QS H LW area 
conditions [OC] species [mmjs] [mmjs] [kOe] [mmjs] [a.u.] [%] 

passivated 20 Fe3+ 0.37 0.93 0.56 4.14 88 
Fe Ir 0.10 0.33 0.57 12 

red u eed 20 Feo 0.02 0.00 332 0.38 1.13 21 
Fe3+ 0.38 0.80 0.35 1.68 31 
Fe Ir 0.17 0.51 2.68 48 

reduced ··173 FeO 0.13 0.00 341 0.43 1.41 16 
Fe3+ 0.52 0.88 0.54 3.76 42 
Felr 0.24 0.59 3.88 42 

8 bar H2jeO 270 Fe2+ 1.00 1.65 0.54 0.22 7 
t = 8-36 hrs Fe3+ 0.14 0.84 0.38 0.69 23 

Fe Ir 0.01 0.60 2.06 70 

post reaction 20 Fe2+ 1.21 1.64 0.46 0.42 8 
Fe3+ 0.35 0.78 0.35 1.39 25 
t:'Fe2-2e 0.19 0.03 176 0.55 0.72 13 
Felr O.L5 0.57 2.99 54 

post reaction ~ 173 Fe2+ 1.51 1.90 0.58 0.6.') 7 
Fe3+ 0.46 0.84 0.46 2.68 32 
t:'Fe2.2e 0.30 0.01 186 0.63 0.82 10 
Fe Ir 0.24 0.61 4.33 51 

MÖSSBAUER SPECTROSCOPY 

Figure 2.3 shows the 57Fe Mössba.uer spectra of Felr/Si02 under different 

experimental conditions, after 48 hour activation in high pressnre syngas. The parameters 

of the contributions that were used to fit the spectra are listed in Table 2.2. The catalyst 

was measnred at room temperature after passivation and reduction, which is relevant for 

comparison with EXAFS experiments that wil! be discussed later, and in-situ during and 

after reaction in 8 bar H2/eO at 270 °C, whieh gives information about the methanol 

producing catalyst under aetual reaction conditions. The rererlueed sample and the 

catalyst after reaction were also measnred at -173 °e, in order to constrain the fits. At 

lower temperatnre, the isomer shift (IS) and total area must increase, which is indeed 

observed. 

The spectrum of the passivated eatalyst (Fig. 2.3a) consists prerlominantly of a 

doublet of Fe3+, with a small contri bution of a singlet corresponding to an fee Fe Ir alloy. In 

the spectrum of the redueed catalyst (Fig. 2.3b) a elear intensity deercase of the Fe3+ 

doublet is observed. Iron oxide is reduced to Feo, which is present in the alloy and in a 
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new phase with the Mössbauer parameters of metallic iron. Corrected for the relatively 

low Debye temperature of the Fe3+ phase, as determined from measurements at two 

temperatures, it can be estimated from the speetral area of the Fe3+ signa! that 

· approximately 50% of the iron is oxidic after rereduction at 400 °C. We note that the 

quadrupale splitting of the Fe3+ is slightly smaller after reduction than after passivation. 

Thls may be due to the presence of only one type of iron oxide, presumably a surface 

silicate, in the reduced sample, whereas three different phases (silicate, oxidic Felr, and 

oxidic a-Fe) are present after passivation. 

During syngas reaction, a carbide phase is formed from the a-Fe, and about 25% of 

the Fe3+ is reduced to Fe2+, The latter was previously also observed after adsorption of CO 

at room temperature [14). ·rn the spectrum at 270 °C (spectrum C), only the signals of 

Fe2+, Fe3+, and Felr can be distinguished. The signa! of the carbide, which at 270 °C is in 

the superparamagnetic state, overlaps with the main peaks of Felr and Fe3+. At room 

temperature (Fig. 2.3d) a magnetically split signa! is visible, with the Mössbauer 

parameters of t:'-Fe2.2C. As the speetral area of the t:'-Fe2.2C signa! increases only slightly 

after cooling to -173 °C (Table 2.2), we conclude that no superparamagnetic carbide is 

present at room temperature. 

EXAFS 

Iridium L3- and iron K -edge EXAFS spectra have been measured of a fresh Felr/Si02 

catalyst, which produces mainly hydrocarbons, and an activated catalyst after 48 hour 

syngas reaction, which is active and selective for the formation of methanol. In contrast to 

the Mössbauer experiments, the catalyst was not measured under reaction conditions. The 

main objective of this EXAFS study is to determine the structure of the fresh and 

activated catalyst after reduction, which are precursors for the active system under 

reaction conditions. We will discuss the EXAFS spectra of the reduced catalysts, and 

spectra of the samples after CO adsorption at room temperature and after passivation by 

exposure to air at room temperature. These additional measurement.s give information 

about the homogeneity of the bimetallic phase in the reduced system. We note that the 

passivated samples were measured prior to rereduction of the catalysts in the EXAFS cell. 

Figure 2.4 shows the k1-weighted Ir EXAFS spectra of the fresh and activated sample 

after the 3 pretreatmerits, and the kl-weighted Pt-Pt phase and amplitude corrected 

Fourier transforms. The quality of the data up to k = 17 A-t is good (Fig. 2.4a-c ). The 

standard deviations per data point, as determined by averaging of multiple spectra and 

from the noise at high k -values, are bet ween 5 ·10-4 for the red u eed catalyst and w-a for 

the passivated sample. 

It is obvious from the raw data that the differences between the iridium in the fresh 

and activated sample, as determined with EXAFS, are smal!. In all cases the phase of the 

EXAFS oscillations is similar and the differences in amplitude are smal! (Fig. 2.4a-c). The 
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effects of different pretreatments (reduction, CO adsorption, and passivation) on the 

catalyst structure are larger, as is most clearly revealed by the Fourier transformed 

spectra (Fig. 2.4d~f). The spectrum of the reduced catalyst consists of a main peak at 

2. 7 Á due to first shell Ir~metal contributions, and smaller Ir~metal peaks at higher shell 

distances. The asymmetry of the (Pt~Pt phase and amplitude corrected) first shell peak 

indicates that not only an Ir~ Ir contribution, but also Ir~Fe is present, and that the 

reduced phase is actually bimetallic. The presence of the higher Ir~metal contributions 

indicates that these particles are relatively large. 

After CO adsorption (Fig. 2.4e) the same signals are observed that were present after 

reduction, but with a lower amplitude. This indicates that CO adsorption is corrosive and 

affects the structure of the catalyst. Small differences, possibly related to the presence of 

carbon, exist between the fresh and activated catalyst in the region < 2 Á. An Ir~CO 
contribution, which should in particular give a clear Ir~C~O* multiple scattering peak 

near 3 Á, is not observed. 

Passivation of the catalysts, by exposure to air at room temperature, has a large 

influence on the structure. The spectrum in Figure 2.4f consists of the previously observed 

Ir~metal peak at 2.7 Á, and a new signa! near 2 Á, most likely due to Ir~O. Apparently 

both a reduced bimetallic phase and oxidic iridium are present in the passivated sample. 

The kl~weighted Fe EXAFS spectra and kl~weighted Fe~O phase corrected Fourier 

transforms are shown in Figure 2.5. The differences between the Fe EXAFS spectra of the 

fresh and activated sample after the various treatments, are much larger than the 

differences observed intheIr EXAFS. However, interpretation of these differences is more 

complicated because only a small data range can be used (k S 10 Á ·t), as the spectra contain 

more noise. In particular in the spectra of the passivated catalysts, where the signa! intensity 

decreases rapidly, noise dominates at higher k~values. Standard deviations per data point 

are between 2 ·10·3 for the reduced catalyst and 3 ·10·3 for the passivated catalyst. 

The phase and amplitude of the Fe EXAFS spectra of the fresh and activated reduced 

catalyst (Fig. 2.5a,d) are different. This shows that the activated sample contains iron in a 

different phase than the fresh sample. The Fourier transformed spectrum of the freshly 

reduced catalyst shows a peak at 2 Á, due to an Fe~O contribution, and a peak at higher 

distance due to Fe~metal contributions (Fe~Fe or Fe~Ir) in the bimetallic phase. In the 

spectrum of the activated catalyst the intensity of the Fe~O peak is lower, indicative of a 

smaller amount of oxidic iron in this catalyst, and large Fe~metal contributions at various 

distauces are observed. These Fe~metal contributions are most likely due to the 

monometallic iron phase that was also observed with Mössbauer spectroscopy, which forms 

a carbide under reaction conditions. 

CO adsorption causes an increase of a peak near 2 Á in the spectra of the fresh and 

actîvated catalyst (Fig. 2.5e ), which may be due to Fe~O or Fe~C. The bulk iron phase is 

stabie under CO, but the intensity of the Fe~metal peak in the bimetallic phase appears 
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to be lower after CO adsorption than after reduction. This confirms that CO adsorption on 

tbe bimetallic phase is corrosive, as already foliowed from the Ir EXAFS. Iron in the 

passivated catalysts is mainly in the oxidic state, as is shown by the large Fe-0 peak at 

2 Á in the spectra in Figure 2.5f. The amount of oxide is lower in the activated catalyst. 
After activation a peak due to a reduced phase, either monometallic iron or Felr aHoy, is 
present in the EXAFS spectrum. 

In the next sections we give a more detailed analysis of the EXAFS data as 

determined by multiple shell analysis of the spectra in k- and R-space. Both kt- and 
k3-weighting were applied, in order to obtain a higher accuracy of the coordination 

numbers and Debye-WaHer factors which are strongly correlated [34]; only the kt

weighted fits will be showh. Unlike the spectra in Figures 2.4 and 2.5, the presented 

Fourier transformed spectra are not phase and amplitude corrected. Parameters are given 

for all contributions that are present, including those of the higher shells. It will be shown 
that the latter are necessary to check the consistency of the model that is derived from the 
first shell parameters. An estimate is made of the total uncertainty of the parameters, due 
to statistica! and systematic errors. Separate numbers for the statistica! errors, which are 

relevant in order to oompare the spectra of the fresh and activated catalyst, are not given, 

as the EXAFS program at present does not allow calculation of these errors for the large 

number of contributions that are present in our spectra. 

Table 2.3 lists information about the fit ranges and the maximum number of 

parameters that can be determined with statistical significance, N111ax 2/'~~ ·.ó.k·.ó.R [37]. 

In this equation .ó.k and .ó.R are the intervals in k- and R-space, respectively. In some 

cases the data interval of the Fe EXAFS spectra is too smal! to give a reliable fit of the 
full spectrum. For these spectra only a qualitative description is given. 

Table 2.3. Fit ranges in k- and R-space. N111ax =maximum number of parameters 
that can be determined with statistica! significanee within the given fit ranges . 

.ó.k [kt] .ó.R [Á] 

IrEXAFS fresh catalyst 
red u eed 3.7-16.7 0.9-5.7 

CO adsorption 3.7-16.1 0.9-5.7 

passivated 3.3-16.7 0-5.5 

FeEXAFS 

red u eed 3.7-9.9 0.5-3.2 

CO adsorption 3.6-9.9 

passivated 3.6-9.9 0-2.9 

.ó.k [Á-1] .ó.R (Á] 

activaled catalyst 
3.7-16.7 0.9-5.7 

3.7-16.1 0.9-5.7 

3.3-16.7 0-5.5 

3.2-9.5 

3.8-9.7 

3.6-9.7 0-3.1 

Nmax 

40 

38 

47 

11 

12 
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The Ir EXAFS spectrum of the reduced fresh catalyst in Figure 2.4a can in principle be 

fitted by a combination of Ir-lr and Ir-Fe shells with the parameters that are listed in Table 

2.4. Iridium and iron are detected at 2.69 and 2.62 A, and also at distances of approximately 

/1. and .j3 times the first-shell distance. The fourth shell can bedescribed by a single Ir-Ir 

contribution. The coordination numbers in the second and third shell are corrected for 

differences in distance between the reference compound and the sample with a mean free 

pathof 8 A, as determined by analysis of the higher shells of Pt foil [34]. The total first shell 

coordination number in this fit is 11.7, which is almost equal to that in a bulk metal with fee 

structure. For the higher shells in a bulk fee metal, coordination numbers of 6, 24, and 12 

should be observed. The actual values, however, are much lower. This indicates that the 

chosen model is not correct, and hence the fit represented by Table 2.4 should be rejected. 
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Table 2.4. Ir EXAFS of the fresh Feir/Si02 
catalyst after reduction. Fit without lr-0 
contributions 1. 

Ir Ir 7.9 0.0018 
3.4 0.0032 
8.4 0.0044 
2.8 0.0025 

Ir- Fe 3.8 0.0089 
0.8 0.0025 
5.4 0.0073 

R 

[Á] 

2.689 
3.782 
4.692 
5.377 

2.616 
3.692 
4.640 

Eo 

[eV) 

6:o 
7.6 

-9.4 
5.4 

-7.6 
-11 
-3.2 

* corrected with À = 8 Á; 1 The fit without Ir-0 
contributions is rejected because the first -shell 
parameters are not consistent with those of the 
higher shells (see text for explanation). Table 2.5 
presents the fits induding Ir-0 interactions. 
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Figure 2.7. Backscattering amplitude 
of the Ir-0, Ir-Fe, and Ir-Ir 
references. 

Table 2.5. Ir and Fe EXAFS of reduced fresh and activated Felr/Si02 cata.lysts. 
Fits including lr-Osupport interactions. 

* * Ne 1::.(!2 R Eo Ne D.,u2 R Eo 

[Á2) [ÁJ [eV] [Á2] [Á) [eV) 

lrEXAFS fresh catalyst activated catalyst 

Ir Ir 6.5 0.0012 2.696 4.2 6.2 0.0013 2.697 4.5 
3.4 0.0032 3.780 8.5 3.1 0.0030 3.782 8.5 
8.8 0.0046 4.692 -9.5 7.7 0.0034 4.699 -11 
2.7 0.0022 5.378 5.2 2.5 0.0018 5.399 3.8 

Ir- Fe 2.7 0.0052 2.639 -11 2.5 0.0049 2.629 -9.8 
0.8 0.0021 3.692 -11 1.1 0.0040 3.695 -12 
5.7 0.0076 4.642 -3.3 6.6 0.0083 4.657 -4.6 

Ir 0 0.7 0.0030 2.266 -19 0.6 0.0030 2.239 -19 

FeEXAFS 

Fe- 0 2.6 0.0095 2.005 1.5 

Fe- Ir 3.1 0.0081 2.636 -2.8 not fully analyzed; 

Fe -Fe 1.0 0.0003 2.618 4.2 bcc Fe present (Fig. 2.8) 

* corrected with À = 8 Á. Estimated accuracy of the lirst shell parameters of lr-ft, Ir-0, 
Fe-Fe, Fe-0: N, 1::.(!2, Eo ± 20%; R ± 1%. Higher shells Ir-Ir: N, 1::.(!2 ± 30%; Eo ± 20%; R 
± 1%. First shelllr-Fe, Fe-Ir: N, 1::.(!2 ± 30%; F-'() ± 20%; R ± 1%. Higher shells Ir-Fe: N, 
D.,(!2 ± 40%; Eo ± 20%; R ± 1%. 
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The spectrum is better described by a combination of Ir-metal shells at distauces 

similar to those in the previous fit, and an Ir-0 interaction (Table 2.5, Fig. 2.6a-d). In 

terms of data analysis, addition of an Ir-0 contribution causes an increased amplitude of 

the EXAFS at low k-value, since the backscattering amplitude of oxygen has its maximum 

in this region (Fig. 2.7). In order to fit the spectrum at highk-values where oxygen has no 

influence, N and .élJ2 in the iridium-metal shells have to be decreased. When this 

procedure is used in opposite direct ion, i.e. first decrease the Ir-Ir and Ir-Fe contributions 

and then fit the remaining part, au lr-0 contribution at 2.27 Á with a coordination 

number of 0.7 is detected. This contribution can be assigned to an interaction of reduced 

iridium with oxygen in the support or in iron oxide. The low value of Eo ( -19 e V) has been 

observed previously for metal-support interactions [38,39], and is most likely due to 

differences in oxidation state between the metal in the reference compound and in the 

sample. In this case, first shell Ir-Ir and Ir-Fe coordination numbers of 6.5 and 2.7 are 

observed, which are in much better agreement with the higher shell coordination numbers 

than the previous model. Almast the same parameters are found for the activated catalyst: 

Nrr-lr = 6.2, Nrr-Fe = 2.5, and Nrr-0 = 0.6. 
The Fe EXAFS spectrum of the reduced fresh catalyst (Fig. 2.5a,d) has only partially 

been fitted. The main peak in the Fourier transformed spectrum is composed of an Fe-0 

contribution due to iron in an oxidic phase, and Fe-Fe and Fe-Ir shells. These 

contributions have been fitted assuming that an Fe3+-Fe3+ interaction, observed in the 

passivated catalyst as wil! be shown later, is not present after reduction. The Fe-Ir 

parameters that are thus determined, are in good agreement with the fit of the Ir EXAFS 

data. The iron in the bimetallic phase is mostly coordinated to iridium (N = 3, 

R = 2.64 A), but an Fe-Fe interaction due to iron pairs or islands in the alloy (N = 1, 

R 2.62 Á) is also present. The peaks at larger distances in this spectrum arealso due to 

Fe-metal interactions. However, these can not be fitted with any significanee because the 

required number of free parameters is too high. Figure 2.8a/b shows the raw EXAFS 

spectrum and the first shell fit. 

The spectrum of the activated catalyst was not analyzed in detail, because this 

catalyst contains a new iron phase in actdition to iron oxide and Fe-Ir. A fit of this 

spectrum will therefore require even more parameters than the fit of the fresh catalyst. 

The nature of the new phase, however, can easily be seen in Figure 2.8. In Figure 2.8c we 

cornpa.re the spectra of the reduced fresh catalyst and the catalyst after reaction. A clear 

difference is observed between the phase of the oscillations in the two spectra. These 

differences disappear when the spectrum of an Fe foil, with a sealing factor of 0.25, is 

added to the spectrum of the fresh catalyst (Fig. 2.8d). This shows that the activated 

catalyst contains not only Feir alloy and iron oxide, but also metallic iron. The iron metal 

is most likely formed from the iron oxide that was present after reduction, since the 

intensity of the Fe-0 peak in the Fourier transformed spectrum (Fig. 2 .. 5d) is lower. It is 
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important to note again that the activated catalyst was measured after passivation and 
rereduction, and that the metallic iron phase is not present as such during reaction. The 

Mössbauer results that are shown in the previous section prove that the active catalyst 

contains iron carbide. 

CO adsorption 

The Fourier transforrned Ir and Fe EXAFS spectra in Figure 2.4 and 2.5 show that 
CO adsorption influences the structure of the reduced catalysts. The differences in thc Ir 

EXAFS have been determined by variation of N and 6.u2 of the contributions in Table 2.5, 

after optimization of Rand E0• The results are given in Table 2.6 and Figure 2.9. The fits 

show a lower coordination number of the Ir-metal shells, as compared to the catalyst 
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under hydrogen, and a slightly increased Debye-Waller factor. The first shell Ir-Ir and 

Ir-Fe coordination numbers in the fresh catalyst deercase from 6.5 to 6.0 and from 2.7 to 

2.1, respectively. A similar effect is observed in the activated catalyst. The Ir-0 

coordination numbers in both catalysts deercase by approximately the same factor as the 

Ir-metal contributions. Moreover, a smal! deercase of the Ir-0 bond length is observed. 

An Ir-CO contribution may be present, but has not been included in the fit because the 

parameters that are found for this contribution are significantly influenced by small 

variations in the other shells. We estimate that the Ir CO coordination number is at most 

0.3, which is not unlikely for metal particles of this size. 

Only a qualitative descrîption can be given of the changes that are observed in the Fe 

EXAFS spectra after adsorption of CO (Fig. 2.10). The spectrum of the fresh catalyst 

shows a decreased intensity in the 2.5 A region and an increased amplitude near 2 A. The 
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Table 2.6. Ir EXAFS of fresh and activated Fe Ir catalysts after CO adsorption. 

* Ne flu2 R Eo * Ne flu2 R Eo 
(Á2J [ÁJ [eV] (Á2] [Á] [eV] 

fresh catalyst activaled catalyst 

Ir- Ir 6.0 0.0018 2.690 4.9 5.8 0.0014 2.689 5.2 
2.7 0.0032 3.783 7.3 2.6 0.0019 3.778 9.1 
6.4 0.0046 4.692 -9.5 7.7 0.0047 4.689 -9.5 
2.2 0.0033 5.387 4.3 2.2 0.0025 5.398 3.6 

Ir- Fe 2.1 0.0071 2.632 -7.5 2.3 0.0083 2.623 -7.0 
0.6 0.0013 3.692 -12 0.7 0.0018 3.691 -12 
4.5 0.0076 4.642 -3.4 5.2 0.0083 4.641 -3.3 

Ir- 0 0.6 0.0030 2.226 -19 0.5 0.0030 2.224 -19 

* corrected with À= 8 Á. Estimated accuracy first shell parameters Ir-Ir, Ir-0: N, flu2, Eo ± 
20%; R ± 1%. Higher shells Ir-Ir: N, flu2 ± 30%; Eo ± 20%; R ± 1%. First shell Ir-Fe: N, 
flu2 ± 30%; Eo ± 20%; R ± 1%. Higher shells Ir-Fe: N, flu2 ± 40%; Eo ± 20%; R ± 1%. 

lower intensity at 2.5 Á, where Fe-metal contributions are present, is in agreement with 

the decreased Ir-Fe coordination number that was found in the analysis of the iridium 

edge data. The changes near 2 Á indicate an increase of the coordination of oxygen or 
carbon around iron. It is not possible to distinguish between these two low-Z scatterers 
which give similar phase shift and backscattering amplitude. It can be excluded that the 
peak is due to non-dissociatively adsorbed CO, as this should give a characteristic peak at 
3 Á. The changes in the activated catalyst appear to be simHar to those in the fresh 

sample. An increase of the Fe-0 or Fe-C signa! is also observed in the spectrum of this 

catalyst. The metallic iron phase, however, is not influenced by CO. 
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Fisure 2.10. Comparison of the Fe EXAFS spectra of Feir/Si02 after rednetion and CO 
adsorption. (a) Fresh catalyst. {b) Activated catalyst. 
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Passivaled catalysts 

The Fourier transformed Ir EXAFS spectrum of the passivated fresh catalyst in 

Figure 2.4f is characterized by a lower intensity of the 2. 7 A peak, as compared to the 

reduced catalyst (Fig. 2.4d), and a higher signa! at 2 A. From this spectrum it is clear that 

both a reduced and an oxidic phase are present. The main peaks can be fitted with an 

Ir 0 contribution at 2.05 A, Ir~Fe at 2.66 A, and Ir-lr at 2.67 A. (Table 2.7 and Fig. 

