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ABSTRACT 

Hydrogenation of  CO over silica and alumina supported cobalt catalysts has been investigated 

by the use of different experimental techniques; temperature programmed.reduction, in situ 

infrared spe, etroscopy, gravimetry and measurements of activity and selectivity. 

• • 

Temperature Programmed Reduction CfPR) was used to characterize unealcined silica and 

alumina supported cobalt catalysts with different metal loading, 0.82% and 4.7% Co/SiO2. 

together with I% and 4.6% Cofy-AkO 3. 

In addition to reduction peaks attributed to the reduetive decomposition of cobalt nitrate (the 

metal precursor), TPR-proffl.es of all the catalysts except I% Coty-AlzO 3 featured peaks which 

have been assigned to the reduction of cobalt oxide, Co~O4. The lack of the cobalt oxide 

reduction peak for I °h Co/y-AlzO 3 has been interpreted as being a result of cobalt located in 

interstices of the alumina lattice, forming a cobalt aluminate spinel phase. 

Peaks appearing at higher reduction temperatures ]nave been ascribed m the presence of cobalt 

ions, CoZ+/Co b, exhibiting varying degree of interaction with the supporL 

The total extent of reduction of the catalysts increased with increasing cobalt loading. A 

higher degree of reduction for the silica supported catalysts compared to the alumina 

supported cobalt catalysts was found. 

CO hydrogenation on silica supported cobalt catalysts smdled by in situ infrared spectroscopy 

revealed absorption bands characteristic of linearly adsorbed CO on metallic cobalt. The 

constant frequency (2068 _. 4 cm "t) of this band at different reaction conditions (H,/CO=2, 

PToz=2..5, 6 or 11 bar, T-=473K) has been discussed in terms of  a high local coverage of  

adsorbed CO, akin to the formation of islands of carbon monoxide. 

A decrease in the linear CO band intensity accompanied by a dowscale shift in frequency with 

increasing CO hydrogenation temperature, indicated a decrease in the coverage of  adsorbed 

CO. The reduced coverage of CO at higher reaction temperatures is partly due to the 

deposition of carbon or carbonaceous species. 

Absorption bands observed in the spectral region 2000-1800 cm "1 can be associated with silica 

overtone bands (lattice vibrations) and not bridgebonded CO. 
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At the reaction conditions of 2.5-11 bar, H4CO=2 and 473-573K, the heat of adsorption of 

CO on 4.7% Co/SiO.~ has been estimated to 40 ± 30 kJ/mole. 

CO hy&ogenation over 1% Co/y-Al.,O~ did not ~revcal absorption, bands attributable to 

molecularly adsorbed CO. U'V-V'IS diffuse reflectance and TPR-measurements indicated that 

cobalt was located in the alumina lattice, occupying tetrahedral lattice sites, hence being 

inaccessible for adsorption of CO. 

Infrared spectra of 4.6% Co/y-AL.O~ during CO hydrogenation (H4CO=2, 6 bar, 473K) 

showed the presence of linearly adsorbed CO at 2062 cm "1 in addition to a pair of bands 

located at 1996 and. 1952 cm "1. The two bands have tentatively been attributed to 

bridgebonded CO, and are suggested to be associated with the mixed cobalt oxide phase..The 

intensity of the doublet decreased with time of reaction (at 473K) and upon an increase in the 

CO hydrogenation temperature. 

Absorption bands appearing in the frequency regions 3050-2700 and 1800-1200 em "1 during 

CO hydrogenation over ~ silica and alumina supported cobalt catalysts have been assigned 

to hydrocarbon structures and various compounds such as surface formates and carbonaics. 

The variation of the band intensifies with time during CO hydrogenation and subsequent 

treatment v~ith He and/or hydrogen indicated that these structures could be regarded as 

spectator species, and not reaction intermediates in the Fiseher-Tropseh synthesis. 

Adsorption on the support was suggested by the lack of any influence of  the growth of these " 

bands on the linear CO band position and intensity, in addition to the absence of any 

reasonable reactivity in hydrogen at reaction conditions. 

CO hydrogenation activity measurements were found to result in a negligible activity for 1% 

Co/¥-A1203 at reaction conditions (523I£, H4CO=2, 6 bar). 

The activity of 4.7% Co/SiC z decreased with time Qf reaction. In eon~ast, the 4.6% Co/y- 

AI20 J catalyst showed a low initial activity, but the activity increased with time during 

exposure to synthesis gas. 



-iii-" 

The distribution of the hydrocarb,~.~ products followed reasonably well the chain 

polymerization model of Anderson, Schulz and Fiery, with characteristic deviations at C t 

(positive) and at C~. (negative). 

Microbalance investigations of 4.7% Co/$iO, during CO hydrogenation revealed decreasing 

mounts  of deposited material with increasing reaction temperature (473-573K). The 

development of the weight curves with temperature has been discussed in terms of 

accumulation of hydrocarbons on the catalyst. 

For 4.6% Co/y-A1203, increasing CO hydrogenation teml~raturs was found to rssult in 

increasing amounts of deposited species. Also, a significant weight increase could bc observed 

over alumina alone when CO hydrogenation was carried out at 523K (H2/CO=2, 6 bar). 

The observed weight changes over alumina alone and the alumina supported cobalt catalyst 

are predominantly due to the formation of stable formate and carbonate species, as indicated 

from the in situ infrared investigations. 