2.11). The lr-0 contribution at 2.26 A in the reduced catalyst that was assigned to an 

interaction between the bimetallic phase and the support, is not present after passivation. 

The higher shells in Figure 2.5{ are fitted with the Ir-Ir and Ir-Fe contributions that were 

also present after reduction, and Ir-0 at 4 A. The spectrum contains a considerable 

low-frequency contribution, which could not be removed in the background subtraction. 

This causes the differences between the data and fit at low k- and R -values in Figures 

2.11a and 2.11b. 

Oxidation appears to have affected mainly the iron in the bimetallic phase. The first 

shell Ir-Fe coordination number is approximately 50% lower than after rednetion (1.4 vs. 

2.7), whereas the Ir-lr coordination number bas decreased by only 20%. It should be noted 

that the coordination numbers in EXAFS are averaged over all phases, and must be 

corrected when different phases are present. The coordination numbers in Table 2. 7 are 

correct only if the lr-0 and Ir-metal contributions are due to one phase. However, if we 

assume that the catalyst contains separate reduced and oxidic phases, and tha.t the real 

lr-0 coordination number is 6, approximately 35% of the iridium is in the oxidic state. 

The real Ir-metal coordination number in this case is 10. Therefore, the metal partiele size 

as determined by EXAFS is between 12 Á (N = 6.5) and 35 A (N 10). 

Figure 2.12 shows a representative transmission electron micrograph of the fresh Felr 

catalyst after passivation. As can be observed, the metal particles have a size between 1.5 

and 3 nm, which is in agreement with the EXAFS results. The average partiele size, as 

determined with TEM, is approximately 2 nm. 

The Ir EXAFS spectrum of the actlvated catalyst is similar to tha.t of the fresh sample 

after passivation, but it bas an increased amplitude in the 2 A region where the lr-0 peak 

is present. This is most likely due to an additional Ir-0 or Ir-C interaction. Within the 

accuracy of data analysis, the fitting parameters of the Ir-0 and Ir metal shells in the 

fresh and activated sample are equal. The coordination number and distance of the 

additional contrlbution at 2 A in the activated sample could not be determined with 

sufficient accuracy. Therefore this contribution has not been included in the fit, as can be 

seen in Figure 2.lld. 

The Fe EXAFS spectrum of the paBsivated fresh catalyst contains contributions of 

Fe-0 and Fe-Fe shells. The main peak in the Fourier transform (Fig. 2.5f) is due to an 

Fe-0 interaction in iron oxide at au average distance of 1.96 A. The high Debye-Waller 

factor of this shell indicates that the oxide is highly disordered. In addition to Fe-0, an 
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Fe-Fe contribution at 2.95 A is required to fit the spectrum (Table 2.7). We assign this shell 

to Fe3+-Fe3+ in the oxide. The Fe-Ir interaction that was observed intheIr EXAFS spectra 

is not detected in the Fe spectrum. After reaction the amount of oxide in the passivated 

catalyst is lower, as is shown by the decrease of the Fe-0 coordination number from 5.9 to 

4.9. The Fe3+- Fe3+ shell that was found in the fresh catalyst is no Jonger present, but a new 

Fe-Fe distance is detected (R = 2.65 A), which we assign to reduced iron in an fee phase. 

Table 2.7. Ir and Fe EXAFS of fresh and activated catalysts after passivation. 

* * Ne /:::;.(!2 R Eo Ne /:::;.(!2 R Eo 

[Á2] [A] [eV] [A2] [A] [eV] 

IrEXAFS fresh catalyst activated catalyst 

Ir-0 2.1 0.0017 2.046 6.3 2.2 0.0019 2.037 6.7 
0.7 0.0077 3.975 -11 0.6 0.0083 3.934 -11 

Ir- Ir 5.3 0.0029 2.668 6.1 5.4 0.0029 2.672 5.7 
2.2 0.0042 3.797 4.0 2.7 0.0041 3.789 3.8 
4.3 0.0056 4.705 -13 4.3 0.0036 4.710 -13 
1.3 0.0024 5.339 7.3 1.3 0.0020 5.366 6.2 

Ir-Fe 1.4 0.0090 2.655 -14 1.3 0.0094 2.656 -1.5 
0.4 0.0029 3.682 -12 0.3 0.0012 3.671 -12 
2.5 0.0064 4.647 -5.9 3.1 0.0068 4.6.56 -5.7 

FeEXAFS 

Fe-0 .5.7 0.011 1.970 -1.8 5.0 0.012 1.985 -4.3 

Fe-Fe 1.8 0.005 2.950 11 1.3 0.002 2.6.56 -4.5 

* corrected with À= 8 A. Estimated accuracy first shell parameters Ir-Ir, Ir-0, Fe-Fe, Fe-0: 
N, /:::;.(!2, Eo ± 20%; R ± 1%. Higher shells Ir-Ir: N, /:::;.(!2 ± 30%; Eo ± 20%; R ± 1%. First 
shell Ir- Fe: N, /:::;.(!2 ± 30%; Eo ± 20%; R ± 1%. Higher shells Ir- Fe: N, /:::;.(!2 ± 40%; 
Eo ± 20%; R ± 1%. 
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Figure 2.12. Representa.tive transmission electron microgra.ph of the fresh Felr/Si02 catalyst 
alter passiva.tion. 

DISCUSSION 

Several models for the structure of bimetallic catalysts have been proposed in 

literature, mostly based on results of Mössbauer experiments. The models can be divided 
in two types, which assume either full rednetion of the metal [6-8], or presence of an iron 

oxide phase in addition to an alloy [9-27) and, in case of FePd/Si02, unalloyed Pd [24] or 

a-Fe [21,24]. In the former model a doublet that is present in the Mössbauer spectra of 

reduced FeM/Si02 catalysts, is assigned to FeO in a surface alloy phase (Fig. 2.13d). Later 

studies have shown that this assignment is not correct, and that the doublet is due to Fe3+ 

[14,18]. Niemantsverdriet et al. [14) discuss 3 possible models (Fig. 2.13a~c) for a 

bimetallic phase in close contact with highly dispersed iron oxide. These models are in 

agreement with the Mössbauer spectra, and explain the observed behavior of the catalyst 

under CO, i.e. the rednetion of part of the Fe3+ to Fe2+. The rednetion of Fe3+ by CO is 

not explained by model e, where iron oxide is not accessible to CO. As the rednetion of 

b c 
-~ ~Cl 

[ SI~ I I SI~ I 

k·>4kMo:l Fe oxide 
Felralloy 

- lrmetal 
Figure 2.13. Models for the structure of f'eir/Si02 ca.talysts, as discnssed by Niemantsverdriet 
et al. [14). 
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Fe3+ to Fe2+ was not observed for monometallic catalysts, it was concluded that also 

model f, where iron oxide does not interact with the reduced bimetallic phase, should be 

rejected. Kanna.n et al. [27], however, propose that the Fe3+ in FeRu/Si02 catalysts arises 

from the oxidation of highly dispersed iron particles on the support, which might support 

the model in Figure 2. 7f. From the results of an EXAFS study of FeRh/Si02, Ichikawa et 

al. (17] conclude that the bimetallic particles are anchored to the support by iron oxide, e.g. 

as in model a or b. Similar to the catalyst used in the present study, the average size of the 

metal particles in the FeRh/SiOz sample, as determined hy EXAFS and TEM, was 

approximately 25 Á. Catalysts derived from bimetallic carbonyl clusters contain 

significantly smaller metal particles, but these sinter to 20 Á in the presence of CO (26]. 

Here we will discuss the structnre of the fresh Felr/Si02 catalyst as determined by 

EXAFS, and compare these results with previous Mössbauer studies. Relevant information 

about the catalyst structure is obtained from the EXAFS spectra after three different 

pretreatments: (i) Based on the spectra of the catalyst after reduction, the composition of 

the sample, the metal dispersion, a.nd the interaction between metal and oxides are 

discussed; (ii) Spectra of the passivated sample give additional information about the 

structure of the bimetallic phase in the reduced system, in partienlar about the 

homogeneity of the alloy; (iii) CO adsorption experiments show that CO inflnences the 

catalyst structure. The EXAFS results of the activated catalyst are discussed more briefly, 

in combination with the Mössbauer spectra of the cata.lyst during reaction. 

STRUCTURE OF THE FRESH CATALYST 

Catalyst after reduction 

The EXAFS parameters (Table 2.5) show the presence of a bimetallic phase and iron 

oxide in the reduced catalyst, in agreement with the results of the Mössbauer studies that 

are described above. Intera.ctions between iridium and iron, which prove the existence of a 

bimetallic phase, are clearly observed in the Fe and Ir EXAFS spectra. In both spectra an 

Fe-Ir (or Ir-Fe) contribution at 2.64 Á with a coordination number of 3 is present. In 

addition to these bimetallic pairs, the spectra contain an Fe-Fe contribution at 2.61 Á (N 

1) and an Ir-lr shell at 2.70 Á (N 6.5). Basedon the TPR profile of the passivated 

fresh catalyst in Figure 2.2, which shows no significant amount of unalloyed iridium, we 

attribute all these shells to interactions in the bimetallic phase. The total coordination 

number in the bimetallic phase is 10.5 ± 2, which indicates a metal partiele size of 

approximately 3 nm. 

The presence of an iron oxide phase in the reduced catalyst follows from the Fe-0 

contribution at 2.0 Á that is detected in the Fe EXAFS spectrum. The fraction of iron in 

the oxide may be calculated from the experimentaJ (fractional) Fe-0 coordination 

numbers, provided that the real coordination around iron is known. Assuming a real 
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coordina.tion number between 4 and 6, the experimental Fe-0 coordination number of 

2.6 ± 0.5 shows that 50 ± 15% of the iron is oxidic. This is in agreement with Mössbauer 

studies of similarly prepared catalysts, where 50-75% oxidic iron was detected [14,16]. 

In several of the models that are shown in Figure 2.13, an interaction exists between 

iron oxide and the reduced phase. The interface between the reduced metal and the oxide 

will most likely consist of lr-0-Fe3+ or lr-0-Fe2+ interactions. This interface is relatively 

large in model a, and small in models b, c, and e. Assuming that Ir-0 and Ir-Fe3+ 

interactions are well ordered, it should he possible to observe the metal-oxide interface in 

the Fe or Ir EXAFS spectra, if model a is correct. The presence of a contribution due to 

reduced iridium and oxidic iron, which we expect at a distance of approximately 3 A, or the 

presence of an lr-0 interaction, may therefore he an indication for the structure in Figure 

2.13a.. By contrast, the absence of an lr-Fe3+ shell does not mean that there is no 

interaction between iridium and iron oxide, as it is unlikely that the small metal-oxide 

interface in model b, c, or e is observed with EXAFS. Moreover, it is possible that a 

significant lr-Fe3+ contribution is present, which can not he distinguished from interactions 

in the reduced phase. When oxidic iron is atomically dispersed at the metal-support 

interface, i.e. when oxygen covers iron atoms that decorate the iridium surface, oxidic iron 

interacts directly with the reduced phase without any oxygen in the interface. In this case 

the Ir-Fe3+ distance will be simHar to the Ir-FeO distance in the reduced bimetallic phase. 

As is shown in Table 2.5, contributions due to lr-Fe3+ interactions have not been 

included in the fits of the Fe and Ir EXAFS spectra. In case of the Fe EXAFS spectrum, it 

is possible that a small Ir-Fe3+ contribution was not detected due to the limited data range, 

but in the Ir EXAFS spectrum, where this limitation does not occur, the presence of a 

significant Ir-Fe3+ contribution can be excluded. As a result, it is unlikely that the Ir-0 

contri bution at 2.27 A which is detected in the Ir EXAFS, is due to an interaction between 

the bimetallic phase and iron oxide. This implies that the model in Figure 2.13a must be 

rejected. It should be noticed that the lr-0 contribution was included in the fit primarily 

because an inconsistent set of parameters is obtained when the spectrum is fitted with only 

Ir-metal contributions (Table 2.4). Although the fit with the lr-0 contribution is 

considered to be better, and both the metal-oxygen distance near 2.27 A and the low 

E0-value have been observed previously [38,39], we think that we should be careful in 

rnadeling the metal-oxide interaction. Similar to results by Vaarkamp [39], the lr-0 

distance of 2.27 A might be explained by the removal of hydragen from the metal-support 

interface during the high temperature rednetion treatment (400 °C) of this catalyst. 

However, the single Ir-0 contribution at 2.27 A with Eo -19 may he replaced by a 

combination of Ir-0 shells with higher E0, e.g. a con tribution at 2.56 A, which norma.Ily is 

present after rednetion at lower temperature, and Ir-0 at 2.11 A, which could he due to a 

more oxidic interaction. The Ir-0 shell can therefore only tentatively be attributed to an 

interaction between iridium and the silica support. 
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Passi11ation 

The EXAFS spectra of the passivated catalyst contain contributions of oxidic and 

reduced phases (Table 2.7). The Ir EXAFS spectrum is described by the same Ir-Ir and 

Ir-Fe contributions that were present in the spectrum of the reduced catalyst, though with 

different coordination numbers, and two Ir-0 shells that we assign to iridium oxide. This 

assignment is in apparent contradiction with XPS results [14], which showed that the 

noble metal in passivated FeM/Si02 catalysts is in the reduced state. However, when 

heating of the sample inside the XPS chamber is prevented, iridium oxide is also observed 

with XPS [40]. As the Ir-0 contribution at 2.05 Á also describes the interface between 

reduced iridium and the oxide, an lr-0 contribution at 2.27 Á is not observed, contrary to 

the reduced catalyst. 

The presence of Ir Fe contributions in the Ir EXAFS proves that the reduced particles in 

the passivated catalyst are bimetallic. This is remarkable because a bimetallic phase has not 

been observed in Mössbauer spectra of the freshly reduced catalyst after exposure to oxygen 

[14] or in the Fe EXAFS spectra. The Fe EXAFS consists of a disordered Fe-0 shell at 

1.97 Á and an Fe-Fe contribution at 2.95 A, which indicate that iron is fully oxidized. The Ir 

EXAFS spectrum cannot he fitted with physically relevant parameters, however, without 

including the Ir-Fe shells. The relatively high Debye-WaHer factor of the Ir-Ir and Ir-Fe 

contributions, as compared to the reduced catalyst (Table 2.5), indicates a static disorder 

which may hetheresult of a varying bond length from the inside of the metal partiele to the 

surface layer. The surface of the bimetallic particles obviously is covered by an oxidic layer 

that contains both iridium and iron, as follows from TPR (Fig. 2.2). 

In comparison to the reduced catalyst all coordination nurnbers of the bimetallic phase in 

the passivated sample are lower: the first shell Ir-lr coordination number has decreased from 

6.5 to 5.3, Ir-Fe from 2. 7 to 1.4, and Fe-Fe from 1.0 to 0. The preferential oxidation of iron, 

which follows from the relatively stronger deercase of the Ir~Fe and Fe-Fe coordination 

numbers than that of Ir-Ir, suggests that iron was mainly present at the surface of the Felr 

particles after reduction. It thus appears that the bimetallic phase is inhomogeneous, and 

should he described as a core which is enriched in iridium, with an iron -rich surf ace. 

CO adsorption 

The Fe EXAFS spectrum of the reduced catalyst after CO adsorption only gives 

qualitative information about the catalyst structure. As compared to the catalyst after 

reduction, the spectrum appears to contain smaller Fe-Fe and Fe-lr contributions, and a 

larger contribution due to an Fe-C of Fe~O interaction (Fig. 2.10a). As a result of the 

limited range of the EXAFS data, and the similarity of the Fe~C and Fe~o phase shifts and 

backscattering amplitudes, the spectrum cannot be analyzed in more detaiL 

An important observation in the Ir EXAFS spectrum is the decrease of the coordination 

number that follows from the lower amplitude of Figure 2.4e, as compared to Figure 2.4d. 
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Data analysis shows a decrease of the Ir-Fe coordination number from 2.7 after rednetion 

to 2.1 after CO adsorption, and a decrease of the Ir-Ir coordination from 6.5 to 6.0. The 

relatively stronger decrease of the Ir-Fe coordination numher confirms the enrichment of 

the surface by iron, as was already concluded from the spectra after passivation. Moreover, 

the decrease of the coordination numbers indicates that the bimetallic phase is not stabie 

in presence of CO, which rnay he a first step towards changes that occur during reaction. 

As the sensitivity of EXAFS for changes at the surface is relatively low, due to the 

presence of relatively large metal particles and the combination of low-, medium-, and 

high-Z scatterers, more exact information cannot he obtained. 

In summary, the EXAFS results support the conclusions from Mössbauer spectroscopy 

that the reduced fresh càtalysts consists of iron oxide and a bimetallic phase. By 

combination of the EXAFS results that are obtained after reduction, passivation, and CO 

adsorption, a refinement is possible of the models that have been proposed based upon 

Mössbauer spectroscopy. The Ir EXAFS spectrum after rednetion does not support the 

model that is proposed in Figure 2.13a, in which the bimetallic phase partially covers a 

layer of iron oxide. The bimetallic phase may he anchored by small particles of iron oxide 

(Fig. 2.13b), or by OJàdic iron in the interface between bimetallic phase and the support. 

The bimetallic phase appears to he inhomogeneous, having particles with a core enriched 

in iridium, and a surface enriched in iron. This model is very similar to the surface alloy 

model (Fig. 2.13d), but it should he noticed that in addition to the phases shown in Figure 

2.13d, oxidic iron is present. The Ir and Fe EXAFS spectra after CO adsorption show that 

the structure of both the iron oxide and the bimetallic phase changes upon CO adsorption. 

STRUCTURE OF THE ACTIVATED CATALYST 

The Ir EXAFS spectra reveal only small differences between the fresh and the 

activated catalyst (Fig. 2.4). From the similarity of the EXAFS spectra of the fresh and 

activated catalyst we conclude that no significant changes occur in the bulk structure of 

the bimetallic particles. We can therefore exclude that the activation of the Felr/Si02 

catalyst is due to a redispersion of the alloy during syngas reaction. The Fourier 

transformed Ir EXAFS spectra only show a small effect in the region below 2 A, where an 

additional contribution appears to he present in the activated catalyst. This contribution 

is most likely due to an Ir-C interaction, caused by carbon deposition on the bimetallic 

phase. A second indication for the carbidization of the surface is given by the TPR profile 

of the passivated catalyst. After reaction an increase of the rednetion temperature is 

observed, which we attribute to the presence of carbon at the metal surface. 

The Fe EXAFS and Mössbauer spectra clearly show that, contrary to iridium, the 

local coordination around iron changes significantly during reaction. In the Mössbauer 
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spectrum of the rereduced activated catalyst (Fig. 2.3b), an a-Fe phase is observed which 

is not present in freshly reduced samples. We propose that the high initia! methanation 

activity of the rereduced catalyst (Fig. 2.1) is due to the presence of this phase. During 

reaction the a-Fe is converted to E'-Fe2.2C (Fig. 2.3d), causing a decrease of the 

methanation activity. Comparison of the magnetic splitting of the E'-Fe2·2C signa! as 

function of temperature, H(T), with data from Amelse et al. [41], shows that the partiele 

size of the carbide is at least 10 nm. The EXAFS spectra of the activated catalyst after 

reduction and CO adsorption (Fig. 2.5d,e) confirm the presence of relatively large Fe 

partieles. The metallic iron phase obviously is formed by reduction of iron oxide, as is 

indicated by a lower amplitude of the Fe-0 contributions. 

Due to the presence of the large a-Fe particles, which dominate the EXAFS, the Fe 

EXAFS spectra of the activated catalyst after reduction and CO adsorption give no direct 

information about the bimetallic phase, other than the metal partiele size. Indirectly, 

information is obtained from the spectra after passivation. In the spectrum of the fresh 

catalyst after passivation an Fe3+-Fe3+ contribution is present, which indicates that iron in 

the bimetallic phase forms a bulk oxide, though of disordered structure, after oxygen 

adsorption at room temperature. In the activated catalyst this Fe3+-Fe3+ contribution is 

not observed. Instead, an Fe-Fe contribution due to reduced iron in an fee phase is present 

after reaction. This points to a stabilization of iron in the bimetallic phase of the activated 

catalyst, possibly as aresult of carbon deposition, or toa change in the surface structure of 

the bimetallic phase. As methanol formation most likely occurs at the surface of the 

reduced bimetallic phase or at the metalfoxide interface, the activation of Feir/Si02 may 

very well be due to these changes. This will be further discussed in Chapter 4, where we 

combine the present characterization results with information from ethylene 

hydragenation experiments and infrared spectroscopy of adsorbed CO. 

CONCLUSIONS 

EXAFS, Mössbauer spectroscopy, and TPR prove that differences exist between the 

structure of a freshly reduced 1:1 Feir/Si02 catalyst, which is active for the formation of 

hydrocarbons from CO + 3 lh, and that of an activated catalyst after 48 hours reaction, 

which produces mainly methanol. 

The fresh sample after reduction at 4.50 °C contains a reduced bimetallic phase and 

iron oxide. Part of the oxide is reduced during syngas reaction, and forms a monometallic 

iron phase. EXAFS indicates that the surface of the bimetallic phase in both the fresh and 

the activated catalyst, is enriched in iron. In-situ Mössbauer spectroscopy of the activated 

catalyst under reaction conditions, shows the presence of Fe3+, Fe2+, Feir alloy, and 

E'-Fe2.2C. 



42 

REFERENCES 

I. Bhaain, M.M., Bartley, W.J., Ellgen, P.C., and Wilson, T.P., J. Catal. 54, 120 (1978). 
2. Fukushim&, T., lshii, Y., and lchikawa, M., J. Chem. Sec., Chem. Cemmun., 1752 (1985). 
3. Fukushima, T., Araki, K., and Ichikawa, M., J. Chem. Sec., Chem. Cemmun., 148 (1986). 
4. Koningsberger, D.C., Borgmans, C.P.J.H., Van Elderen, A.M.J~, Kip, B.J., and Niemantsverdriet, 

J.W., J. Cllem. Sec., Cllem. Commun., 892 (1987). 
5. Niemantsverdriet, J.W., touwers, S.P.A., Van Grondelle, J., Van Der Kraan, A.M., Kampers, 

F.W.H., and Koningsberger, D.C., Proceedings 9th International Cengress en Catalysis, Vol. 2, 
674 (1988). 

6. Garten, R.L. Mossbauer Effect Methodowgy, Gruverman, I.J., ed., Vol. 10, 69, Plenum, 
New York (1976). 

7. Vannice, M.A., Lam, Y.L., and Garten, R.L., Adv. Cllem. 178, 15 (1979). 
8. Garten, R.L., and Sinfelt, J.H., J. Catal. 62, 127 (1980). 
9. Guczi, L., Matusek, K., and Eszterle, M., J. Catal. 60, 121 (1979). 
10. Guczi, L., Catal. Rev.-Sci. Eng. 23, 329 (1981). 
ll. Van 't Blik, H.F.J., and Niemantsverdriet, J.W., Appl. Catal. 10, 155 (1984). 
12. Niemantsverdriet, J.W., Van Der Kraan, A.M., and Delgass, W.N., J. Catal. 89, 138 (1984). 
13. Niemantsverdriet, J.W., Aschenbeck, D.P., Fortunato, F.A., and Delgass, W.N., J. Molec. Catal. 

25, 285 (1984). 
14. Niemantsverdriet, J.W., Van Kaam, J.A.C., Flipse, C.F.J., and Van Der Kraan, A.M., 

J. Cata/. 96, 58 (1985). 
15. Niemantsverdriet, J.W., Van Grondelle, J., and Van Der Kraan, A.M., Hyperfine Interact. 28, 

867 (1986). 
16. Niemantsverdriet, J.W., and Van Der Kraan, A.M., Surf. Interf. Anal. 9, 221 (1986). 
17. Ichikawa, M., Fukushima, T., Yokoyama, T., Kosugi, N., and Kuroda, H., J. Phys. Chem. 7, 

1222 (1986). 
18. Martens, J.H.A., Niemantsverdriet, J.W., and Prins, R., J. Catal. 108, 259 (1987). 
19. Gatte, R.R., and Phillips, J., J. Phys. Chem. 91, 5961 (1987). 
20. Berry, F.J., and Jobson, S., Hyperfine Interact. 41, 613 (1988) 
21. Niemantsverdriet, J.W., Van Grondelle, J., and Van Der Kraan, A.M., Hyperfine Interact. 41, 

677 (1988). 
22. Schay, Z., Lazar, K., Bogyay, I., and Guczi, L., Appl. Catal. 51, 33 (1989). 
23. Kimura, T., Fukuoka, A., Fumagalli, A., and Ichikawa, M., Catal. Lett. 2, 227 (1989). 
24. Lietz, G., Nimz, M., Volter, J., La.zar, K., and Guczi, L., Appl. Catal. 45, 71 (1988). 
25. Fukuoka, A., Kimura, T., Kosugi, N., Kuroda, H., Minai, Y., Sakai, Y., Tominaga, T., 

and Ichikawa, M., J. Catal. 126, 434 (1990). 
26. Ichikawa, M., Rao, L., Kimura, T., and Fukuoka, A., J. Molec. Catal. 62, 15 (1990). 
27. Kannan, K.R., Kulkarni, G.U., and Rao, C.N.R., Catal. Lelt. 14, 149 (1992). 
28. Van 't Blik, H.F.J., Van Zon, J.B.A.D., Huizinga, T., Vis, J.C., Koningsberger, D.C., and 

Prins, R., J. Phys. Chem. 87, 2264 (1983). 
29. Van 't Blik, H.F.J., Van Zon, J.B.A.D., Huizinga, T., Vis, J.C., Koningsberger, D.C., and 

Prins, R., J. Am. Chem. Sec. 107, 3139 (1985). 
30. Mizushima, T., Tohji, K., Udagawa, Y., and Ueno, A., J. Am. Chem. Soc. 112, 7887 (1990). 
31. Solymosi, F., Novak, E., and Molnar, A., J. Phys. Chem. 94, 7250 (1990). 
32. Too, B.K., and Lee, P.A., J. Am. Chem. Soc. 101, 2815 (1979). 
33. Duivenvoorden, F.B.M., Koningsberger, D.C., Uh, Y.S., and Gates, B.C., J. Am. Chem. Soc. 108, 

6254 (1986). 
34. Kampers, F.W.H., PhD Thesis, Eindhoven (1988). 
35. Mustrede Leon, J., Rehr, J.J., Zabinsky, S.l., and Albers, R.C., Phys. Rev. B 44, 4146 (1991). 
36. Vaarkamp, M., Dring, I., Oldman, R.J., Stern, E.A., and Koningsberger, D.C., to be published. 
37. Crozier, E.D., Rehr, J.J., and lngalls, R., X-Ray Absorption, Koningsberger, D.C., and Prins, R., 

eds., 373, Wiley, New York (1988). 
38. Martens, J.H.A., PhD Thesis, Eindhoven (1988). 
39. Vaarkamp, M., PhD Thesis, Eindhoven (1993). 
40. Unpublished results. 
41. Amelse, J.A., Butt, J.B., and Schwartz, J,.H., J. Phys. Chem. 82, 558 (1978). 



3. 
EFFECTS OF SURFACE OXIDATION AND CARBIDIZATION ON 
THE ADSORPTION AND HYDROGENATION OF CO ON lr/Si02 

ABSTRACT 

Infrared spectroscopy of adsorbed CO was used to study the effect of different sample 

pretreatments on the surface properties of an Ir/Si02 catalyst. Rednetion of the 

impregnated sample in H2 at 450 °C results in the formation of sites which strongly adsorb 

CO (Tdes 425 °C). In the infrared spectrum a peak with a maximum at 20.58 cm·!, due 

toon-top adsorbed CO, is observed. High temperaJure evacuation, or oxygen actmission at 

roomtemperature (passivation) results in a partially oxidic iridium surface, which can be 

reduced by CO at room temperature. After these pretreatments CO is adsorbed more 

weakly (T des= 150 °C), and the infrared absorption peak has shifted to higher value. 

After rednetion of the passivated sample in H2 at 150 °C, CO is adsorbed even weaker 

(T des = 110 °C). The low temperature rereduced catalyst is significantly more active for 

the hydragenation of CO and the hydragenation of ethylene in presence of CO, than the 

reduced fresh catalyst. This may be explained by a change in metal partiele morphology, 

possibly due to a stronger interaction between the iridium and the support. The ethylene 

hydragenation activity of the Ir /Si02 catalysts is higher after CO hydrogenation, as a 

result of the deposition of carbon on the metal surface. 

INTRODUeTION 

In our study of the formation of methanol over FeirjSi02 catalysts, we focus on 

structural and chemica! effects as possible explanations for the changes in activity and 

selectivity that are observed during reaction. In the previous chapter we have described the 

results of an EXAFS and Mössbauer study. These techniques were used to obtain insight 

into the differences between the structure of a fresh 1:1 Feir/Si02 catalyst, which produces 

mainly methane, and a catalyst activated in syngas for 48 hours, which is selective for 

methanol formation. In Chapter 4 infrared spectrascopy of adsorbed CO will be used as a 

prabe for surface structure, surface properties, and adsorption sites. These results, in 

combination with ethylene hydragenation experiments, wil! be used to relate the metal-CO 

bond strength with the hydragenation activity and the activity for methanol formation. As a 

logica! intermediate step, we have studied the adsorption and hydragenation of CO on 

unpromoted Ir/Si02 catalysts. The results of this study are described in this chapter. 
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In infrared studies of the adsorption of CO on iridium catalysts, much attention bas 

been given to smal! metal clusters which can adsorb up to 2 CO molecules per iridium 

atom, and to the influence of the partiele size. In spectra of CO on alumina supported 

ca.talysts, multiple bands in a wide range of frequencies (2015 2110 cm·t) are present 

[1-6]. These bands are assigned to the formation of dicarbonyl species, in addition to the 

adsorption of CO on agglomerated particles. McVicker et al. [5] assigned a band at 2060 

cm·l to small particles that adsorb more than one CO per metal atom, and a band at 

2025 cm·l to CO on larger clusters. Tooienaar et al. [1] observed the opposite effect: in 

their experiments the absorption frequency increases upon increase of partiele size. A band 

at 2050 cm·t was assigned to low-coordinate sites (edges, corners), and a band at 

2075 cm·t to high-coordinàte sites (planes). The reported increase of the absorption 

frequency with increasing partiele size is in agreement with results of Van Hardeveld and 

Hartog [7]. They observed bands with maxima at 2048, 2048-2088, and 2054-2078 cm·t for 

CO on Ir/Si02 catalysts with 8, 37, and 100 Á particles, respectively. The adsorption of 

CO on polycrystalline Ir films was studied by Reinalda and Ponec [8]. On these films the 

absorption frequency increases from 2010 cm·t at low coverage to 2093 cm·t after 

saturation due to dipole-dipole interactions. Similar results were reported for CO on Ir 

single crystals [9], with frequencies between 2025 and 2050 on Ir(lll) and between 2012 

and 2070 cm·t on Ir(llO). Thus, two factors determine the IR frequency of linear CO on 

iridium: the type of site, connect~d with the partiele size, and the (local) coverage of CO, 

which controls the extent to which dipole-dipole interactions occur between adsorbed CO 

molecules. 

Here we discuss the adsorption and desorption of CO on Ir/Si02, as studied by 

infrared spectroscopy, after different ca.talyst pretreatments that are relevant with respect 

to the experiments that were done with Fe Ir /Si02• The catalyst was studied after 

reduction, evacuation, oxidation ( + rereduction), and carbon deposition. The activity for 

CO hydrogenation and the hydrogenation of ethylene in the presence of CO is discussed. 

In particular, the influence of oxidation on the activity of Ir/Si02 will be shown. The 

results provide background information for the next chapter where we use CO to probe 

bimetallic Felr surfaces. 

EXPERIMENT AL 

Caûllyst preparation 

A 4 wt% Ir/Si02 catalyst was prepared by incipient wetness impregnation of silica 

(Grace 332, 270 m2/g, pore volume 1.6 ml/g) with an aqueous solution of lrCla.nH20 

(Johnson Matbey Chemicals, 54% Ir). The catalyst was dried in air at 110 °C for 16 

hours. Part of the sample was reduced ex-situ at 450 °C, and passivated by expo~mre to air 

at room temperature. The average partiele size, as measured by TEM, was 3 nm. 
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Hydrogenation reactions 

CO hydragenation reactions were carried out in a stainless steel fixed-bed reactor. CO 

was led over a silica column at 300 °C in order to decompûse metal carbonyls, and 

subsequently dried over a 4 À rnolsieve. Hydrogen was dried and used without further 

purification. Catalyst samples (250 mg) were reduced in hydrogen at 450 °C for 1 hour, 

and tested at 270 °C and 40 bar in a 4 Nl/hr syngas flow (H2/CO 3). Products were 

analyzed by a gas chromatograph with a flame ionization detector. Ethylene 

hydragenation was done at atmospheric pressure in a 4 Nl/hr syngas flow (1.5 vol% C2H4 ). 

In temperature programmed studies, the temperature was increased with l °C/rnin. 

lnfrared spectroscopy 

Infrared spectra were measured with a Mattson Galaxy single beam spectrometer with 

DTGS detector. All measurernents were carried out in an IR cel! which allows for in~situ 

catalyst pretreatments at temperatures up to 600 °C and pressures up to 30 bar. Samples 

consisted of 20 mg catalyst (dried or reduced + passivated), pressed in a 13 mm wafer. 

The dried san1ple was reduced in flowing hydrogen at 450 °C for 1 hour, and measured 

after evacuation at 50 °C (sample I in Table 3.1) and 450 °C (II). The passivated sample 

was measured without further treatment (lil), and after rereduction at 150 and 450 °C 

(samples IV and V). Both rednetion temperatures are above the value that is required for 

100% rednetion of the passivated sample [10]. On sample VI, carbon was deposited from a 

5% CH4/He mixture at 450 °C, after rednetion of the dried catalyst at 450 °C. 

CO (10 mbar) was adsorbed on the catalyst at 50 °C. Temperature programmed 

desorption was done in the IR cell at a total pressure ::; 6.10·2 mbar and a heating rate of 

5 °C/min. Ten scans at 1 cm·t resolution were taken of the reference (reduced catalyst) 

and the sample during CO adsorption and TPD. As a measurement requires 

approximately 1.5 minutes, the temperature interval for each spectrum during a TPD 

experiment is 7.15 °C. 

Table 3.1. In~situ pretreatments of IR samples. 

rednetion additional treatments evacuation CO adsorption 
T[OCJ T [OC] T [OC] 

I 450 50 50 

II 450 CO 50 °C (sample I) 450 50 

III 450 Air20°C 50 50 

IV 450 Air 20 °C, fh 150 °C 50 50 

V 450 Air 20 °C, fh 450 °C 50 50 

VI 450 5% CH4jlle 4150 °C 50 

1 co formed during carbon deposition at 450 °C. 
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RESULTS 

INFRARED SPECTROSCOPY 

Reduced catalust 

Figure 3.1 shows the infrared spectrum of CO on the reduced Ir/Si02 catalyst 

(sample I), messured at 50 °C, and spectra messured during temperature programmed 
desorption (TPD) from 50 to 450 °C. The spectrum at 50 °C (Fig. 3.la) consistsof a peak 

with a maximum at 2058 cm-t and a shoulder around 2000 cm-1, which can be sssigned to 
on-top adsorbed CO. CO is adsorbed strongly on this catalyst: heating of the sample up to 

300 °C results in a 10% decrease of the peak area (Fig. 3.lb). Only above 300 °C a 

significant deeresse of the ·signal intensity is observed. At 450 °C the signal intensity is 

approximately 40% of the initia! peak area at 50 °C. As a result of the decreased 

dipole-dipole interaction at lower surface coverage, the peak maximum bas shifted to 
2020 cm-1. Prolonged heating at 450 °C (not shown) causes a further deeresse of the 

intensity, and a shift of the peak position to 1995 cm-1. 

High temperature evacuation, either directly after rednetion or after CO adsorption as 
in the TPD experiment described above, has a very pronounced effect on the adsorption 

and desorption of CO. Here we will discuss the results of the catalyst after TPD at 450 °C 

(sample II). 
The adsorption of CO on the evacuated sample is a relatively slow process. Initially 

the intensity of the infrared signa\ of adsorbed CO (Fig. 3.2a, t=O) is approximately 50% 
lower than on the freshly reduced catalyst (Fig. 3.1a). The intensity increases during 
prolonged adsorption at 50 °C, until it reaches a constant level after 15 hours, with a 
normalized total peak area of 0.9 relative to the spectrum of CO on the reduced catalyst. 

In comparison to the reduced catalyst, the absorption peak is sharper and has shifted to 

I I 
F'i,pre 3.1. lnfrared spectra of CO on the reduced Ir/Si02 cata.lyst. (a) Measured during CO 
adsorption at 50 °e. (b) Measured during temperature progra.mmed desorption. Lin~s: 50, 100, 
200, 300, and 450 °e. 
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Figure 3.2. Infrared spectra of CO on the evacuated sample. (a) Measured during CO 
adsorption at 50 °C. (b) Measured during TPD. 
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higher frequency {2073 cm-1). The slow adsorption of CO appears to be due toa (partial) 

oxidation of the iridium surface during evacuation at high temperature, by reaction with 

adsorbed water. Mass speetrometry experiments have shown that C02 is formed during 

the exposure to co at 50 °C. 

CO desorption from the evacuated sample occurs at low temperature. In the spectra 

measured during TPD (Fig. 3.2b) the signa! intensîty decreases rapidly above 100 °C. No 

adsorbed CO is present above 200 °C, whereas at this temperature the peak area of CO on 

the reduced catalyst was still over 90% of the initia! intensity. Contrary to the large shifts 

that are observed for the reduced catalyst, the peak posit.ion is not strongly influenced by 

the surface coverage. The absorption frequency shifts only from 2073 cm-1 at 50 °C to 

2051 cm-1 at 175 °C. 

Passivaled catalyst 

The adsorption of CO on the passivated Ir/Si02 catalyst, and the desorption from this 

sample, are similar to what is observed for the evacuated sample. This should he expect.ed, 

since both passivation and evacuation imply that the sample is oxidized under relatively 

mild conditions. As after evacuation, CO a.dsorption occurs slowly on the passivated 

catalyst, and rea.ches a steady-sta.te level after 20 hours (Fig. 3.3a). The total intensity of 

the infrared signa! at 50 °C, however, is lower than a.fter reduction or evacuation (Table 

3.2), and the absorption frequency (2067 cm-t) is in between the values for the reduced 

and evacuated sample. CO desorption from the passivated catalyst starts between 125 and 

150 °C, and is completedat 250 °C (Fig. 3.3b). During this desorption the pea.k maximum 

shifts from 2067 to 2042 cm-t. 

After rereduction of the passiva.ted sample at 150 or 450 °C, the CO adsorption rate 

returns to its normal value. The CO absorption frequency a.nd CO desorption temperature, 

however, rema.in different from the valnes observed for the freshly reduced catalyst. 
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Fipre 3.3. lnfrared spectra of CO on the passivated Ir/Si02 catalyst. (a) Measured during CO 
adsorption at 50 °C. (b) Measured during TPD. 

The absorption peak in the infrared spectrum of CO on the catalyst rereduced at 150 °C 

(line IV in Fig. 3.5) is present at 2067 cm·•, and has an intensity of 0.75 relative to the 

freshly reduced catalyst. This is identical to the passivated sample (line III). The peak 

maximum of the catalyst rereduced at 450 °C (line V) is also observed at 2067 cm·•, but 

on this sample the peak area is 25% lower than on the passivated catalyst. 
Desorption of CO from sample IV occurs at a 50 °C lower temperature than 

desorption from the passivated sample. Desorption starts already at 75 °C, and is 

completedat 175 °C (Fig. 3.4a and 3.5b). During this TPD the infrared signa! shifts from 

2067 cm·t to 2042 cm·•. Desorption from the sample rereduced at 450 °C initially follows 

the same line as the sample after reduction at 150 °C (Fig. 3.5b), but at higher 

temperature an increase of the signa! intensity is observed. The peak maximum shifts from 

2067 cm·t at 50 °C to 2011 cm·t at 450 °C (Fig. 3.4b). 

8 c 
~ 
i .a ca 

TrCJ 2067 
b 50 a 

75 50 

Io.1 100 Io.1 
8 150 

100· c 
ca .a .. 
I 
ca 

125 
150 150 

1900 2150 wavenumbers [cm-1] 1900 
Fi~ 3.4. lnfrared spectra of CO on passivated and rereduced. Ir/Si02 catalysts, measured 
during TPD. (a) Catalyst rereduced at 150 °C, (b) Catalyst rereduced at 450 °C. Top spectra: 
decrease of signal intensity during TPD from 50 to 150 °C; bottom: increase of int.ensit.y at 
higher temperature. 



CO adsorption on Ir 

3 c 

i 

2073 

11 • 2058 
a 

tempareture re] 450 

}'ignre 3.5. (a) Infrared spectra of CO on Ir/Si02, measured at 50 °C, (b) relative peak area 
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Carbon deposition 

49 

Carbon was deposited on the reduced catalyst by exposure to a 5% CH4/He mixture 

at 450 °C. At this temperature 3 types of carbon can be formed [11]. The first type can 

easily be hydrogenated, and has been identified as a carbidic type of carbon. The second 

type is less rea.ctive, and is presumably an amorphous carbon phase. Finally, a carbon 

pha.se is formed which is hydrogenated only at high temperature. This is most likely a 

graphitic phase that is present on the support. In our experiments also carbon monoxide is 

formed during carbon deposition, either because methane is adsorbed on iridium which is 

partially oxidized in absence of hydrogen, or because carbon reacts with water adsorbed on 

the support. Formation of carbon monoxide occurs at temperatures above 150 °C. 

The infrared spectrum of CO adsorbed on the carbon covered sample, measured at 

50 °C, consists of a wide peak at 2034 cm·l which stretches up to 1850 cm·', and a smaller 

T rel 2034 
50 

100 

• 150 Io.1 
u 
c 200 € !1750 

j 
• 

Fignre 3.6. Infrared spectra of adsorbed CO on the carbon -covered Ir /Si02 catalyst, measured 
during TPD. Top: decrease of the signa! intensity during TPD from 50 to 200 °C. Bottom: 
increase of the intensity at higher temperatures. 
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Table 3.2. Infrared spectroscopy of CO on Ir /Si02• 

catalyst pretteatment peak maximum relative peak CO desorption 
[cm-1J 1 areat temperature 2 

I rednetion 450 °C 2058 LO 425 

n evacuation 450 °C 2073 0.9 140 

m passivation (02 20 °C) 2067 0.75 150 

N passivation + rednetion 150 °C 2067 0.75 110 

V passivation + rednetion 450 °C 2067 0.55 100/410 

VI carbon deposition from CH4/He 2034 1.0 12.5/400 

1 measured at 50 °C; 2 ( dl/dT)max in Figure 3.5b. 

signa! at 1750 cm-1 (Fig. 3.6). At 50 °C the intensity of the signa! at 2034 cm-1 is equal to 

the spectrum of CO on the reduced catalyst (Table 3.2). During TPD, the signa! intensity 
initially decreases rapidly, without signifkant changes to the peak position (Fig. 3.6, top). 
Above 200 °C the signa! intensity increases, possibly due to the formation of CO by 
reaction of carbon with water, and later decreases due to desorption of CO (Fig. 3.6, 
bottom). The signal at 1750 cm-1 is less stable, and is only present up to 150 °C. 

HYDROGENATION REACTIONS 

Infrared spectroscopy bas shown that large differences exist between the CO 

adsorption properties of catalysts which have been pretreated in different ways. In this 
section we will show that the pretreatment also influences the catalytic behavior. We will 

discuss the activity for high pressure hydragenation of CO, and Iow pressure 
hydragenation of ethylene in presence of CO. For the hydragenation in presence of CO, a 
low activity is expected when CO is strongly adsorbed. The experiments have been 

performed with 3 catalysts: the freshly reduced sample, the passivated sample after low 
temperature rereduction (150 °C), and the passivated sample after high temperature 

rereduction (450 °C). The carbon-covered catalyst was not studied because heating in He 
or CH4/He, similar to evacuation at high temperature, may cause oxidation. Moreover, 

the carbon that is deposited from CH4 may be hydrogenated at the reaction temperatures 

that are commonly used for CO hydrogenation. The steady-state carbon coverage is 
therefore expected to be the same as during a normal experiment. Information about the 
effect of carbon that is deposited during CO hydrogenation, however, is obtained from a 

camparisou of the ethylene hydrogenation activity of catalysts before and after CO 

hydrogenation. 

Figure 3. 7 shows the activity and selectivity of the Ir/Si02 catalysts for the 

hydragenation of CO at 270 °C. All catalysts produce hydrocarbons (mainly methane) and 

oxygenated products (mainly methanol) with approximately equal selectivity. Considerahle 
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Figure 3.7. CO hydrogenation activity of Tr/Si02 catalysts. (a) Yield of hydrocarbon products. 
(b) Yield of oxygenated products. Value in parentheses: selectivity. (c) Total conversion 
(hydrocarbons + oxygenated products). Reaction conditions: 40 bar, H2fCO == 3, 270 °C. 
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differences, hawever, exist between the activity of the differently pretreated samples. The 

catalyst that is prepared by rednetion of the impregnated sample at 450 °C (sample I), has 

a relatively low aetivity. The activity is significantly enhanced by passivation and 

rednetion at 1.50 °C, whereas passivation and rereduction at 450 °C has only a smal!, 

though still pasitive effect on the CO hydragenation activity of Ir /Si02. 

Ethylene hydrogenation in presence of CO was stuclied for Ir/Si02 after rednetion ar 

passivation and rereductian (solid lines in 3.8), and after the high pressure CO 

hydragenation experiments that are discussed above ( dotted !i nes). The trend that is 

observed for ethylene hydragenation is equal to what was found for syngas reaction. The 

activity increases in the order I (reduction) < V (passivation + high temperature 

reduction) < IV (passivation + low temperature reduction). All catalysts are more active 

after high pressure CO hydrogenation, most likely as a result of carbon deposition. 
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Figure 3.8. Ethylene hydragenation in presence of CO, measured before high pressure CO 
hydrogenation (solid lines) and after CO hydrogenation ( dotted lines). Catalyst pretreatment: I 
reduction 450 °C, IV passivatien + reduction 1.')0 °C, V passivatien + reduction 450 °C. 
reaction conditions: 1 bar, T12/CO = 3, 1.5 vol% et.hylene. 
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DISCUSSION 

INFRARED SPECTROSCOPY 

The surface properties of Ir/Si02 are strongly influenced by the sample pretreatment. 

Differences are observed in the position of the CO absorption band in the infrared spectra, 

the rate of CO adsorption, and the desorption temperature. We note that the intensity of 

the CO infrared signal does not give quantitative information about the amount of CO 

that is adsorbed on the metal surface. Reinalda and Ponec [8] have shown that, for CO 
adsorption on Ir films, the integrated band area goes through a maximum at {) = OA. This 

effect may influence the low-temperature (high coverage) part of the desorption curves 

that are shown in Figure 3.5b, but it bas no effect on the trends in the desorption 

temperatures that are determined by infrared spectroscopy. 

Re duetion 

For the catalyst that is prepared by rednetion of the impregnated sample at 450 °C, a 

relatively wide infrared absorption peak is observed, suggesting that multiple adsorption 

sites are present on the metal surface. CO is adsorbed strongly on this reduced catalyst. 

Under the applied conditions prolonged heating at 450 °C is required to obtain full 

desorption. The stability of the adsorbed CO is in agreement with results of Tanaka et al. 

[6], who showed that heating above 300 °C is required to remove CO from Ir/ Ab03• 

Evacuation 

After high temperature evacuation, the infrared signa) is sharper than after rednetion 

and has shifted to higher frequency (2073 vs. 2058 cm·t). Moreover, CO desorption from 

the evacuated sample starts at a significantly lower temperature than desorption from the 

reduced catalyst, and is completed at 200 °C. The differences may be explained by the 

adsorption of CO on partially oxidic iridium, as evacuation apparently causes the 

oxidation of iridium, or by changes in the morphology of the metal particles. The latter 

may be caused by the oxidation of the metal, or by the removal of hydrogen that is 

present in the metal-support interface, resulting in an increased interaction between the 

iridium and the support. These effects wiJl be discussed successively. 

The slow adsorption of CO (Fig. 3.2a) and the formation of C02 that was observed by 

mass spectrometry, evidence that the iridium surface is oxidized to some extent during 

evacuation at 450 °C. During the adsorption of CO at 50 °C, the surface of the iridium 

oxide is obviously reduced by CO, but we are not certain whether this reduction is 

complete. Part of the oxygen may still be present on or below the metal surface after 

15 hours of CO adsorption, which wiJl result in a positive charge on the iridium. This 

charge will lead to a shift of the absorption peak to higher frequency due to decrea.'led 

backdonation, and a lower desorption temperature due to a weaker lr-CO interaction, as 

compared to the reduced catalyst. The coadsorption of carbon monoxide and oxygf'n might 
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therefore cause the observed differences between the reduced and evacuated catalyst. A 

more trivial explanation for the decreased stability of CO at high temperature could be 

the formation of C02 by reaction of coadsorbed CO and oxygen. However, we do not 

believe that either of these situations explains our results, as in both cases the presence of 

oxygen should only have a temporary effect on the adsorption of CO, which ought to be 

reversed by reaction with CO, or by reduction in H2 at sufficiently high temperature. Once 

all oxygen is removed, the absorption frequency and desorption temperature should return 

to the values that are observed for the reduced sample. As we did not observe such a 

reversible effect, neither after successive CO adsorption and desorption cycles, nor after 

rednetion of the evacuated sample in H2, we coneinde that the differences in CO 

adsorption between the reduced and evacuated catalyst are not caused by the coadsorption 

of oxygen. 

A secoud effect that may occur is a change in the structure of the iridium particles during 

evacuation. The relatively sharp peak in the infrared spectrum of CO adsorbed on the 

evacuated catalyst, indicates that this evacuated sample is more homogeneous, and contains 

a lower number of different adsorption sites than the redtJCed catalyst. Following the 

assignment proposed by Tooienaar et al. [1], the peak at 2058 cm-1 in the spectrum of the 

reduced catalyst might be due to CO adsorbed on edges and corners of the iridium particles, 

and the peak at 2073 cm-1 in the spectrum of the evacuated catalyst to CO on planes. The 

trend in CO desorption temperature is consistent with this interpretation: CO in this case 

should be strongly adsorbed on edges and corners, and weakly adsorbed on planes. 

The oxidation of the iridium surface during evacuation, and the subsequent reduction 

during CO adsorption at 50 °C, may directly cause the change in structure that is 

proposed above. Alternatively, the changes can also be be caused indirectly by a stronger 

interaction between the iridium and the support. It is known from EXAFS studies of 

highly dispersed supported noble metal particles that the metal-support interface may 

change upon evacuation [12]. In spectra of catalysts reduced at low temperature a 

relatively long M-Osupport bond is present (2.6-2.7 Á), indicative for the presence of 

hydrogen in the metal-support interface. The M -0 bond is shortened to approximately 

2.2 Á by high temperature rednetion [13] or by evacuation [14], which is explained by the 

desorption of hydrogen, causing a stronger met al -support interaction [13]. It is possible 

that this results in a change in metal partiele morphology, e.g. by spreading of the metal 

over the support, thus causing a change in the exposed adsorption sites. 

In addition to changes in the type of adsorption sites, or as an alternative for these 

changes, different electronic properties of the rnetal particles in the evacuated catalyst 

may explain the infrared results. As a result of a stronger interaction with the support in 

the evacuated catalyst, the iridium particles may be polarized. Similar to the oxidation 

that is discussed above, CO adsorption on a polarized iridium partiele wil\ lead toa higher 

absorption frequency and a lower CO desorption temperature. Based on the present 
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results, we can not discriminate between these different explanations. However, our 

results in general support the condusion that the metal partiele morphology is changed 
during evacuation. 

Passivation (+ rereduction) 

Figure 3.3a shows that, similar to the catalyst after evacuation, CO is adsorbed 

slowly on the oxidic surface of the passivated catalyst. If we take the initia! peak area 
during CO adsorption as a measure for the degree of oxidation, the passivated sample 
appears to be more oxidic than the evacuated sample. In spite of this higher degree of 

oxidation, the absorption frequency is slightly lower than in case of the evacuated sample 

(2067 vs. 2073 cm-t). This confirms our assumption that the absorption frequency is not 

influenced by the coadsorption of CO and oxygen. An effect of coadsorption of CO and 0 
is further excluded by the constant absorption frequency after rednetion of the passivated 
sample at 150 or 450 °C (Fig. 3.5a). 

Desorption of CO from the passivated sample occurs in the same temperature range as 
desorption from the catalyst after evacuation. Smal! differences between the TPD curves 

of these samples are mainly observed above 150 °C, where the infrared intensity is low. 
Much larger differences are observed between the passivated catalyst and the two 
rereduced samples. For the catalyst rereduced at 150 °C, the CO desorption curve has 

shifted to lower temperature by approximately 50 °C. It is interesting to note that the 
desorption temperature that is observed for this sample is to a high extent determined by 
the partial pressure of CO in the infrared cell. When a lower pump rate was applied 

during TPD, adsorbed CO could be observed up to 600 °C. This confirms that the curves 
in Figure 3.5b are indeed related to the desorption of CO, and not to dissociation of CO or 

to reaction between CO and other gases. However, the strong influence of the CO pressure 
also implies that it is difficult to make a comparison with results from other techniques. 

For example, due to this effect it was not possible to measure correct mass balances over 

the adsorption and desorption of CO by mass spectrometry, as the TPD experiments in 
our setup could only be performed with relatively low gas flows. 

The catalyst rereduced at 450 °e combines properties of the sample after rednetion at 
150 °C and the reduced fresh catalyst. In spectra at low temperature, the behavior of the 
ca.ta.lyst rereduced at 450 °C is similar to the catalyst rereduced at 150 °C: the absorption 

frequency is the same in both samples, and part of the CO desorbs at low temperature, as 

follows from the decrease of the intensity between 50 and 150 °C (Fig. 3.5b). From 

measurements at higher temperature, however, it is clear that the properties of the 
samples are not identical. Above 150 oe an increase of the infrared signa! is observed in 

tbe spectrum of the ca.talyst rereduced at 450 °C. The final desorption temperature (Fig. 

3.5b) and the shift of the absorption frequency as function of the surface coverage 

(Fig. 3.4b) show resemblance to the spectra of the freshly reduced sample. lt is not clear 
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whether the increase of the infrared intensity at higher temperature is due to a different 

infrared activity of the adsorbed CO, e.g. by a change in structure of the adsorbed layer, 

or that part of the adsorbed CO is dissociated at low temperature and reacts with H20 at 

higher temperature. The dissociation of CO at low temperature would explain the low 

intensity of the infrared signa!, as compared to the passivated catalyst. 

In summary, the properties of the passivated catalyst are similar to those of the 

evacuated sample. Therefore, we think that the results of the passivated catalyst can also 

be explained by a change in partiele morphology. This change is not reversed by 

rereduction of the passivated sample at 150 °C. Rednetion at 450 °C partially restores the 

situation that existed on the freshly reduced sample. 

Carbon deposition 

The presence of carbon clearly has an effect on the adsorption of CO on iridium. 

Compared to the reduced catalyst, the infrared signa! of on·-top adsorbed CO is shifted to 

Iower frequency by approximately 25 cm·l. Moreover, a signa! at 1750 cm-I, most likely 

due to 3-fold adsorbed CO, is present in the spectra of the carbon-covered sample. A 

downward shift of the absorption frequency due to the presence of carbon was also 

observed by Chakarov et al. [15] for Ir single crystals, and by Stoop [16] and Solymosi [17] 

for supported Pt and Rh catalysts. This shift can at least partly be explained by a dilution 

of CO by carbon, causing a decreased dipole-dipole interaction, and possibly also by an 

interaction between CO and carbonaceous species. 

The desorption of CO from the c.arbon-covered catalyst starts at much lower 

temperature than that from the reduced catalyst, as follows from the decrease of the 

infrared peak area between 50 and 200 °C. At higher temperature an increase of the 

infrared signa] is observed due to the formation of CO by reaction of adsorbed carbon with 

water. The desorption of CO at low temperature suggests that the presence of carbon 

weakens the Ir-CO bond strength. However, we can not exclude that the results are 

influenced by a second effect. In order to deposit carbon, the catalyst was exposed to 

CH4/He at 450 °C in absence of hydrogen. The results of the evacuated catalyst suggest 

that iridium can be oxidized at this temperature. It is possible that this also occurs in 

presence of carbon, as is indicated by the formation of CO from CH4 at 450 °C. In 

comparison to the oxidized and rereduced catalysts, the desorption temperature is not 

lower, but even higher. Therefore, the TPD experiment is not conclusive. 

HYDROGENATION REACTIONS 

Ethylene hydragenation in presence of CO can be used complementary to the TPD 

experiments that are described above, to obtain information about the adsorption of CO 

after different pretreatments, and in partienlar about the reversibility of the effects. By 

studying the activity of reduced and passivated catalysts before and after high pressure 
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CO hydrogenation, ethylene hydragenation furthermore gives information about the effect 

of carbon-deposition that could not hè derived from the TPD experiments. Figure 3.8 

shows that the ethylene hydragenation activity of all lr/Si02 catalysts is higher after CO 

hydrogena.tion. We attribute this effect to the deposition of carbon during high pressure 

syngas reaction. Apparently the adsorption of ethylene and hydrogen from a 

CO/ethylene/H2 mixture is less hindered on a carbon-covered catalyst than adsorption on 

a 'clean' surface. We conclude from this result that CO is more weakly adsorbed on the 

carbon -covered catalysts. 

The activity of Ir /Si02 for both the hydragenation of CO and the hydragenation of 

ethylene in presence of CO can be enhanced by oxidation after the initia! reduction 

treatment. The Iargest effect is observed after passivation followed by low temperature 

reduction. This results in a 100% increase of CO conversion. As the catalyst does not 

deactivate during co hydragenation at 270 °C, nor during ethylene hydragenation up to 

this temperature, it can be concluded that the changes induced by oxidation are stabie at 

least up to 270 °C. The passivated catalyst is influenced to some extent by reduction at 

450 °C, as is shown by the Iower activity of sample V in Figures 3.7 and 3.8. 

Consirlering the analogy between the passivated and evacuated catalysts in the 
infrared experiments, it is interesting to compare our results with those of Fujitsu et al. 

[18]. These authors observed a st rong enhancement of the activity of Rh/ Al203, and to a 

smaller extent also of Rh/Ti02, after high temperature evacuation. For these catalysts a 

rela.tion was suggested between the increased activity and the removal of chlorine from the 
catalyst surface. Such a poisoning effect might also explain the low activity of the freshly 

reduced catalyst in our experiments, as chlorine-containing iridium salts were used for the 

preparation. However, we consider it more likely that the low activity of the reduced 

catalyst is due to the strong adsorption of CO, which blocks the adsorption of lh In the 

first place, adsorption of CO and H2 on the freshly reduced catalyst is not hindered, as 

should be the case when chlorine is present. Secondly, contrary to Ah03 which is known to 

adsorb chlorine strongly, most of the chlorine is removed from Si02 during rednetion [19]. 

Based on infrared and ethylene hydragenation results, we propose that the passivated 

catalyst a.fter eereduction at 150 °C is twice as active for CO hydragenation as the freshly 

reduced catalyst, because it adsorbs CO more weakly. The intermediate CO 
hydragenation activity of the 450 °C rereduced catalyst, in between those of the 150 °C 

rereduced catalyst and the freshly reduced sample, can be attrihuted either to the lower 

CO adsorption capacity of this catalyst, or to the intermediate CO bond strengtl1. 

CONCLUSIONS 

We have shown that different pretreatments which are commonly used in catalyst 

characterization studies, such as evacuation and passivation, significantly influence the CO 



CO adsorption on Ir 57 

adsorption properties of Ir/Si02, and the activity for hydragenation reactions in the 

presence of CO. Pretreatments which cause a weaker Ir-CO bond strength are favorable, 

as this enables the adsorption of hydrogen on the metal surface. 

Reduction of the impregnated sample in H2 at 450 °C results in the formation of sites 

which st.rongly adsorb CO (T des= 425 °C). In the infrared spectrum a peak with a 

maximum at 2058 cm-1, due to on-top adsorbed CO, is observed. High temperature 

evacuation, or oxygen actmission at room temperature (passivation) results in a partially 

oxidic iridium surface, which can be reduced by CO. After these pretreatments CO is 

adsorbed more weakly (Tdes = 150 °C), and the infrared absorption peak has shifted to 

2067-2073 cm-1. After reduction of the passivated sample in H2 at low temperature CO is 

adsorbed even weaker (Tdes 110 °C). These results are explained by a change in metal 

partiele morphology, possibly as aresult of a stronger interaction between the iridium and 

the silica support. 

The presence of carbonaceous species, deposited from CH4 at 450 °C, causes a shift of 

the infrared signa! to 2034 cm-1. CO is desorbed from this carbon-covered catalyst at 

relatively low temperature. Deposition of carbon from syngas has a positive effect on the 

activity of the Ir /Si02 catalyst for the hydrogenation of ethylene in presence of CO, most 

likely as aresult of a weaker adsorption of CO. 
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ABSTRACT 

4. 
ACTIVATION OF FelrjSi02 

METHANOl SYNTHESIS CATAlYSTS. 

The activation of a 1:1 Felr/Si02 methanol synthesis catalyst was investigated by 

infrared spectroscopy of adsorbed CO and ethylene hydrogenation. Infrared spectroscopy 

indicates that the bimetallic phase in the reduced catalyst initially is partially covered by 

a layer of iron oxide. CO is adsorbed mostly on-top on iridium sites in this freshly reduced 

sample. During CO adsorption, the iron oxide on the surface of the bimetallic phase is 

reduced, and a new adsorption site is formed on which CO is bridge bonded. This 

adsorption site most likely consists of both iridium and iron. Under reaction conditions the 

Felr alloy is covered by carbon. The high methanol formation activity of Felr/Si02, as 

compared to monometallic Ir catalysts, can he attributed to a high hydragenation activity 

as aresult of a relatively weak adsorption of CO. 

INTRODUCTION 

Bimetallic catalysts such as FePd and Feir are active and selective for the formation 

of methanol from CO + H2 [1,2]. Large differences exist, however, between catalysts with 

low iron content, and catalysts with higher iron loading [3]. Feir/Si02 with a low Fe: Ir 

ratio (5 0.3) is selective for methanol after short reaction time. Catalysts with a higher 

Fe : Ir ratio are more active, but require an activation period of up to 48 hours before a 

stabie methanol yield is reached. Different explanations are given in literature for the high 

activity of the bimetallic catalysts as compared to the monometallic systems. Ichikawa et 

al. [4,.5] attribute the promoter effect to an anchoring of the noble metal by iron oxide, 

t.hus preventing aggregation of metal particles, and the formation of Ir-Fe3+ sites on which 

reaction occurs (Fig. 1.9). Guczi et al. [6] propose that the noble metal in the reduced 

bimetallic phase activates CO, and attribute the different properties of the alloy to a 

decreased electron density on the noble metal. However, neither of these models can 

explain the activation of the 1:1 FelrjSi02 catalyst, as both an alloy and iron oxide are 

present after rednetion [7]. We have therefore studied the structure and adsorption sites of 

a freshly reduced Felr/Si02 sample, producing mainly hydrocarbons, and an activated 

catalyst after 48 hours syngas reaction, which is active for the formation of methanol. 
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In Chapter 2 we have described the structure of a 1:1 Feir/Si02 catalyst before and 
after activation in syngas, as studied by EXAFS and Mössbauer spectroscopy. The freshly 
reduced catalyst consists of bimetallic particles, with · an average partiele size of 

approximately 3 nm, and dispersed Fe(III)-oxide. In the activated catalyst part of the 
Fe3+ bas been reduced to Fe2+ and FeO. The latter is present in a carbidic phase, most 

probably E'-Fe2.2C. No changes are detected in the bulk composition or partiele size of the 

bimetallic phase. EXAFS indicàtes that the surface of the bimetallic particles in both the 

fresh and activated sample after rednetion in H2 is enriched in iron. CO adsorption 
appears to be corrosive, and affects the surface structure of the alloy. Therefore, the 
activation of the catalyst is most likely related to a change in surface structure of the 

bimetallic phase. However, due to the relatively large metal partiele size, EXAFS is not 
sufficiently sensitive to describe changes at the metal surface in detail. 

In this chapter we discuss the adsorption of CO on 1:1 Felr/Si02 as studied by 

infrared spectroscopy, and the activity of this catalyst for hydrogenation reactions. 

Infrared spectroscopy of adsorbed CO is used complementary to the characterization 
experiments described above, to obtain information about adsorption sites, and the 

changes in surface structure that occur during reaction. The adsorption strength of CO on 
the fresh and activated catalyst is derived from temperature programmed desorption 
(TPD), as measured by infrared spectroscopy. The infrared spectra and CO bond strength 

will be compared to the results of the monometallic catalyst [8]. Based on the combined 
characterization and reactivity results a model is proposed for the active site in Feir/Si02. 

EXPERIMENT AL 

Catalyst preparation 

Catalysts with 4.0% Ir and 0, 0.3 and 1.15% Fe (Fe/Ir = 0, 0.2 and 1.0) were prepared 

by incipient wetness co-impregnation of silica (Grace 332, 270 m2/g, pore volume 
1.6 ml/g) with aqueous solutions of IrCI3.nH20 (Johnson Mathey Chemicals, 54% Ir) and 

Fe(NOa)a (Merck p.a.). The catalysts were dried in air at 110 °C for 16 hours. 

Hydragenation reactions 

CO hydrogenation reactions were carried out in a stainless steel fixed-bed reactor. CO 
was led over a silica column at 300 °C in order to decompose metal carbonyls, and dried 

over a 4 A molsieve. Hydrogen was dried, and used without further purification. Catalyst 

samples (250 mg) were reduced in hydrogen at 450 °C for 1 hour and tested at 270 °C and 

40 bar in a 4 Nl/hr syngas flow (H2/CO = 3). Products were analyzed by a gas 

chromatograph with flame ionization detector. Ethylene hydrogenation was measured at 

atmospheric pressure in a 1.5 vol% ethylenefsyngas mixture. In temperature programmed 

studies, the temperature was increased with 1 °C/min. 
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lnjrared spectroscopy 

Infrared spectra of adsorbed CO were measured with a Mattson Galaxy single beam 

spectrometer with DTGS detector. Measurements were carried out in an IR cell which 

allows for in-situ catalyst pretreatments at temperatures up to 600 °C and pressures up to 

30 bar. The measurements could be performed at high pressure, but because of a large 

optica! path length in the cell, lower pressure (p 5 2 bar) was preferred. 

A 20 mg sample, pressed in a 13 mm wafer, was used for the experiments. The sample 

was reduced in-situ in flowing hydragen at 450 °C for 1 hour. The catalyst was then 

exposed to 2 bar syngas (statie, H2/CO 3) at 50 °C, or to syngas under more realistic 

reaction conditions (30 bar, 275 °C). The observed activity per gram catalyst and the 

methanol selectivity during CO hydragenation in the IR cell were camparabie to the 

results of experiments in the normal reactor. Spectra were measured during CO adsorption 

(pressure 2 or 30 bar), and during temperature programmed desorption (5 °C/min; 

pressure :S 6.10-2 mbar). A reference gas phase spectrum of CO was subtracted from the 

spectra that were measured in syngas. Ten scans at 1 cm·l resolution were taken of 

reference and sample. As a measurement requires approximately 1.5 minutes, the 

temperature interval for each spectrumduringa TPD experiment is 7.5 °C. 

RESULTS 

HYDROGENATION REACTIONS 

As was already stated in the introduction, iron is a good promoter of Ir /Si02 CO 

hydragenation eatalysts. This is demonstrated in Figure 4.la, which shows the CO 

hydragenation activity of an unpromoted iridium catalyst, and two iron-promoted systems 

with different Fe/Ir ratio. The methanol selectivity is given in parentheses. The 

unprornoted Ir /Si02 catalyst has a relatively low activity and methanol selectivity (0.8% 

CO conversion, 55% methanol). Both the selectivity and activity for methanol formation 

are enhanced by ad dition of iron in a 1:.5 ratio. A further increase of the ( steady-state) 

activity, though with a slightly lower methanol selectivity, is observed for a catalyst with 

Fe and Ir in a 1:1 ratio. However, contrary to 1:5 Felr/Si02, the 1:1 Felr/Si02 catalyst 

requires an activation period of approximately 48 hours before the maximum activity is 

reached. We note that the CO conversion of the unpromoted Ir/Si02 catalyst can be 

enhanced to 2%, by by exposure to air at room temperature, foliowed by rednetion at low 

temperature [8]. The less active catalyst is shown bere because we want to compare 

catalysts that have received a similar pretreatrnent, i.e. rednetion in hydragen at 450 °C 

during 1 hour. 

Low pressure hydragenation of ethylene in presence of CO was used as a test reaction 

for the hydragenation activity of the catalysts during methanol formation. The catalysts 
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were measured as a function of temperature, after rednetion in H2 at 450 °C (dotted lines 

in Fig. 4.lb), and after 48 hours high pressure CO hydrogenation at 270 °C (solid lines). 

Although the activation of 1:1 Felr/Si02 only occurs slowly at low pressure [9], the 

ethylene hydrogenation activity of the freshly reduced catalyst is time-dependent. In 

order to minimize these effects of activation, temperature programmed measurements 

were performed at a heating rate of 1 °C/min. 

The ethylene hydrogenation activity of the freshly reduced catalysts shows the same 

trend as the initia! CO conversion that is shown in Figure 4.la. The ethylene conversion 

increases in the order Ir ~ 1:1 Felr < 1:5 Felr. A very strong enhancement of the activity 

of 1:1 Felr is observed after 48 hours reaction in high pressure syngas (solid lines in Fig. 

4.1b). In order to reach 30% ethylene conversion, the required reaction temperature for 

the activated catalyst is 80 °C lower than for the fresh catalyst. This effect is observed to 

a much smaller extent for the unpromoted Ir/Si02 catalyst and 1:5 Felr/Si02• The 

activity of both Ir and 1:5 Felr is higher after reaction in syngas, but the differences are 

smaller than in case of 1:1 Felr. The trend in ethylene hydrogenation activity of the 

activated catalysts is therefore also the same as the trend in CO conversion. 

INFRARED SPECTROSCOPY 

Infrared spectroscopy is used to obtain information about the different CO adsorption 

sites that exist on a 1:1 Felr/Si02 catalyst, and about possible reaction intermediates. 

Two sets of experiments will he shown. The first experiment describes the initia! 

adsorption of CO on the fresh catalyst, and new adsorption sites that are formed during 

oontinued exposure of the sample to low pressure syngas at different temperatnres. In the 
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secoud experiment the adsorption of CO is studied under reaction conditions. In both 
experiments TPD is used to obtain information about the bond strength of CO on the 

different adsorption sites. 

CO adsorption on the freshly reduced catalyst 

The infrared spectrum of CO adsorbed on the freshly reduced 1:1 Felr/Si02 catalyst, 

recorded at 50 °C after 1 minute adsorption of 2 bar H2/CO and evacuation at the same 

temperature, is shown in Figure 4.2a. The spectrum consists of a main peak at 2060 cm-I 

with a shoulder around 2000 cm·!. The signa! at 2060 cm-I can be assigned to CO that is 

linearly adsorbed on reduced iridium sites [8]. The peak at 2000 cm-I is presumably due to 

coadsorption of CO and water, as will be shown later. The two signals disappear at 

different temperatures when the catalyst is heated under vacuum (Fig. 4.2b). Between 50 

and 100 °C, a decrease of the intensity of the 2000 cm·l signa!, and an increase of the 

2060 cm-I peak is observed. At higher temperature, the intensity of both signals decreases, 

most rapidly between 1.50 and 200 °C. No adsorbed CO was detected above 300 °C. As the 

surface coverage decreases at higher temperature, the absorption peak shifts towards lower 

frequency due to weaker dipole-dipole interactions. At 300 °C the absorption frequency is 

2015 cm-I. 

The IR spectrum in Figure 4.2 does not represent all the adsorption states that are 

possible on an Felr/Si02 catalyst. Some spectra after different adsorption times at 50 °C, 

which show typical stages in the adsorption process, are given in Figure 4.3a. The initia! 

spectrum at t 0 is measured during the first minute of adsorption ( dynamic), and is 

therefore not exactly the same as the spectrum in Figure 4.2a, which is measured in 

vacuum after 1 minute of adsorption (statie). However, both the high frequency signa! at 
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2060 cm-I and the shoulder at 2000 cm-I are recognized in the spectrum. Two clear 

changes are observed after Jonger CO adsorption times. First, the spectra between 0.5 and 

5 hours adsorption show an increasing intensity at 2069 cm-1, indicating an enhancement of 

the total number of adsorption sites. Second, in the spectrum after 15 and 25 hours 

adsorption, the high frequency signa) has shifted back to 2058 cm-t, and the low frequency 

signal is more intense. 

A closer inspeetion of the spectra in Figure 4.3 suggests that the observed low 

frequency signa) is in fact a distinct peak near 2000 cm-I, and a wide band which stretches 

from 2000 to 1850 cm-I. This is most clearly observed in spectra that are measured under 

syngas at different temperatures (Fig. 4.3b). At low temperature (~ 100 °C) the intensity 

of the signal at 2000 cm-I decreases, and an enhancement of the peak at 2069 cm-I is 

observed. This effect is similar to what was shown in Figure 4.2b for the fresh catalyst 

under vacuum. Above 100 °C the intensity of the high frequency signal starts to decrease. 

In the spectrum at 275 °C, a low frequency band between approximately 2000 and 

1850 cm-1 is present in addition to the main peak at 2045 cm-1• Moreover, rotation bands 

are present as a result of the imperfect subtraction of the CO gas phase spectrum. The 

appearance of the signal between 2000 and 1850 cm-1, which was not present in the 

infrared spectrum of CO on the freshly reduced catalyst, shows that not only the number 

of adsorption sites changes by prolonged CO adsorption, but also the nature of these sites. 

Figure 4.4 presents additional information about the changes that occur to the 

Felr/Si02 catalyst during CO adsorption at 50 °C and subsequent heating to 275 °C. 

Figure 4.4a again shows the infrared spectrum after 25 hours adsorption of CO at 50 °C, 

which consists of peaks at 2058 and 2000 cm-I, and a band in the 2000-1850 cm-I region. 

This spectrum is shown as a reference for the other experiments. As is discussed above, 
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the peak at 2000 cm-1 is not present after heating up to 275 °C. Moreover, the intensity of 

the signa! at 2058 cm-t decreases during heating, and the peak maximum shifts to lower 

frequency (Fig. 4.4b, t=O). This decrea.~e continnes during reaction at 275 °C (t=2), 

indicating that carbon is deposited on the roetal surface. 

Spectrum 4.4c is obtained after 2 hours reaction at 275 °C and subsequent cooling to 

50 °C. This spectrum consists of a high frequency peak at approximately the same position 

and intensity as the spectrum at 275 °C, and a low frequency shoulder wlth increased 

intensity. The sharp signal at 2058 cm·! that was present before heating to 275 °C 

(Fig. 4.4a) is not observed in this spectrum. After 15 hours adsorption of syngas at 50 °C, 

an increase of the signa! intensity in a. broad region between 2050 and 1950 cm·! is 

observed. The peak at 2058 cm·', however, rernains absent even during prolonged 

adsorption, which confirms that the ca.talyst has irreversibly changed due to carbon 

deposition. A second condusion from the spectra at 50 °C is that the wide infrared band 

between 2000 and 18,50 cm·! is due to weakly adsorbed CO. This is shown in Figure 4.4d 

by the strong deercase of the signa! intensity after evacuation at 50 °C. 

In summary, the low pressure experiment shows that prolonged CO adsorption at 

50 °C causes a.n increase of the number of aclsorption and the formation of a new 

type of site, which weakly adsorbs CO. During reaction in low pressure syngas at 275 °C, 

the number of adsorption sites deercases due to deposition of carbon. 
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CO adsorption on the activated catalyst 

Figure 4.5a shows the initial infrared spectrum of CO on Felr /Si02 at 275 °C 

("t == 0"), measured after filling the IR cell at room temperature and adsorption 

experiments below 275 °C during approximately 5 hours, and the steady-state spectrum at 

275 °C ("t=7"). The decrease of the signal intensity and shift of the peak maximum that 

was observed during low pressure reaction (Fig. 4.4b), also occurs at high pressure. At 
steady-state, a peak at 2034 cm·l and a broad band between 1800 and 2000 cm·t are 

present. These signals are also observed in 1 bar Hz/CO at 275 °C and 50 °C. The latter is 
shown in Figure 4.5b, in addition to the steady-state spectrum at 275 °C and a spectrum 

after evacuation at 50 °C. Similar to Figure 4.4d, the intensity in the 2000-1800 cm·t 
region strongly decreases upon evacuation, and the peak maximum shifts to 2046 cm·t. 
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Figure 4.6. lnfrared spectra of 1:1 Felr/Si02 during and after reaction in high pressure syngas. 
(a) CO adsorption during reaction in 30 bar syngas at 275 °C. lnitial adsorption (t=O) and 
steady-state (t=7). (b) co adsorption in 30 bar syngas at 275 °C, in l har syngas at 50 °e, 
and in vacuum at 50 °e. (c,d) Spectra in the 1700-1300 and 3200-2700 cm·l region, m<"asured 
under 1 bar syngas and vacuu m at 50 "c. 
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Evacuation also causes changes in the 3200-2700 and 1700-1300 cm-1 regions, which 

were not observed after the low pressure experiment. In 1 bar H2/CO at 50 °C, peaks are 

present at 3017, 2981, 2958, and 2856 cm-1 (Fig. 4.5c). The peak at 3017 cm-1 and the 

rotation bands that are observed in the spectrum can be assigned to gas phase CH4. The 

spectrum at 30 bar was dominated by these bands and signals due to gas phase methanol, 

and is therefore not shown. The remaining peaks in the 3000 cm-1 region and at 1446 cm-1 

in the spectra at 1 bar can be assigned to C-H bands of adsorbed methoxy species. These 

signals were also observed in spectra of adsorbed methanol on silica. The strong signa! at 

1625 cm-1 in this spectrum is due to adsorbed water. After evacuation the signals due to 

gas phase CH4 and adsorbed water disappear. Adsorbed methoxy-species are still present 

after evacuation, as is shown by the C-H stretch and bending frequencies. Two new peaks, 

at 2927 and 1541 cm-t, are present in the spectra. These peaks are most likely due to 

formate species which are formed after evacuation. 

Figure 4.6 shows the temperature programmed desorption of CO, and the desorption 

and decomposition of reaction products after in-situ high-pressure CO hydrogenation. The 

initia! spectra (50 °C) are equal to those shown in Figures 4.5b-d. CO desorption from the 

activated catalyst occurs at a much lower temperature than desorption from the freshly 

reduced catalyst that was shown in Figure 4.2b. The intensity of the peak at 2046 cm-1 

starts decreasing at 75 °C, and is almost zero at 200 °C. Above this temperature a new 

signa! of adsorbed CO is present, most likely due to the decomposition of adsorbed 

reaction products. The intensity of this signa! goes through a maximum at 300 °C. 

The signa! at 2928 cm·t follows the same trend as the signa! of adsorbed CO at 

2046 cm-t. The decrease of this peak also starts at 75 °C, and is completed at 200 °C. As 

the signa! at 2928 cm-1 disappears, a new signa! at 2751 cm·t is formed, which remains 

present up to 450 °C. The intensity of the peaks at 2856, 2958, and 2981 cm-I decreases 

more gradually than the signa! at 2927 cm·t, and are still present at 450 °C. It should be 

noted that the signa! at 2751 cm-t has a low intensity, and is plotted with a 5 times higher 

sealing factor than the signals in the 3100-2800 cm·t region. 

Unlike the C-H stretch bands, the signals in the 1700-1300 cm-t region disappear at 

relatively low temperature. Between 50 and 100 °C the maximum of the peak at 1541 cm·t 

shifts to lower frequency. At approximately 200 °C the intensity of this peak and the other 

signals at 1443 and 1382 cm-t starts to decrease. This effect is related to the formation of 

the CO signa! at 2017 cm·t. At 300 °C, where the CO peak has its maximum intensity, the 

decomposition of the adsorbed products is completed. 

Coadsorption of CO and H20 

During experiments in high pressure syngas at 25 and 50 °C reversible changes in the 

CO absorption spectra are observed, which appear to be related to the effects that occur 

during the TPD of CO from the freshly reduced catalyst (Fig. 4.2b). Initially, i.e. after 
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filling the IR cel! with syngas at 25 °C in approximately 45 minutes, only a peak at 

2014 cm·t is observed (top spectrum in Figure 4. 7). When the sample is heated to 50 °C, a 

new band at 2052 cm·t is formed, and the intensity of the 2014 cm·I signal decreases. The 

intensity of the signa! at 2052 cm·t remains almost constant, but the 2014 cm·t signa! 

returns to the initia! intensity after cooling to 25 °C, and deercases after subsequent 

heating. At the same time, reversible changes are also observed at 3740 cm·t, the 

absorption frequency of the OH -groups on silica. These changes are best explained by 

coadsorption of CO and H20. 

DISCUSSION 

In the previous chapter we have shown for monometallic iridium catalysts, that a 

correlation exists between the strengtil of CO adsorption, the activity for ethylene 

hydragenation in preserree of CO, and the activity for methanol formation from CO/H2. 

An Ir/Si02 catalyst which adsorbs CO weakly, has a relatively high hydragenation 

activity, and is more a<.:tive for methanol formation than a catalyst which adsorbs CO 

strongly. The results in Figure 4.1 show that the correlation between ethylene 

hydragenation activity and formation of methanol also exists for the bimetallic catalysts. 

The unpromoted Ir/Si02 ca.talyst and the freshly reduced 1:1 Felr sample have a low 

hydragenation activity and a low methanol yield. The freshly reduced 1:5 Felr catalyst has 

a higher hydragenation acUvity, and is therefore initially the most active methanol 

synthesis catalyst. After 48 hours syngas reaction, a different trend is observed: the 

hydragenation capacity of the I :1 Feir/Si02 catalyst has strongly increased, as compared 

to the freshly reduced sample, whereas the activities of Ir and 1:5 Feir have increased 
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to a much smaller extent. The 1:1 Felr catalyst in this case also has the highest activity 
for CO hydrogenation. 

The differences in methanol formation a.ctivity of Ir and Felr catalysts appear to be well 

described by their hydrogenation a.ctivity. However, the nature of the promot"r effect is not 
explained by the correlation between the activity for ethylene hydrogenation and methanol 
formation. The promoter effect might be related to the structure of the metallic phase, e.g. 

a larger number of sites as aresult of the ancboring of the bimetallic particles by Fel+ [4,5], 

or a dilution of iridium sites by iron. The presence of iron could also have an electronic 

effect on iridium, either as aresult of alloying, similar to what is proposed by Guczi et al. 

[6] for FePd, or as aresult of an increased metal-support interaction. The latter has been 
proposed to influence the activity of monometallic iridium catalysts [8]. In the explanation 

of the promoter effect by these structural and electronic effects, implicitly the assumption 

is made that iridium is the active metal, and that iron is added in order to influence the 
properties of the iridium. Alternatively, it is also possible that the presence of iron results 
in the formation of a new type of site which did not exist in the monometallic catalysts. 
These effects are discussed below based on the results of the infrared spectroscopy 

experiments, which give information about the nature, number, and reactivity of the 

adsorption sites that exist on the catalyst after rednetion and after activation. The low 
pressure experiment describes the changes in structure that are induced by CO adsorption, 

and the deposition of carbonaceons species during rea.ction. In addition to this, the high 

pressure experiment describes the adsorption of CO under rea.ction conditions. 
The low pressure experiment can be divided in 4 stages: CO adsorption at 50 °C at 

t = 0 (freshly reduced catalyst), 0 < t::; 5, and 5 < t ::; 25 hours, and syngas reaction at 
275 °C. The spectrum of the freshly reduced catalyst shows a main peak at 2060 cm·t with 

a shoulder at 2000 cm·t (Fig. 4.2a). The position of the main peak is almost equal to that 

of CO adsorbed on the reduced monometallic Ir/Si02 catalyst [8]. We therefore assign this 

pea.k to CO that is linearly adsorbed on iridium sites (Table 4.1 ). The shoulder near 

2000 cm·l may be due to the coadsorption of CO and H20, similar to the effects that are 
shown in Figure 4.7. Spectra that are measured during TPD show that the signal at 
2000 cm·t disappears at relatively low temperature (Fig. 4.2b), in agreement with the 

proposed coadsorption, whereas the main peak at 2060 cm·t is present up to 300 °C. No 
adsorbed CO is observed above 300 °C. The desorption temperature is significantly lower 

than in case of the reduced monometallic catalyst, where part of the CO was still present 

at 450 °C. However, contrary to what might be expected based on the lower CO 
desorption temperature, the ethylene hydrogenation a.ctivity of the Felr catalyst is not 

much higher than that of Ir/Si02. This appears to be caused by the blocking of sites in the 

Felr /Si02 catalyst. 

During prolonged adsorption of CO on the freshly reduced catalyst, a larger fraction of 

the iridium beoomes accessible to CO. The total speetral area increa.ses during the 
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adsorption of 2 bar H2/CO at 50 °C, until a constant intensity is reached after 25 hours 

(Fig. 4.3a). Two different intervals can be distinguished. In the interval from 0 to 5 hours a 

signalat 2069 cm· I is observed, in combination with a signal around 2000 cm·t. After Jonger 

adsorption times the main peak shifts to 2058 cm·t, and a broad peak between 2000 and 

1850 cm·t arises. The latter indicates the formation of a new site, which did not exist in the 

freshly reduced FeirjSi02 catalyst, nor in the monometallic Ir/Si02 catalyst. CO is bridge 

bonded on this new adsorption site. The signals that are present in the spectra after 5 hours 

adsorption, and the peak at 2058 cm·l in the spectrum at t 25 can be assigned to CO that 

is on-top adsorbed on iridium sites. The differences in the position of the main absorption 

peak can be attributed to dipole effects. The shift to higher frequency during the first 

5 hours of CO adsorption may be due to the increa.~e of the CO coverage, thus causing an 

increase of the dipole-dipole interaction between adsorbed CO molecules. The shift of the 

main absorption peak to 2058 cm·1 after longer adsorption times is most likely due to the 

formation of the new site, causing a dilution of the sites on which CO is linearly adsorbed. 

The changes in the infrared spectra that occur during CO adsorption on the reduced 

Felr/Si02 catalyst, show similarity to the adsorption of CO on a partially oxidized 

monometallic iridium catalyst [8], with exception of the formation of bridged adsorption 

sites which was not observed for Ir /Si02. After admission of CO to the oxidized surface of 

Ir /Si02, oxygen is slowly removed, leading to an enhancement of the infrared signal of 

on-top adsorbed CO. The slow adsorption of CO on Feir/Si02 could also be caused by this 

effect. However, based on the results of the characterization experiments that are 

presented in Chapter 2, we think that the slow adsorption should be explained by the 

presence of iron oxide on top of the bimetallic phase, rather than by the presence of 

oxygen on the metal surface. Temperature programmed rednetion and EXAFS give no 

indications for an incomplete rednetion of iridium after treatment in hydragen at 450 °C, 

at least not to an extent that might explain the present results. From the TPR profile of 

Feir/Si02 it was concluded that rednetion of the iridium is completed at 200 °C. A 

hydrogen consumption peak is also observed at higher temperature, but this signal can be 

attributed to the rednetion of iron oxide. In Ir EXAFS spectra of the reduced catalyst, 

Ir~Ir and Ir-Fe shells are present in combination with an Ir-0 contribution. The latter is 

most likely due to an interaction between reduced iridium and oxygen in the support. 

Although the presence of oxidic iridium can not be fully excluded based on the EXAFS 

results, it is certainly not present in an amount that is sufficient to explain the blocking of 

almost the entire surface of the bimetallic phase. Contrary to the adsorption of oxygen, 

the presence of iron oxide on top of the bimetallic phase in the reduced catalyst can 

explain the observed blocking of the metal surface, and is in agreement with the 

characterization experiments. 

It is interesting to compare the results of our infrared experiments with those of a 

Mössbauer study by Niemantsverdriet et al. [7]. With Mössbauer SJWctroscopy it was 



72 chapter 4 

observed that Fe3+, which is present after rednetion in H2 at high temperature, can be 
reduced CO at room temperature to Fe2+ and FeO (in the fee aHoy phase). This result was 

explained by the presence of a highly dispersed FeOx layer on the silica support, which is 

accessible to CO. As the rednetion of Fe3+ was not observed for monometallic Fe/Si02 

catalysts, it was concluded that the iron oxide phase is in interaction with the bimetallic 

phase, and possibly serves as an anchor for the alloy. Our results suggest the opposite of 

this ancboring model: at least part of the oxide does not serve as a.n a.nchor, but in fact 
covers the bimetallic phase in the reduced catalyst. As a. result of the rednetion of Fe3+ to 

Fe2+ and FeO during CO adsorption, the iron oxide is removed from the surface, resulting 

in a. larger number of adsorption sites. Also, part of the iron may be incorporated in the 

surface, which could be the reason for the formation of bridged adsorption sites. We note 
that the situation is different from the so-called strong metal-support interaction (SMSI), 

that is observed for metals on reducible oxides, such as Ti02 and V20s [10]. On these 

catalysts, the adsorption of gases is suppressed as a result of the decoration of the metal 

surface by sub-oxides that are formed by rednetion of the support [11]. The presence of 
the oxide bas a positive effect on CO hydragenation reactions, presumably because the 

dissociation of CO is enhanced. Blocking of the surface, however, may have a negative 
effect on other reactions. Wîlliarns et al. [12] report a deercase of the ethylene 

hydragenation and ethane hydrogenolysis activity of Rh foil after deposition of titania, 

whereas an increase of the CO hydragenation activity was observed [13]. In case of 

Feir/Si02, where the promoter causes an increase of both the CO a.nd ethylene 

hydragenation activity, we do not believe that the catalyst under reaction conditions is 
still covered by moieties of iron oxide. It is possible, however, that the reduced bimetallic 

phase in the active catalyst interacts with iron oxide that is present in the interface with 

the support. 

Table 4.1. Infrared spectroscopy of CO on 1:1 Felr/Si02. 

peak position [cm·t] assignment comments 

2069-2058 CO/Ir, on-top co adsorption 50 °C, 0 ~ t ~ 25 h 
(Fi~. 4.3a.); peak position influenced 
by ipole-dipole interaction 

2046 CO/Ir+CHx carbon covered surface after reaction 
(Fig. 4.4-4.6), measured in vacuum 

2034 CO/Ir+CHx carbon covered surface after reaction 
(Fig. 4.3b-4.5), measured in syngas 

2000 CO/Ir+H20 coadsorption of CO and H20 
(Fig. 4.2,4.3, 4. 7) 

2000-1850 CO /Felr, bridged reduced surface after prolonged CO 
adsorption 
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Temperature programmed heating of the catalyst sample up to 150 °C after 25 hours 

adsorption of H2/CO at 50 °C, causes the desorption of water, as follows from the lower 

intensity of the CO species absorbing at 2000 cm·t. Above 150 °C carbonaceous species are 

deposited on the metal surface, as is evidenced by the decreased intensity of the infrared 

signa! (Fig. 4.3b). These carbonaceous species appear to have little effect on the bridged 

adsorption sites, but they strongly influence the amount of CO that can be adsorbed on 

linear sites. At 275 °C the total infrared peak intensity is much lower than at 50 °C, and 

the position of the main absorption peak has shifted to 2045 cm-1. The deposition of carbon 

continues during prolonged reaction at 275 °C, but the slow decrease of the infrared signa! 

indicates that the net rate of carbon deposition, i.e. the difference between CO 

dissociation and carbon hydrogenation, is low. The changes that occur during reaction are 

irreversible. Although part of the deposited carbon can be removed at 50 °C, where CO 

deposition does not occur but carbon is still hydrogenated, the infrared spectra remain 

different from those befare reaction. The main peak at 2058 cm-t due to linearly adsorbed 

CO remains absent after prolonged adsorption at 50 °C. Instead CO is weakly adsorbed on 

bridged sites, from which it is removed by evacuation at 50 °C. More detailed information 

about these sites, which may explain the high hydragenation activity of the Felr catalyst, 

is obtained from the infrared experiment under actual reaction conditions. 

In the high pressure experiment (Fig. 4.5a) the increase of the peak area as function of 

time is not observed. Most likely two effects occur simultaneously during this experiment: 

the number of adsorption sites increases by remaval of iron oxide from the metal surface, 

but it also deercases due to carbon deposition. The rednetion of iron oxide may be faster 

under the applied reaction conditlans than during exposure to H2/CO at low temperature 

and pressure. Carbon deposition still occurs slowly in this experiment. The total peak area 

deercases slowly, until a steady-state is reached after 7 hours of reaction. In steady-state 

the infrared spectrum consists of a main absorption peak at 2034 cm·t, due to linearly 

adsorbed CO, and a shoulder between 2000 and 1850 cm-1, due to CO adsorbed in twofold 

position. Similar bands were observed by Fukushima et al. [14] in infrared spectra of CO 

on FeRh/Si02 under reaction conditions. The relative intensity of the bridging species as 

compared to the linearly adsorbed CO, however, is lower on FeRh than on Rh/Si02 

[14,15), contrary to what we observe for Feir/Si02. Ichikawa et al. [4,,1,15] propose that 

part of the CO is ad sarbed in tilted position on a combined Rh/Fe3+ site ( or Pd/Fe3+, 

Ir/Fe3+), which may be the active site for ethanol or methanol formation. Our results give 

no indications for the formation of this spedes on the active 1:1 Felr/Si02 catalyst. 

According to calculations by Andersou and Dowd [16], this type of adsorption should result 

in a decrease of the absorption frequency with 300-400 cm-1, which was not observed. 

The linearly and bridge adsorbed CO species are also present in the spectrum that is 

measured in 1 bar syngas at 50 °C (Fig. 4.5b ), but as in the low pre ss ure experiment, the 

spectrum is strongly influenced by evacuation. After evacuation the signa! due to bridged 
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bonded CO has disappeared. This is partly due to desorption of CO, as follows from 
decrease of the infrared signa! intensity. However, part of the CO that was adsorbed on 

the bridged sites, is present after evacuation on linear adsorption sites, which causes a 

shift of the absorption peak to higher frequency as a result of a stronger dipole-dipole 
interaction. Also, from the formation of new signals at 2927 and 1541 cm-I (Fig. 4.5c,d), we 

conclude that adsorbed CO reacts with water, and farms a formate species on au oxidized 

site. As we think that it is unlikely that iridium is oxidic after evacuation at 50 °C, we 

propose that the formate is present on iron. The results thus strongly suggest that the 

bridging adsorbed CO is present at a site which consists of both iridium and iron. 
In summary, we have shown that infrared spectroscopy of adsorbed CO provides 

relevant, detailed information about the surface structure of Feir/Si02. The results 
indicate that after rednetion of the fresh catalyst, the surface of the bimetallic phase is 

largely covered by iron oxide. CO adsorption or syngas reaction results in the rednetion of 

iron oxide, and the formation of new adsorption site, on which CO is weakly adsorbed. 

Carbonaceons species are deposited on the roetal surface during reaction at temperature 
above 150 °C. In combination with the characterization experiments discussed in 

Chapter 2, which give information about the rednetion of iron oxide and the formation of an 
e'-F~.2C carbide phase, we propose the structural model that is presented in Figure 4.8a. 
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Fipue 4.8. (a) Structure of Feir/Si02 after rednetion in H2 and after activation in syngas. 
(b) Model for tbe active site for methanol formation over Felr/Si02. 

Based on the infrared results, we propose that the observed promoter effects in the 

hydrogenation of CO and ethylene over Ir and Felr catalysts, are caused by two structural 

effects. In the first place, the slow activation of 1:1 Feir/Si02, as compared to 1:.") Felr, is 
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caused by an increase of the number of sites in the catalyst with high iron loading. In tbe 

fresh 1:1 Felr catalyst, the bimetallic phase is covered by excess iron, which is removed 

during CO adsorption or syngas reaction. Secondly, the high hydragenation activity of 

Fe Ir /Si02 can be related to the formation of a bimetallic adsorption site, on which CO is 

weakly adsorbed. The high activity most likely is not due to electronk effects, e.g. as a 

result of the strong interaction between iridium and iron oxide, as in this case it is 

expected that not the bridge bonded CO, but the linearly adsorbed CO species on iridium 

sites is weakly adsorbed. This should imply a considerable difference between the 

desorption temperature of CO on Felr/Si02, which follows from Figure 4.6, and the 

desorption temperatures of CO on lr/Si02, reported in Chapter 3. This is not observed. 

The present results suggest that the observed promoter effect in Feir/Si02 catalysts is 

not related to the activation of CO, but to the activation of H2. The high hydragenation 

activity of Felr/Si02, as compared to monometallic catalysts, can be attributed to the 

presence of a bimetallic site, on which CO is weak!y adsorbed. This a.dsorption site may 

consist of IrO and FeH, as was previously proposed by Ichikawa et al. [5]. However, the type 

of CO adsorption appears to bridging, rather than tilted. ~1ethanol formation may occur, as 

in the monometallic catalyst, by hydragenation of CO that is linearly adsorbed on iridium. 

We therefore propose that the high methanol formation activity of Felr/Si02 is due to the 

presence of a bimetallic site, possibly in interaction with the support, on which hydrogen is 

adsorbed, in combination with a monometallic site, which activates CO (Fig. 4.8b). 

CONCLUSIONS 

A correlation exists between the hydragenation activity of Ir and Felr catalysts, and 

their activity for the formation of methanol from syngas. The activation of Feir/Si02 

during CO hydrogenation can be explained by a.n increase of the hydragenation activity. 

Infrared spectroscopy indicates tha.t part of the bimetallic phase in the reduced 

catalyst initially is covered by a. la.yer of iron oxide. CO is adsorbed mostly on-top on 

iridium sites in this freshly reduced sample. During CO adsorption, the iron oxide on the 

surface of the bimetallic phase is reduced, and a new adsorption site is formed on which 

CO is bridge bonded. This adsorption site most likely consists of both iridium and iron. 

Under reaction conditions the Felr alloy is covered by carbon. The high activity of 

Felr/Si02, as compared to monometallic Ir catalysts, ca.n be attributed to a relatively 

weak adsorption of CO on the combined iridium/iron site. 
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5. 
HYDROGENATION OF CARBON MONOXIDE AND 

ETHYLENE OVER SUPPORTED COPPER CAT AL YSTS 

ABSTRACT 

The effect of multivalent cations (Mg, La, Ce) on the properties of Cu/zeolite-L and 

CujSi02 has been studied. Characterization by temperature programmed rednetion and 

EXAFS shows that, depending on the preparation conditions and rednetion temperature, 

capper is present inside the unpromoted zeolite supported catalyst in highly dispersed and 

stabie clusters, or outside the zeolite in particles of approximately 50% dispersion. The 

latter sinter easily during high temperature reduction. The presence of cations significantly 

enhances both the ethylene and CO hydragenation activity of the larger capper particles. A 

different effect is observed for a silica supported capper catalyst. In case of Cu/Si02, only 

the CO hydragenation activity is enhanced, whereas the ethylene hydragenation activity is 

suppressed by addition of cations. The positive effect of cations on the activity of the 

zeolite supported catalyst is explained by an increase of the degree of rednetion of the 

copper, in combination with stabilization of the metal particles by the promoter oxides. 

INTRODUCTION 

In industrial processes, methanol is produced from C02-containing syngas, using a 

Cu/ZnO / Ab03 catalyst. The mechanism of this reaction, and the active site of the 

catalyst have been studied extensively. Chinchen et al. [1] have shown, using labelling 

experiments, that C02 is the primary souree of methanol. The role of carbon monoxide, 

which is also part of the gas feed, is to remove oxygen from the capper surface [2]. In 

several studies a linear correlation is reported between the copper surface area, and the 

activity of the catalysts for the formation of methanol [2-7]. This may indicate that capper 

is the active phaBe. However, it is not clear whether the correlation is a general trend for 

supported capper catalysts [2,4,5] or that it is only valid for a given support. It is possible 

that the properties of the capper particles may have changed by interaction with ZnO 

[8-10]. The formation of methanol most likely occurs through a formate species on capper 

[4,11,12], whose hydragenation is the rate determining step. 
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In the formation of methanol from C02-free syngas, it is more clear that promoter 
oxides, or the support, are actively involved in the reaction. It has been proposed that in 

the reaction of CO/H2 over Cu/ZnO/ AlzOa, a formate species is formed on the oxides, 
whereas H2 activation occurs at Cu [11]. Addition of alkali has a positive effect on the CO 

hydragenation activity of Cu/ZnO [13,14], and unsupported copper catalysts [15]. The 
latter was attributed to differences in the concentration of Cu+ species at the surface. 

Nonneman and Ponec [16] suggest that the activity of Cu/SiOz is due to the presence of 
alkali contaminants on commercial silicas, causing the formation of ionic Cu sites. Robbins 

et al. [17] propose that a basic surface hydroxide is required for the formation of a formate 

species in unpromoted Cu/Si02 catalysts. They observed no relation between the Cu 

surface in Cu/Si02, and the activity for methanol formation from CO/H2• Bartley and 
Burch [8) suggest that the me tal partiele morphology, rather that the surface area, is an 
important factor. 

An interesting promoting effect is observed for CO hydragenation over catalysts 
derived from binary rare earth (RE)-copper and ternary RE-copper-zirconium or 

RE-copper-titanium intermetallic precursors [18-23]. These catalysts, in partienlar the 
catalyst derived from CeCu2, are highly active for methanol formation, and produce 

methanol at temperatures as low as 100 °C. The active catalysts most likely consist of the 

rare earth oxide and metallic copper, and possibly also contain a rare earth or 

intermetallic hydride [19]. The oxide may contain oxygen anion vacancies, which possibly 
stabilize formate species [20]. No correlation exists between the Cu crystallite size and the 
CO hydragenation activity. 

In addition to a stabilization of reaction intermediates, promoter i ons can also have an 

effect on the hydragenation activity of metal catalysts, either by decreasing the CO 

adsorption bond strength enhancing the surface coverage with hydrogen, as we have shown 
for Felr catalysts (24], or by increasing the bond strength of hydrogen. Quanturn chemica! 

calculations indicate that the latter may occur in zeolites where small metal particles 
interact with multivalent ca.tions [25,26]. Potentially this can he an interesting way to 

enhance the methanol synthesis activity of copper catalysts. A prerequisite, however, is 
that CO is still activa.ted on the smal! copper particles. Obviously the best metbod to 

ensure this, is to use a promoter such as cerium, simHar to the catalysts described above, 
and to use an excess amount of promoter, not only to obtain cations at exchanged sites on 

the zeolite, but also to produce oxides which partially cover the copper. 

In this cha.pter we report the effect of cations on the hydrogenation activity of copper 
in zeolite-L. We discuss the activity for CO hydrogenation from a C02-free feed, and the 

hydragenation of ethylene in C2H4/H2 and C2H4/H2/CO mixtures. Information about the 

activation of H2 is mainly derived from the reaction in CzH4/1h, whereas the CO/lh and 

C2H4/H2/CO reactions give information about both CO and H2 activation. The results will 

he compared to those of a. silica supported catalyst. 
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EXPERIMENT AL 

Catalyst preparation 

Zeolite supported catalysts were prepared by ion exchange of zeolite KL (EXXON 

Chemical) with a O.OlM solution of Cu2+ in water or diluted ammonia (pH range 7-9). In 

the latter case a dark blue solution was obta.ined, indicative of the presence of Cu-amine. 

The catalysts were dried at 60 °C for 12 hours, and calcined in flowing air at 600 °C during 

24 hours (heating rate 0.5 °C/min). Promoter ions (Mg2+, La3+, Ce3+) were added in a 1:1 

and 4:1 promoter/metal ratio by incipient wetness impregnation afterexchange with Cu, 

or by ion exchange prior to exchange with Cu. The promoted catalysts were dried in air at 

60 °C. Silica supported catalysts were prepared by sequentia! incipient wetness 

irnpregnation of Si02 (Grace 332, 270 rn2/g) with aqueous solutions of Cu(N03)2 and 

La(N03)3 or Ce(N03)a. After each impregnation step the catalyst was dried at 110 °C for 

16 hours. 

Catalyst characterization 

Temperature programmed rednetion or oxidation was done in a 4% H2/ Ar or 0 2/He 

flow, at a heating rate of 5 °C/min. The consumption of hydrogen and oxygen was 

measured by a thermal conductivity detector. CO adsorption at 50 °C from a 0.5% CO/He 

flow was measured by mass speetrometry. Cu K ·edge EXAFS measurements were 

performed at station 8.1 of the SRS, Daresbury, UK. Catalysts were pressed into self 

supporting wafers with an absorbance of 2.5 after the edge. The samples were reduced 

in-situ at 350 °C for 30 minutes (heating rate 5 °C/min), and measured at liquid nitrogen 

temperature in presence of H2. Standard data reduction procedures were used to isolate 

the EXAFS oscillations from the raw spectra (27]. The data were analyzed with phase and 

backscattering functions derived frorn experimental reference cornpounds (Cu-Cu frorn Cu 

foil and Cu-0 from Cu20). 
3.5 

'i: .... 

f 
Cll 

I 
... 
c 
.2 • .. 
Cll 
> c 
8 

0 
Cu Cu+L.a Cu+Ce Cu Cu+Mg Cu+L.a Cu+Ce 

IZ::J 
propane 

5:S::'SJ 
ethane 

fiZSZ'l 
methane 

c::J 
ethanol 

'climethyl 
ether 
1111!1!1 
methanol 

Figure 5.1. CO hydrogenation activity of unpromoted a.nd prornoted Cu/Si02 and Cu(B) 
(Cu/zeolite-L, see Table 5.1}. Promoter/capper ratio I. Reaction conditions: 40 bar 
H2/CO 3, 270 °C. 
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Hydrogenation reactions 

Ethylene and CO hydrogenation reactions were studied in a stainless steel reactor with 

GC analysis. CO was led over a silica column at 300 °C in order to decompose metal 

carbonyls, and dried over a 4 A molsieve. Hydrogen was dried and used without further 

purification. Catalyst samples (250 mg) were reduced in H2 at 350 °C for 30 minutes, unless 

stated otherwise. CO hydrogenation was done in a 4 Nl/hr syngas flow (H2/CO = 3) at 

270 °C and 40 bar. Ethylene hydrogenation was measured in a 3 Nl/hr H2 flow (2 vol% 

ethylene) or a 4 Nl/hr H2/CO flow (1.5 vol% ethylene) at atmospheric pressure. 

RESULTS 

SILICA SUPPORTED CATALYSTS 

Figure 5.1 shows the activity of unpromoted and promoted Cu/Si02 catalysts for the 

hydrogenation of C02-free syngas (H2/CO = 3). 1t furthermore presents the CO 

hydrogenation activity of a zeolite supported catalyst that will be discussed in the next 

section. The unpromoted Cu/Si02 catalyst produces oxygenated products with 93% 

selectivity (mainly methanol but also some dimethyl ether and ethanol), and small 

amounts of C1-C3 hydrocarbons. We note that relatively large differences in activity were 

observed for different batches of Cu/Si02 catalysts. We have measured conversion levels 

from ~o to 0.5% (mass specific rate 2·10·7 mole/g·sec) at 270 °C and 40 bar. The results 

that were obtained with the most active unpromoted catalyst are shown here. Addition of 

lanthanum and cerium in a 1:1 promoterfcopper ratio causes an increase of the conversion 

from 0.5 to 1.8 and 3.1%, respectively, at an oxygenate selectivity of 97%. Addition of 

these promoters to less active Cu/Si02 catalysts caused an increase of the activity by 

!! 
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Fisure 5.2. Ethylene hydrogenation activity of unpromoted and promoted Cu/Si02 ratalysts. 
Comparison of the reaction of C2H4/H2 and C2li4/H2/CO mixtures at l bar, T = 35 - 200 °C. 
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approximately the same factor. The activity of the promoted catalysts thus is determined 

to a large extent by the initia! activity of the unpromoted sample. 

Addition of La or Ce has a negative effect on the ethylene hydragenation activity of 
CujSi02 (Fig. 5.2), which can be explained by the blocking of part of the metal surface by 

oxides. When the ethylene hydragenation reaction is performed in absence of CO, the 

activity decrea.ses slightly in the order Cu > Cu + La > Cu + Ce. In presence of CO the 

same order is observed. The differences between the catalysts, however, in this case are 

much larger, indicating that CO is strongly adsorbed on the La- and Ce-containing 

catalysts. 

COPPER IN ZEOLITE l 

In the hydrogenation of ethylene, zeolite-L supported capper catalysts show a 

promoter effect significantly different from the effect of cations on Cu/Si02• However, the 

observed effect strongly depends on the structure of the unpromoted Cu/zeolite-L 

catalyst. We therefore first present background information about the structure of 

unpromoted catalysts, based on a study by TPR and CO adsorption. We discuss two 

samples that were prepared by different methods: catalyst Cu(A), containing 1.6 wt% Cu, 

which was prepared by exchange of zeolite-L with Cu2+ in aqueous solution, and Cu(B), 

containing 2.9 wt% Cu, prepared by exchange of the zeolite with Cu2+ in diluted ammonia. 

Figure 5.3a shows the rednetion behavior of the zeolite supported capper catalysts. The 

TPR profile of the Cu( A) catalyst consists mainly of a peak at 450 °C, in combination with 

a small signa! at 300 °C which is present as a shoulder on the main peak. Reduction of the 

Cu(B) sample proceeds in two more distinct stages: 75% of the hydragen consumption takes 

place in a low temperature peak at 240 °C, and 25% in a high temperature reduction pea.k 

which has its maximum just below the highest applied temperature of 550 °C. 

The Cu(A) catalyst is highly dispersed after reduction at 550 °C, as follows from the 

high CO adsorption capacity (Table 5.1). By contrast, Cu(B) has a low CO adsorption 

capacity after reduction at high temperature, indicating that this catalyst cont;l.ins 

relatively large copper particles. The Cu(B) catalyst appears tosinter during the rednetion 

treatment. This is demonstrated in Figure 5.3b, which shows a series of rednetion 

Ta.ble 5.1. CO adsorption on zeolite supported Cu catalysts. 

catalyst preparation wt% Cu treatment 

Cu( A) Cu2+ in H20 1.6 rednetion 550 °C 

Cu(B) Cu2+ in diluted 2.9 oxidation 550 °C 
ammonia rednetion 350 °C 

reduction 550 °C 

CO/Cu 

0.72 

0.03 

0.55 

0.25 
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trea.tments at different temperatures. In TPR experiments 1 a.nd 2, the catalyst is only 

pa.rtia.lly reduced up to 350 °C, whereas the sample is fully reduced up to 550 °C in TPR 

experiments 3 a.nd 4. After ea.ch TPR, the cata.lyst is oxidized up to 550 °C (TPO la-3a). 

After rednetion at 350 °C, copper is relatively well dispersed, as is indicated by the 

CO/Cu ratio of 0.55. The rednetion at low temperature ca.n be repeated without 

significant changes to the cata.lyst structure: in TPR 2 and 3 the low temperature signal is 

simHar to the signa.! in TPR 1. High temperature reduction, however, clea.rly affects the 

structure of Cu(B). In TPR 4, measured after full reduction of the sample, a new 

rednetion peak is present at 130 °C. We assign this peak to the rednetion of sintered 

oopper oxide particles outside the zeolite, or inside a distorted zeolite matrix. 

The unpromoted zeolite supported catalysts have a lower ethylene hydragenation 

a.ctivity tha.n the Cu/Si02 catalysts that were described in the previous section. As 

compared to Cu/Si02, a 70 °C higher reaction temperature is required for Cu(A) in order 

to reach 30% conversion. The trend in ethylene ronversion of the Cu/zeolite-L catalysts 

(Fig. 5.4) follows the sameorder as the CO/Cu ratios that are shown in Table 5.1. In spite 

of its low Cu loading, the Cu( A) catalyst after reduction at 500 °C has the highest 

activity. Cu(B) after reduction at 350 °C is slightly less a.ctive tha.n Cu( A), but after 

I 
i~, ~~~~~~~~~~~ 
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Fipre 5.3. (a) Temperature programmed redoeiion of zeolite supported catalysts Cu(A) and 
Cu(B). (b) Sequentia! temperature programmed rednetion and oxidation of Cu(B). TPR l and 
2: partial rednetion of the catalyst up to 350 °C; TPR 3 and 4: full rednetion up to 550 °C. Each 
TPR is foliowed by TPO up to 550 °C (TPO la- 3a). Heating rate 5 °C/min. 
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Figure 5.4. Ethylene hydrogenatîon activity of Cu( A), red u eed at 550 °C, and Cu(B), reduced at 
350 aud 550 °C. The dotted line shows the decreased activity of Cu( A) after addition of La. 
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rednetion at 550 °C the activity is significantly lower. It therefore appears that the 

ethylene conversion is mainly related to the metal dispersion. 

In promoted catalysts an entirely different effect is observed. No effect, or even a 

decrease of activity, is observed for the Cu(A) catalyst to which cations were added either 

befare or after exchange with Cu. The results of this catalyst will therefore not he 

discussed in detail. An example of the negative effect on Cu(A) is shown in Figure 5.4. 

The dotted line in this figure represents the decreased activity of a La/Cu(A) catalyst, 

prepared by impregnation of a calcined Cu(A) sample with a La(N03)3 salution in a 1:1 

La/Cu ratio. Contrary to Cu( A), the activity of Cu(B) is enhanced by cation addition, as 

is shown in Figure 5.5. For reaction in absence of CO, the activity of this cataJyst strongly 

increases in the order Cu< Cu+ Mg < Cu+ La< Cu+ Ce. It is obvious from Figure 5.5 

ot--~~,~~~~~~~~~~ I 
0 100 

temperature re] 
200 

Figure 5.5. Ethylene hydrogenation activity of promoted Cu(B) cata.lysts, reduced at 350 °C. 
Comparison of reaction ofC2H4/H2 and C2H4/H2/Cû mixtures. 
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that CO adsorbs strongly on all catalysts. As aresult of the poisoning by CO, the activity 

of the Mg- and La-containing samples for the hydragenation of ethylene in presence of CO 
are almost equal to the unpromoted catalyst. An enhanced activity is now only observed 
for the Ce-containing catalyst. 

The unpromoted Cu(B) catalyst is relatively inactive for CO hydrogenation, and also 
bas no favorable selectivity (Fig. 5.1}. lt produces a small amonnt of methanol, C1-C3 

hydrocarbons, and traces of iso-alkanes. These hydrocarbons are most likely forrned in 

consecutive reactions of methanol over the support. Addition of Mg or La results in the 
formation of increasing amounts of methanol and hydracarbon prodncts, and also small 

arnounts of dimethyl ether. The arnount of methanol also increases after addition of Ce, 
but in this case dimethyl ether is the main reaction product. The overall activity for CO 

hydragenation follows the same trend as the hydragenation of ethylene from the C2H4/Ih 
mixture, and increases by a factor of 4 in the order Cu < Cu + Mg < Cu + La < 
Cu+ Ce. We note that an increase of the promoterjoopper ratio up to 4 had no effect on 
the activity of these catalysts. 

In order to obtain more information about the observed promoter effect, 

characterization experiments with TPR and EXAFS were performed. The TPR results 

suggest that a difference exists between the copper-promoter interaction in zeolite 
supported catalysts and Cu/Si02. Copper in the promoted Cu(B) catalysts is reduced at a 
much lower temperature than the copper in the unpromoted sample. In the TPR profile of 
the La-promoted Cn(B) catalyst, measnred after removal of nitrate by TPR and TPO at 

350 °C, five signals in three different regions are observed (Fig. 5.6a). Rednetion occurs in 
a. low tempera.ture peak with maxima at 110 and 140 °C, a second peak with maxima at 

190 and 215 °C, and a broad high temperature region which continnes up to 500 °C. 

a b 

l eu/zeollte-L g eu/SI02 a 
E Cu E Cu :I :I • • i i 

Cu+ La Cu+La 

Cu+Ce Cu+Ce 

0 tempareture re] 600 0 temperature re] 
Fipre 5.6. Temperature programmed rednetion of supported Cu, Cu + La, and Cu + Ce 
catalysts (Cu/promoter= 1). (a} Cu(B). (b) Cu/SifJ2. All samples were reduced and oxidized at 
350 0C prior to the shown TPR. 
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Figure 5.7. (a) kl weighted Fourier transforms of the Cu K-.,dge EXAFS spectra of Cu(B), 
La-promoted Cu(B), and Cu foil. (b) near edge region. (c) unpromoted catalyst: kl weighted 
Fourier transfarm of data and fit, k 4.1-12.1 A·t. (d) La-promoted catalyst: kl weighted 
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The Ce-promoted catalyst is reduced mainly in a low temperature peak at 125 °C, with 

shoulders at 90 and 170 °C. Rednetion of this sample also continues up to 500 °C. In case 

of Cu/Si02, La and Ce have a only a small influence on the reduction of copper. The 

unpromoted silica supported catalyst is reduced in a sharp peak near 185 °C (Fig. 5.6b). 

The hydrogen consumption peak in the TPR profiles of the promoted catalysts is broader 

and has shifted to lower temperature by approximately 20 °C. In actdition to this main 

signa! a shoulder at 110 °C is observed in the TPR of the La-promoted catalyst. 

EXAFS was used as a characterization technique primarily to study the interaction 

between copper and the promoter ion. Based on the TPR profile, which shows multiple 

rednetion peaks, the La promoted catalyst was chosen for this experiment. Figure 5.7a 

shows the k' weighted Fourier transforms of the Cu K -edge EXAFS spectra of Cu(B) and 

La/Cu(B), reduced at 350 °C, and Cu foil. In the spectra of bath the unpromoted and the 

promoted catalyst large contributions of at least four metal-metal shells, at the same 

distances as in Cu foil, are observed. A more detailed analysis of the data shows that in 



86 chapter 5 

Table 5.2. EXAFS data analysis. 

N f:l.q2 R Eo N f:l.a'l R Eo 
[Á2] [Á] [eV] [Á2] [ÄJ [eVJ 

Cu-Cu Cu-0 

Cu(B) 8.7 0.000 2.550 0.9 1.2 0.001 1.922 2.0 

La/Cu(B) 10.6 0.000 2.549 0.5 0.6 0.001 1.933 2.0 

Aceuracy: N, f:l.a2, Eo: ±15%; R: ±1% 

addition tothese Cu-Cu shells a Cu-0 contribution at 1.93 Á is present, which is due to 

unreduced copper oxide. A Cu-La interaction, however, is not observed. The results of the 

analysis of the first shell Cu-Cu contri bution and the Cu-0 interaction is shown in Table 

5.2 and Figure 5.7cjd. 

The EXAFS results indicate that the metal particles in the reduced catalysts are 

relatively large. The first shell Cu-Cu coordination number is 8. 7 in the unpromoted 

sample, and 10.6 in the promoted sample (Table 5.2). The amount of copper oxide appears 

to he lower in the promoted catalyst, as the coordination number of the Cu-0 shell 

decreases from 1.2 in the unpromoted catalyst to 0.6 in La-promoted Cu(B). The higher 

degree of rednetion of La/Cu(B) also follows from changes in the edge region of the 

EXAFS spectra (Fig. 5.7b). Assuming that the Cu-0 coordination number in a fully 

oxidized sample is 6, the coordination numbers of 1.2 and 0.6 indicate that 20% of the 

copper in Cu(B), and 10% of La/Cu(B) is oxidic. 

DISCUSSION 

Structure of the zeolite S'upported catalysts 

Copper is present in the prepared zeolite supported catalysts in at least three sites, as 

is deduced from the differences in reduction temperature (Fig. 5.3), CO adsorption 

capacity (Table 5.1), and reactivity (Fig. 5.4). In the Cu(A) catalyst, prepared by 

exchange of zeolite-L with Cu2+ in aqueous solution, copper is very well anchored to the 

support, a.nd is reduced only at high temperature. The metal is highly dispersed after 

reduction, as is shown by the high CO adsorption capacity (CO/Cu 0.72). We estimate 

from this CO/M value that the metal partiele size is approximately 1 nm. Bascd on the 

high rednetion temperature and high dispersion we propose that the Cu(A) catalyst 

contains copper at exchanged sites. 

The Cu(B) catalyst, prepared by exchange of the zeolite with copper amine, contains 

less, if a.ny, copper at exchanged sites and is reduced mainly below 300 °C. The preparat.ion 

procedure that was used for this catalyst favors more a type of 'ion exchange' that can a.lso 

occur on silica, and is in fact a reaction between copper amine and silanol groups. The 
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rednetion temperature of 240 °C is close to values that are observed for Cu/Si02 (Fig. 5.6b 

and references [28,29]). CO adsorption shows that the capper particles in Cu(B) after 

reduction at 350 °C are larger than the particles in Cu( A) after reduction at 550 °C. The 

observed CO/ Cu ratio indicates that the me tal dispersion is approximately 55%. Th is is in 

agreement with the EXAFS results, which show a first shell Cu-Cu coordination number of 

8. 7 (Table 5.2). However, the observed coordination number may need to be corrected for 

the amount of oxide that is present in the catalyst, depending on whether the Cu-Cu and 

Cu-0 contributions are due to one phase or to two separate phases. As EXAFS averages 

over all copper atoms, the presence of separate reduced and oxidic phases will result in a 

too low Cu-Cu coordiuation number. Corrected for the presence of 20% copper oxide in a 

separate phase, the Cu-Cu coordination number becomes 10.9. Assuming spherical 

particles, the partiele size that is calculated from the first shell Cu-Cu coordination number 

is between 18 A (N = 8.5; 60% dispersion) and 40 A (N 10.9; >:>25% dispersion). This 

shows that copper is present mainly outside the zeolite. 

Part of the metal in the Cu(B) catalyst is reduced at higher temperature than the 

exchanged copper in Cu(A). This can be explained by the presence of a bulk oxide phase, 

presumably a capper silicate. The formation of a silicate phase with a rednetion 

temperature between 450 and 700 °C has been observed on silica supported catalysts that 

were calcined at high temperature [28]. It is possible that the presence of the oxidic copper 

phase stahilizes the reduced meta.L Once all copper oxide is reduced after rednetion at 

550 °C, the copper becomes mobile and farms larger particles, as is shown by the formation 

of a new rednetion peak at 130 °C and the decrease of the CO adsorption capacity. 

Wîth TPR a remarkable difference is observed between promoted Cn/Si02 and 

Cu/zeolite-L catalysts (Fig. 5.6). Rednetion of copper oxide in the La- and Ce-containing 

Cn/Si02 catalysts occurs at a 20 °C lower temperature than reduction of the unpromoted 

sample. This is similar to results of a La promoted Pd/Si02 catalyst that were reported by 

llieck and Bell [30]. They observed a rednetion temperature of 50 °C for La/PdjSi02, as 

cornpared to 70 °C for the unpromoted sample, which was attributed to an interaction 

between Pd and partially reduced LaOx moieties. In case of CujSi02, we have no evidence 

for the presence of partially reduced LaOx or CeOx species. We tentatively attribute the 

shift of the reduction temperature to the formation of a defect copper oxide strncture, dne 

to an interaction with lanthanum or cerium oxide. 

The variations in the rednetion temperatures of the zeolite-supported catalysts are 

much larger than the differences between the Cu/Si02 catalysts. Part of the copper in 

La/Cu(B) and almost all of the copper in Ce/Cu(B) is rednced around 125 °C, as compared 

to 240 °C for the unpromoted catalyst. This indicates that the promoters have a very 

prononnced effect on the structure of the copper particles in Cufzeolite-L. Zhang et al. [31] 

reported a downward shift by 70 °C of the TPR peak for Pd/zeolite-Y in presence of Mg2+ 

or Ca2+, which is more alike the differences that we observe for the La- and Ce-promoted 



88 chapter 5 

Cu/zeolite-L catalysts. For Pd/Y it was proposed that Mg and Ca occupy the hexagonal 

prisms a.nd sodalite cages of zeolite Y, a.nd prevent migration of Pd into these positions. 

Such a.n effect ca.n be excluded for Cu/zeolite-L. As is discussed above, most of the copper 

in the Cu(B) catalyst is notpresent inside the zeolite, but in 20-40 A particles outside the 

zeolite, which are stabilized by an interaction with the support. It appears that La a.nd Ce 

mainly influence this interaction between copper oxide and the support. Due to a weaker 

interaction with the support, the pramoted catalysts have a higher degree of reduction, 

a.nd, simHar to the unpromoted catalyst after rednetion at 550 °C, a larger roetal particJe 

size. EXAFS shows an increase of the Cu -Cu coordination number from 8. 7 in the 

unpromoted catalyst with 20% unreduced copper, to 10.6 in La/Cu(B) (10% unreduced 

copper). Due to the high Cu-Cu coordination number a.n interaetion between Cu and La is 

not observed. However, the presence of multiple peaks in the TPR profiles strongly 

indicates that such a.n interaction exists, and that the roetal particles are stabilized by the 

promoter oxides. 

Catalgtic activity of Cu/Si02 and Cu/zeolite- L 

Literature data regarding CO hydragenation over Cu/Si02 catalysts show large 

variations in activity and selectivity. Brown Bourzutschky et al. [32] report a.n activity of 

1.5·10-S moles/g.sec a.nd a.n oxygenate selectivity < 20% for a 9.3% Cu/Si02 catalyst, 

measured in H2/CO 2 at 10.6 bar and 300 °C. Burch et al. [8,9] measured activities 

between 0.15 and 2·10-8 moles/g.sec at a methanol selectivity > 95% for a series of 

Cu/Si02 catalysts (H2/C0=2, 40 bar, 250 °C). Robbins et al. [17] report high activities 

(1-3·10-7 moles/g.sec) a.nd also high methanol selectivities (> 95%) for their Cu/Si02 

catalysts, measured in 42 bar H2/C0=2 at 250 °C. They show that, contrary to C02/CO 

hydrogenation, the activity for CO hydragenation is not proportional to the Cu surface 
area. Nonneman and Ponec [16] measured the activity of copper on chemically pure silica 

supports a.nd alkali containing supports for CO hydragenation in H2/C0=2 at 1 bar and 

220 °C. They attribute the activity of Cu/Si02 catalysts to alkali contaminants that are 

present on the support. The activity of our unpromoted Cu/Si02 catalyst (Figure 5.1: 0.5% 

conversion = 2.5·10-7 moles/g.sec) and the methanol selectivity (93%) are similar to the 

data of Robbinset al, though measured at a 20 °C higher temperature. The relatively high 

activity of this catalyst may due to contaminants, as the silica that was used for this sample 

contains 200 ppm Na, RjlO ppm K, and 400 ppm Fe. 

Addition of La and Ce causes a strong increase of the CO hydragenation activity of 

Cu/Si02• Brown Bourzutschky et al. [32) report a 5-fold increase of activity and an 

enha.ncement of the oxygenate selectivity from 20 to 50% by addition of La to Cu/Si02. 

These results were attributed to the stabilization of Cu+ by la.nthana. For our cata.lysts we 

observe a.n increase of the activity from 2.5·10-7 moles/g·sec to 9·10-7 after addition of La, 

a.nd to 15·10-7 for Ce/Cu/Si02. The methanol selectivity of the promoted samples is 
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Ta.ble 5.3. Ethylene hydrogenation activity of the silica supported catalysts 

catalyst ko( C2H4/H2) ko(C2H4/H2/CO) relative decrease due 

·103 [s·t] ·103 [s·tj to presence of CO 

Cu 62 10 6 
Cu+La 45 2.3 20 
Cu+Ce 29 0.6 48 

R.eactîon constants calculated from Figure 5.2. First order reaction in ethylene; activation 
energy 56 kJ /male. 
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higher than 95%. Ethylene hydrogenation indicates that part of the copper in the 

promoted catalysts is covered by La- and Ce-oxide. Figure 5.2 shows that the activity of 

the promoted samples for the hydragenation of ethylene from C2H4/H2 mixtures is slightly 

lower than that of unpromoted Cu/Si02. Assuming reaction orders of one and zero for 

ethylene and hydrogen, respectively, rate constants have been calculated from the interval 

between 20 and 60% conversion in Figure 5.2. The results are shown in Table 5.3. The rate 

constant deercases approximately by a factor of two, in the order Cu > Cu+La > Cu+Ce. 

As is also shown in Figure 5.2 and Table 5.3, the decrease of the activity for reaction in 

presence of CO is much stronger. The ratio of the rate constauts in absence and presence 

of CO, which provides information about the relative strength of CO adsorption, increases 

strongly in the order Cu < Cu+ La< Cu+Ce. This suggests that the role of the promoters 

in CO hydrogenation over CujSi02 is to increase the ability of the catalyst to adsorb and 

activate CO. 

For the zeolite supported Cu(B) catalysts, addition of oxides also causes a stronger 

adsorption of CO (Fig. 5.5), and an increase of the CO hydrogenation activity (Fig. 5.1 ). 

All Cu(B) samples have a lower methanol selectivity than Cu/Si02, most likely as aresult 

of the reaction of methanol on the support. Due to these consecutive reactions, it is not 

possible to determine the effect of promoters on the product selectivity for the CO 

hydrogenation reaction. The activity increases in the order Cu < Cu + Mg < Cu + La < 

Cu + Ce. The La- and Ce-promoted Cu(B) catalysts are less active than promoted 

Cu/Si02, because unpromoted Cu(B) has a relatively low activity. The overall CO 

conversion of Cu(B) is enhanced by approximately the same factor as for Cu/Si02• 

Therefore, we conclude that the promoter effect for CO hydrogenation over the zeolite 

supported catalysts is essentially the same as that for Cu/Si02. 

A significant difference between Cu/Si02 and Cu/zeolite-L is the effect of oxide 

promoters on the ethylene hydrogenation activity. The activity of Cu(B) is strongly 

enhanced by actdition of promoters (Fig. 5.5), whereas the activity of Cu/Si02 is decreased 

(Fig. 5.2). We think that this effect is only indirectly due to the covering of metal particles 

by oxides. As is discussed in the previous section, the presence of cations influences the 

structure of Cu(B). In the unpromoted catalyst after reduction at 3.50 °C, unreduced copper 
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is present, which possibly serves as an anchor for reduced copper. Reduction of a larger part 

of the copper, but in particular reduction of the surface of the metal particles, may have a 

positive effect on the hydragenation activity. A higher degree of reduction can he achieved 

by treatment in hydragen at 550 °C (Fig. 5.3b ), or by addition of promoters and reduction at 

350 °C (Fig. 5.6a). However, due to sintering of the metal particles, unpromoted Cu(B) is 

less active after high temperature reduction. In promoted catalysts, copper loses its 

interaction with the support, but most likely a severe sintering does not occur because 

copper interacts with the promoter oxides. We therefore propose that the higher ethylene 

hydragenation activity of promoted Cu(B) catalysts is caused by a higher degree of 

reduction, in combination with a stabilization of the metal by the promoter oxide. 

CONCLUSIONS 

Catalysts with capper at different sites in zeolite-L have been prepared. Ion exchange 

results in Cu2+ inside the zeolite, which is reduced near 450 °C. After reduction the 

catalyst contains highly dispersed metal particles. Exchange of Cu2+ in diluted ammonia 

mainly causes deposition of capper outside the zeolite, which is reduced at 240 and 550 °C. 

After partial reduction up to 350 °C, 20-40 À metal particles are present, but reduction at 

higher temperature causes severe sintering of the metal. Addition of La or Ce to this 

catalyst causes a downward shift of the reduction temperature by approximately 120 °C, 

which is explained by a decreased interaction with the support. 

The presence of La or Ce causes similar effects on the CO hydragenation activity of 

Cu/zeolite-L and Cu/Si02. Due to the presence of islands of promoter oxide on the copper 

particles, the CO hydragenation activity increases. This enhanced activity can he related 

to a stronger adsorption of CO on the capper surface. 

Addition of lanthanum or cerium oxide has a negative effect on the ethylene 

hydragenation activity of CujSi02 and the Cufzeolite-1 catalyst, containing copper inside 

the pores of the zeolite. This can he attributed to the partial blocking of the metal surface 

by oxides. A positive effect is observed for the zeolite supported catalyst, containing 

relatively large copper particles. The ethylene hydragenation activity of this catalyst 

increases in the order Cu < Cu + Mg < Cu + La < Cu + Ce. This is due to a higher 

degree of reduction of capper in the promoted catalysts, in combination with stabilization 

of the metal by promoter oxides. 

APPENDIX 

The CO and ethylene/CO hydragenation reactions that are described in this chapter, 

were performed in purified syngas. Promoted copper catalysts, in particular catalysts that 

were prepared by impregnation of silica with Cu(N03)2 in diluted ammonia, were found to 
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he extremely sensitive to iron carbonyl species which may he present in unpurified carbon 

monoxide. In Figure 5.8 we show the activity and selectivity of a La.-promoted Cu/Si02 

ca.talyst as function of time, for the reaction of H2 and unpurified CO. We have observed 

with SIMS that during reaction in unpurified synga.s, iron is deposited on the catalyst 

surface. This causes a strong increase of the activity, and a shift of the selectivity from 

methanol and small hydrocarbons to higher hydroca.rbons. At low H2/CO ratio, products 

up to C18 have been observed. This does not occur when the iron carbonyls are removed 

from CO, e.g. over a silica column at temperatures above 250 °C before mixing with 

hydrogen, or inside the reactor in a Si02 bed above the catalyst. 
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6. 
CONCLUDING REMARKS AND SUMMARY 

This thesis describes the structure and hydrogenation activity of promoted iridium a.nd 

copper catalysts. For the former group of catalysts, the main subject is the time

dependent behavior of iron-rich FelrjSi02 catalysts during synthesis gas reaction. Based 

on a study by EXAFS, Mössbauer spectroscopy, and TPR, a comparison is made of the 

structure of a fresh 1:1 FeirjSi02 catalyst, which produces mainly methane, and a.n 

activated catalyst after 48 hours of syngas reaction, which is active and selective for 

methanol formation. Infrared spectroscopy of adsorbed CO is used to study the structural 

changes that occur at the surface of the bimetallic phase in Felr/Si02• Temperature 

programmed desorption of CO, as measured by infrared spectroscopy, and ethylene 

hydrogenation in the presence of CO, are used to relate the structural changes to changes 

in catalytic properties, and to study effects of oxidation and carbon deposition on the 

properties of an unpromoted Ir/Si02 catalyst. Por the secoud group of catalysts, the effect 

of multivalent cations on the CO and ethylene hydrogenation activity of Cu/Si02 a.nd 

Cufzeolite-L catalysts is discussed. Information about the catalyst structure is derived 

from temperature programmed reduction and EXAFS. 

In Chapter 2 the structure of the fresh and activated 1:1 Felr/Si02 catalyst is studied 

by Ir L3- and Fe K -edge EXAFS spectroscopy, 57fe Mössbauer spectroscopy, and 

temperature programmed reduction. These measurements have been performed after 

rednetion or high pressure syngas reaction, foliowed by exposure to air at room 

temperature in order to transport the samples. It is shown that this procedure has no 

significant effect on the methanol formation activity of the samples. EXAFS spectra are 

reported of both the fresh and activated sample after oxida.tion, rereduction in H2 at 

400 °C, and adsorption of CO at room temperature. Mössbauer spectroscopy is used to 

study the structure of the activated catalyst after oxidation and rereduction, and during 

reaction in 8 bar H2/CO at 270 °C. 

The presence of Ir-Ir, Ir-Fe/Fe-Ir, and Fe-0 contributions in the EXAFS spectra of 

the reduced fresh catalyst confirms that the sample contains a. bimetallic phase and iron 

oxide, as was also concluded from previous Mössbauer studies. The average partiele size of 

the reduced bimetallic phase is approximately 3 nm. EXAFS and TPR show that the 

bimetallic particles are partially oxidized by exposure to air at room temperature. As 
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meidation has a larger effect on iron than on iridium, it is proposed that the bimetallic 

phase is inhomogeneous, having a core enriched in iridium and a surface which is enriched 

in iron. CO adsorption at room temperature causes a decrease of the Ir-lr and Ir-Fe 

contributions as compared to the reduced catalyst, indicating that the bimetallic phase is 

notstabie in the presence of CO. 

During synthesis gas reaction, a monometallic iron phase is formed by rednetion of 

part of the iron oxide. Mössbauer spectroscopy and EXAFS show that in the reduced 

activated catalyst, the iron is present as a-Fe. Under reaction conditions a-Fe is 

converted into e'-Fe2•2C, as is observed in Mössbauer spectra measured in-situ during 

syngas reaction. The remaining iron oxide phase, which after rednetion contains only Fe3+, 

is partially reduced during reaction, and consistsof both Fe3+ and Fe2+. EXAFS and TPR 

indicate that the Felr phase in the activated catalyst is covered by carbon. Changes in the 

structure of the bimetallic phase, as observed with EXAFS, are relatively small. 

Of partienlar interest in this study are the changes in surface structure that occur 

during reaction, such as changes in the metal-oxide interface and the composition of the 

surface of the bimetallic phase. Although EXAFS in principle may provide this type of 

information for supported metal catalysts, several effects limit the applicability in case of 

Felr/Si02. Due to the presence of multiple iron phases, and a relatively short data range 

of sufficient quality, a full analysis of the Fe EXAFS is not possible for all samples. 

Analysis of the Ir EXAFS data, which contain Ir-Ir and Ir-Fe contributions of the 

bimetallic phase and lr-0 contributions due to metal-oxide interactions, is not hindered 

by these effects. A general problem in the analysis of the Ir EXAFS data of Felr samples, 

however, is the strong correlation between the parameters that are deterrnined for the 

Ir-lr, Ir-Fe, and lr-0 contributions. Small variations in the parameters of the Ir-lr or 

Ir-Fe contributions, which are present near 2.7 A, are easily compensated by changes in 

the parameters of the Ir-Osupport contribution, which may be present in the region 

between 2.2 and 2.7 A. This effect is more strongly observed in Felr/Si02 than in 

monometallic catalysts, due to the large differences in backscattering amplitude of the 

elements in the bimetallic system: oxygen has a maximum backscattering amplitude at 

k = 3-4 A-•, iron at k = 6-7 A-•, and iridium at multiple k-values including the high-k 

part of the EXAFS spectrum. An additional problem in the specific catalyst that is 

studied, is that due to the relatively large partiele size, only part of the metal is present at 

the surface of the bimetallic phase, and that the surface is enriched in iron. Information 

about the surface of the bimetallic phase is therefore not directly obtained from the Ir 

EXAFS spectra of the reduced catalysts. Indirectly, the comparison of the spectra after 

reduction, oxidation, and CO adsorption provides relevant information, as is discussed 

above. However, additional information from infrared spectroscopy of adsorbed CO, which 

is more sensitive towards changes at the surface of the bimetallic phase is required to give 

a full description of the catalyst structure. 
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In Chapters 3 and 4 infrared spectroscopy of adsorbed CO is used to study Ir/Si02 and 

1:1 Felr/SiOz, respectively. The results discussed in Chapter 4 provide evidence for 

CO-induced changes in the surface structure of Felr/Si02. In the freshly reduced catalyst 

only a small fraction of the iridium is accessible to CO, as follows from a low intensity of 

the infra.red signa!. During adsorption of lh/CO at 50 °C the signa! intensity increases 

over a 25 hours period, initially by an increase of the number of sites on which CO is 

linearly adsorbed, and later also by formation of a site on which CO is adsorbed in twofold 

position. The latter most likely consists of both iridium and iron. Based on the EXAFS 

results discussed in Chapter 2, it can be excluded that the increase of the number of 

adsorption sites is due to an increase of the metal dispersion. The effect is explained by 

rednetion of iron oxide which initially covers the bimetallic phase. During reaction in 

30 bar H2/CO at 275 °C the Feir alloy is covered by carbon, causing a decrease of the 

number of linear adsorption sites. 

As an intermediate step, the adsorption properties and catalytic activity of differently 

pretreated unpromoted Ir/SiOz catalysts are discussed in Chapter 3. It is shown that the 

properties of the catalyst may be influenced by oxidation/reduction treatments and by 

carbon deposition. Reduction of an impregnated IrCIJ.nH20/Si02 sample in H2 at 450 °C 

results in the formation of sites on which CO is strongly adsorbed (Tdes = 425 °C). High 

temperature evacuation of the sample, or adsorption of oxygen at room temperature, 

causes partial oxidation of the iridium surface. The iridium oxide is reduced by CO at 

room temperature. As compared to the reduced cataJyst, CO is more weakly adsorbed 

(Tdes 150 °C), and the infrared absorption signa! has shifted to higher frequency 

(2067-2073 cm-1 vs. 2058 cm-1 in the reduced sample). After rednetion of the oxidized 

sample in H2 at 150 °C, CO is adsorbed even we aker (T des llO °C). This effect is 

explained by a change in metal partiele morphology, possibly due toa stronger interaction 

between iridium and the support. 

The CO hydrogenation activity of the oxidized and rereduced Ir/Si02 sample is 

increased over a factor of two, as compared to the reduced impregnated catalyst. This 

effect can be fully attributed to the weaker Ir-CO bond strength of the former, causing a 

higher hydragenation activity. This is clearly demonstrated by ethylene hydrogenation 

in the presence of CO, which is determined by the competitive adsorption of CzH4, CO, 

and lh The hydragenation activity of the catalyst which weakly adsorbs CO, is 

significantly higher than that of the catalyst which strongly adsorbs CO. Intermediate 

results are obtained with an oxidized catalyst after high temperature rereduction, which 

has an intermediate Ir-CO bond strength. The hydragenation activity of all catalysts is 

higher after synthesis gas reaction, presumably due to the deposition of carbon. The 

present results indicate that CO hydragenation over Ir /Si02 is limited by the adsorption 

of hydrogen, rather than by the activation of carbon monoxide or the formation of 

reaction intermediates. 
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The oomparisou of CO hydrogenation and ethylene hydrogenation in the presence of 

CO provides interesting information about the iron promoted catalysts. For both reactions 

the activity increases in the order Ir < 1:5 Felr < 1:1 Felr, indicating the the promoter 
effect should be explained by a decrease of the metal-CO bond strength. The infrared 

results presented in Chapter 4 indicate that iron has no direct influence on the adsorption 

of CO on iridium sites. However, a very weak metal-CO bond strength (Tdes s 50 °C) is 
observed for the CO that is adsorbed in twofold pooition on the bimetallic sites. It is 

proposed that the presence of these bimetailic sites causes the high hydrogenation activity 

of Felr/Si02• The high methanol formation activity of the iron-promoted catalysts may be 

explained by a bifunctional mechanism: the bimetallic site adsorbs H2, which reacts with 
CO that is activated on monometallic iridium sites. 

In Chapter 5 we report a characterization and reactivity study of supported copper 

catalysts. The aim of this study is to enhance the hydrogenation activity of smal! copper 
particles in zeolite-L by an interaction with multivalent cations, and thus, similar to the 

effects that occur in Ir/Si02 and Felr/Si02 catalysts, to enhance the CO hydragenation 
activity. The hydrogenation capacity of the unpromoted and promoted Cu/zeolite-L 

samples is measured by ethylene hydrogenation in presence and absence of CO. 

Characterization is done by TPR and EXAFS. The structure and catalytic activity of 

Cu/zeolite-L are compared to results obtained for Cu/Si02 catalysts. 
Characterization by TPR shows that, depending on preparation procedure and 

reduction temperature, copper is present inside the unpromoted zeolite supported catalyst 
in highly dispersed clusters, or outside the zeolite in particles of approximately 50% 

dispersion. The latter sinter easily during high temperature reduction. In the unpromoted 

catalysts, the highest hydrogenation activity is observed for the catalyst with the highest 

dispersion. Addition of cations has no positive effect on the hydragenation activity of the 
smaller copper particles inside zeolite-L. This may be caused by a partlal covering of the 

metal particles by promoter oxides, or by Ioss of dispersion. In case of the larger copper 

particles outside the zeolite, addition of a promoter oxide causes a strong increase of the 

ethylene hydrogenation activity in the order Cu < Cu + Mg < Cu + La< Cu + Ce. This 
effect is opposite to what is observed for silica supported catalysts, where the ethylene 
hydrogenation activity is suppressed by blocking of the metal surface. 

For both Cu/Si02 and Cufzeolite-L the CO hydrogenation activity increases in the 

order Cu < Cu + Mg < Cu + La< Cu + Ce. No correlation is found between the activity 
for CO hydrogenation and the activity for ethylene hydragenation in tbe presence or 

absence of CO. It is proposed that two promoter effects occur simultaneously: (i) a 

structural effect (a higher degree of rednetion in the promoted zeolite supported catalysts, 

in combination by a stabilization of the metal by promoter oxides) results in a higher 

ethylene hydrogenation activity, and (ii) stabilization of reaction intermediates on the 

copper/promoter oxide interface results in a higher CO hydrogenation activity. 
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Met behulp van metaalkatalysatoren kan synthesegas, een mengsel van koolmonoxide en 

waterstof dat bereid wordt uit steenkool of aardgas, omgezet worden in koolwaterstoffen 

en zuurstofhoudende produkten. In dit proefschrift wordt van twee typen metaal

katalysatoren, namelijk gepromoteerde iridium en koper katalysatoren, de structuur en de 

hydrogeneringsactiviteit beschreven. De nadruk bij het in dit proefschrift beschreven 

onderwek lag op de veranderingen in de activiteit en selectiviteit van ijzer-gepromoteerde 

Ir/Si02 katalysatoren tijdens de synthesegas reactie. Met behulp van EXAFS, Mössbauer 

spectroscopie en TPR is de structuur bestudeerd van een verse 1:1 Felr/Si02 katalysator, 

die vooral (ongewenst) methaan produceert, en een geactiveerde katalysator na 48 uur CO 

hydrogenering, die actief en selectief is voor de vorming van methanol. Infrarood 

spectroscopie van geadsorbeerd CO is gebruikt om meer specifiek te kijken naar de 

structuur van het oppervlak van de bimetallische fase in Felr/Si02• Met temperatuur 

geprogrammeerde desarptie van CO, eveneens gemeten met infrarood spectroscopie, en 

etheen hydrogenering in aanwezigheid van CO zijn veranderingen in de structuur 

gerelateerd aan de veranderingen in katalytische activiteit. Verder zijn CO TPD en 

etheen hydrogenering gebruikt voor de bestudering van de invloed van oxidatie en 

koolafzetting op de eigenschappen van een ongepromoteerde Ir/Si02 katalysator. Het 

tweede onderwerp betreft de invloed van kationen op de hydrogenering van CO en etheen 

met behulp van Cu/Si02 en Cu/zeoliet-1 katalysatoren. Informatie over de structuur van 

deze katalysatoren is verkregen met TPR en EXAFS. 

In hoofdstuk 2 wordt de structuur van Feir/Si02 bestudeerd met Ir en Fe EXAFS 

spectroscopie, 57Fe Mössbauer spectroscopie en temperatuur geprogrammeerde reductie. 

Deze metingen zijn uitgevoerd na reductie of CO hydrogenering, gevolgd door blootstelling 

aan lucht (passivering). Er wordt aangetoond dat passiveren geen invloed heeft op de 

activiteit voor methanolvorming. EXAFS spectra zijn gemeten van wwel de verse als de 

geactiveerde katalysator na oxidatie, herreduktie in H2 bij 400 °C en CO adsorptie bij 

kamertemperatuur. Mössbauer spectroscopie is uitsluitend gebruikt voor metingen aan de 

geactiveerde katalysator. Naast experimenten aan de katalysator na reactie, zijn hierbij 

echter ook experimenten tijdens reactie uitgevoerd. 

Uit de aanwezigheid van Ir Ir, Ir-Fe/Fe-Ir en Fe-0 bijdragen in de EXAFS spectra 

blijkt dat de gereduceerde verse katalysator een bimetallische fase en een oxidische ijzer 
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fase bevat. Dit is in overeenstemming met de resultaten van eerdere Mössba.uer 

experimenten. De gemiddelde deeltjesgrootte van de legering is circa 3 nm. EXAFS en 

TPR tonen aan dat de bimetallische deeltjes in de gepassiveerde katalysator gedeeltelijk 

oxidisch zijn. Uit de afname van de Ir-Ir en Ir-Fe bijdragen in de EXAFS spectra blijkt 

verder dat oxidatie een grotere invloed heeft op ijzer dan op iridium, wat duidt op een 

verrijking van het oppervlak met ijzer. Adsorptie van CO op de verse katalysator 

veroorzaakt eveneens een afname van de Ir-Ir en Ir-Fe coördinatiegetallen. Dit suggereert 

dat de bimetallische fase, of het oppervlak hiervan, niet stabiel is in aanwezigheid van CO. 

Gedurende synthesegas reactie wordt een deel van het ijzeroxide omgezet in een 
monometallische ijzerfase. Mössba.uer spectroscopie en EXAFS laten zien dat het ijzer na 

passiveren en herreductie aanwezig is als a:-Fe. Uit Mössbauer spectra die gemeten zijn 

tijdens reactie blijkt dat het a:-Fe onder reactiecondities wordt omgezet in t:'-Fea.2C. Het 

deel van het ijzeroxide dat niet wordt omgezet in a:-Fe of t:'-Fe2.2C, wordt tijdens reactie 
gedeeltelijk gereduceerd tot Fe2+. Verder blijkt uit EXAFS en TPR dat de bimetallische 

fase in de actieve katalysator bedekt is met kool. 

Bij dit onderzoek zijn vooral veranderingen in oppervlaktestructuur, zowel aan het 

metaal-drager als het metaal-reactant grensvlak, van belang. Voor diverse katalysatoren 
is hierover informatie te verkrijgen met EXAFS. Bij Felr/Si02 volgt deze informatie 

echter niet direct uit EXAFS spectra van de gereduceerde katalysator, maar slechts 
indirect uit een vergelijking van spectra na reductie, oxidatie en CO adsorptie, zoals 

hierboven is aangegeven. Deze beperkte toepasbaarheid van EXAFS bij de bestudering 

van Feir/SiOa is een gevolg van de relatief grote deeltjes in de bestudeerde katalysator, en 

van de aanwezigheid van verschillende soorten bijdragen (Ir-Ir, Ir-Fe en Ir-0), die niet in 

alle gevallen voldoende gescheiden kunnen worden. Voor het verkrijgen van aanvullende 

informatie over het oppervlak van de bimetallische fase is daarom gebruik gemaakt van 

infrarood spectroscopie van geadsorbeerd CO. 
In de hoofdstukken 3 en 4 wordt infrarood spectroscopie gebruikt voor de bestudering 

van repectievelijk Ir/Si02 en 1:1 Felr/Si02• De resultaten in hoofdstuk 4 tonen aan dat er 

tijdens CO adsorptie veranderingen plaatsvinden in de oppervlaktestructuur van de 

legering. Direct na reductie van de verse katalysator is slechts een klein deel van het 
iridium toegankelijk voor CO, zoals blijkt uit een lage intensiteit van het infrarood signaal. 

Tijdens de adsorptie van synthesegas bij 50 °C neemt de intensiteit van het signaal over 

een periode van 25 uur geleidelijk toe. Initieel gebeurt dit door een toename van het 
aantal sites waarop CO lineair geadsorbeerd wordt, maar later ook door de vorming van 

een nieuw type site, die waarschijnlijk bestaat uit iridium en ijzer, waarop CO in 

tweevoudige positie is geadsorbeerd. Op basis van de EXAFS resultaten uit hoofdstuk 2 

kan worden uitgesloten dat de toename van het aantal adsorptie sites een gevolg is van 

een toename van de dispersie van het iridium. De infrarood resultaten vormen daarom een 

sterke aanwijzing voor de bedekking van het Feir oppervlak met ijzeroxide, wat in 
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aanwezigheid van CO gereduceerd wordt. In overeenstemming met EXAFS en TPR blijkt 

uit de IR experimenten dat de legering onder reactiecondities gedeeltelijk is bedekt met 

kool, waardoor het aantallineaire adsorptie sites afneemt. 

Naast de infrarood experimenten aan Feir/Si02 zijn ook metingen uitgevoerd aan een 

ongepromoteerde Ir/Si02 katalysator na verschillende voorbehandelingen. In hoofdstuk 3 

wordt aangetoond dat voorbehandelingen zoals oxidatie en koolafzetting, invloed hebben 

op de eigenschappen van Ir/Si02. Na reduktie van Ir/Si02, bereid door impregnatie met 

IrCl3.nH20, wordt CO sterk geadsorbeerd (Tdes = 425 °C). Wanneer CO geadsorbeerd 

wordt op een gedeeltelijk oxidisch oppervlak, verschuift het infrarood signaal naar hogere 

frekwentie (2067~20ï3 cm·t vs. 2058 cm·t na reductie), en vindt desorptie plaats bij lagere 

temperatuur (Tdes = 150 °C). Een verdere verlaging van de desorptietemperatuur wordt 

waargenomen na oxidatie gevolgd door reductie bij 150 °C: Tdes = 110 °C. Dit effect 

wordt verklaard door een verandering van de morfologie van de Felr deeltjes, mogelijk als 

gevolg van een sterkere interactie tussen het iridium en de drager. 

Voor katalysatoren met een lagere Ir~CO bindingssteekte wordt een hogere CO 

hydrogeneringsactiviteit waargenomen, die verklaard kan worden door een toegenomen 

bedekking van het oppervlak met waterstof. Deze verklaring wordt bevestigd door de 

resultaten van etheen hydrogenering experimenten, die zijn uitgevoerd in aanwezigheid 

van CO. De activiteit voor deze reactie wordt grotendeels bepaald door de competitieve 

adsorptie van C2H4, CO en H2. Ook hier wordt een hogere activiteit waargenomen van 

katalysatoren waarop CO zwakker gebonden wordt. Verder is de hydrogeneringsactiviteit 

van de Ir/Si02 katalysatoren hoger na synthesegas reactie, mogelijk als gevolg van de 

afzetting van kool op het oppervlak. Samenvattend kan worden gesteld dat de 

hydrogenering van CO over ongepromoteerde IrjSi02 katalysatoren vooral bepaald lijkt te 

worden door de adsorptie van H2 op het oppervlak, en dus niet door de activering van CO 

of de vorming van reactie~intermediairen. 

Ook bij de ijzergepromoteerde Ir /Si02 katalysatoren wordt interessante informatie 

verkregen uit een vergelijking van de activiteit voor CO hydrogenering en die voor etheen 

hydrogenering in aanwezigheid van CO. Voor beide reacties neemt de activiteit toe in de 

volgorde Ir < 1:5 Fe Ir < 1: l Felr, wat verklaard zou kunnen worden uit een afname van 

de iridium~CO bindingssterkte in aanwezigheid van ijzer. Dit wordt niet bevestigd door de 

infrarood resultaten in hoofdstuk 4. Een zeer zwakke adsorptie van CO wordt echter wel 

waargenomen voor de bimetallische site die tijdens reactie wordt gevormd (Tdes $ 50 °C). 

Er wordt daarom een bifunctioneel mechanisme voorgesteld: adsorptie van H2 vindt plaats 

op een bimetallische site, terwijl de adsorptie en reactie van CO plaatsvindt op een 

monometallische iridium site. 

In hoofdstuk 5 wordt de structuur en reactiviteit van gedragen koper katalysatoren 

besproken. Het doel van dit onderzoek is het verhogen van de hydrogeneringsactiviteit van 

kleine koperdeeltjes in een zeoliet in aanwezigheid van meerwaardige kationen, en zo, 
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analoog aan de effecten die zijn waargenomen bij Ir/Si02 en FeirjSi02, de CO 

hydrogeneringsactiviteit te verhogen. Voor de bepaling van de hydrogeneringscapaciteit is 
etheen hydrogenering in aan- en afwezigheid van CO uitgevoerd. Karakterisering van de 

katalysatoren gebeurt met EXAFS en TPR. De eigenschappen van de zeolietgedragen 

katalysatoren worden vergeleken met die van Cu/Si02• 

Uit de karakterisering van Cufzeoliet-L katalysatoren blijkt dat, afhankelijk van de 

bereidingsmetbode en reduktietemperatuur, koper aangebracht kan worden in stabiele 

kleine deeltjes in de poriën van de zeoliet, of in grotere deeltjes buiten de zeoliet. De 
grotere deeltjes zijn niet thermostabiel. 

De etheen hydrogenering activiteit van de ongepromoteerde Cu/zeoliet katalysatoren 

blijkt toe te nemen bij hogere dispersie. De activiteit van de kleinste koperdeeltjes kon 

echter niet verhoogd worden door toevoeging van een promoter; in een aantal gevallen is 

zelfs een afname van de activiteit waargenomen die mogelijk veroorzaakt wordt door de 
bedekking van koper met een oxidelaag. De activiteit van de grotere deeltjes buiten de 
zeoliet kan wel verhoogd worden: bij deze katalysator neemt de activiteit toe in de 
volgorde Cu< Cu+ Mg < Cu+ La< Cu+ Ce. Dit effect is tegengesteld aan wat wordt 

waargenomen voor CujSi02, waar bedekking van koper een afname van de activiteit 

veroorzaakt. 

Voor zowel Cu/Si02 als Cu/zeoliet-L neemt de activiteit voor CO hydrogenering toe 

in de volgorde Cu < Cu + Mg < Cu + La < Cu + Ce. Er wordt derhalve geen verband 
gevonden tussen de activiteit voor CO hydrogenering en de activiteit voor etheen 
hydrogenering in aanwezigheid van CO. Waarschijnlijk spelen twee effecten gelijktijdig 
een rol: (i) door een toegenomen reductiegraad en een stabilisering van gereduceerd koper 

door de promoter, is de etheen hydrogeneringsactiviteit van gepromoteerde Cufzeoliet-L 

katalysatoren hoger, en (ii) door de stabilisering van reactie-intermediairen op het 

koper-promoter grensvlak neemt de CO hydrogeneringsactiviteit toe. 
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