The weight increase observed when CO hydrogenation was carded out at 723K (H~4CO=2, 

6 bar) over 4.7% ColSiO,. and 4.6% Co/7-AlzO 3 has been in~rpreted as due to the formation 

of inactive carbon, probably graphite. 
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1.1. THE FISCHER-TROPSCH PROCESS; HISTORY, PAST AND FUTURE 

'PROSPECTS 

At the early beginning of the century, Sabatier et al. /I/ reported the production of methane 

from mixture.s of hydrogen and c.axbon monoxide using nickel and cobalt catalysts. BASF/2/ 

showed that a mixturs of hydrocarbons and oxygenat~'d compounds could be formed from H2 

and CO over cobalt catalysts using high pressures. The process was further develo~d by 

Fischer and coworkcrs, and in 1923 the synthesis of mainly oxygenated products (primary 

alcohols) and liquid hydrocarbons over alkalizett iron or cobalt catalysts was mpormd/3/. 

Ni, Co and Fe were investigamd as potantial catalysts, but Ni and r-c were discarded with 

time. Ni because of its high tendency to produce methane and loss of nickel as nickel 

carbonyl, while rapid deactivation of the iron catalyst at low pressure excluded further use 

of iron as a suitable catalyst. Thus, the early Fischer-Tropsch production plants commissioned 

in 1936 used cobalt catalysts with the composition Co:ThOz:MgO:Kicsclguhr 100:5:8:200 (in 

relative mass units) in fixed bed reactors with low pressure. 

The reasons for the rapidly growing and considerable interest in the process was mainly the 

need for self-sufficiency in transportation fuels and the oil-to-coal price ratio of up to 10:1. 

Development of the iron catalysm continued, and the work of Pichler 14/r~vcaled that the 

lifetime of the iron catalysts could be improved by increasing the reaction pressure from 

aunosphcrie to about 15 bar..S~.ll, cobalt was not replaced in the plains during the Second 

World War. By 1944, some nine plants were in operation :an Germany with capacities of up 

to 700.000 tons per year. 

Initially after the war researbh activity was continued, both in Germany and in the USA, but 

with the discovery of huge oii fields in the Middle East, the production of chemicals and fuels 

from coal became economically unattractive. The greater availability of crude oil eroded the 

cost advantage of coal. Also factors like the multismp nature and the relative thermal 

inefficiency of the proce~ contributed to a decreasing "interest in the synthesis. 

Only in South Africa was uhe coal-lo-ofl price malntah~ed due to the lack of local oil fields, 

• the abundant reserves of coal and the unique political situation. In 1955, the worlds first large 

commercial F-T operated plant, SASOL I, commenced production based on a precipitated iron 
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catalyst in fLxed bed and moving bed reactors. The fixed bed reactors produce mainly waxes 

and heavy liquids olef'ms and paraffins. SASOL H, with ten times the capacity of SASOL I, 

and SASOL rrr became operational in 1980 and 1982, respectively. All SASOL Fischer- 

Tropsch catalysts are iron based. The SASOL 1T plant produces mainly gaseous olefms and 

light oils in Synthol recireulamd fluidized bed reactors operating around 335°C and 22 bar. 

The interrnption in the supplies of crude oil as a result of the. Middle East crisis during the 

1970's led to a renewed interest in the Fischer-Tropseh process. During the years to follow, 

the research effort was mainly focused on maximizing the selectivity to hydrocarbons in the 

gasoline range (Cs-Cn) or to light olefms (C2-C 4) 151. 

T h e  use of zeolites represents a possible mean of improving the production of gasoline range 

hydrocarbons. This can possibly be accomplished by using 161: 

I) 

2) 

a typical Fischer-Tropsch catalyst supported on or physically m.ixed with a zeollm 

a two step process consisting of a Fiseher-Tropsch step followed by an upgrading step 

involving an oxide or zeolitic catalyst.. 

In either case, the role of the zeolite (or oxide) is to crack or hydrocmck heavy parafi"ms to 

lighter hydrocarbons and convert cc-olefms to gasoline range branebed and aromatic 

hydrocarbons 161. 

In the second generation Fiscber-Tropsch processes now emerging, the interest has focused 

on maximizing the yield of heavy liquids and wax /7/. These products can then b~ 

hydrocmcked to middle distillates under relatively m~d conditions. This approach takes 

advantage of the nature of  ',he Fischer-Tropseh polymerization kinetics. The final products 

obtained after hydtocmcking exhibit excellent diesel properties, characterized by high cetane 

number, low sulphur content, free of aromatics and better low-temperature properties than 

todays diesel fuel. 

The Fischer-Tropsch synthesis over normal catalysts inevitably produce a broad range of 

hydrocarbons, the carbon number distribution determined by Anderson-Schulz-b'lory 

polymerization kinetic. The s~lcctivi~/can be shifted considerably to the desired product 
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spectram by the appropriate choice of catalyst and/or process conditions, but only within the 

conswaints of the mechanism. Considexabl, research EffOrtS have been and still are carried out 

in catalyst development, reactor design and process optirnalization in order to overcome the 

mcchauism and improve the s~lectivity to intermediate products, but with limited succcss. 

FurthEr knowlegde and understanding of the relationship between the catalyst su-ucmre and 

activity and s~lectivity is a highly desirable objective." 

1.2. THE SPUNG RESEARCH PROGRAMME 

The Norwegian Ministries of Oil and Energy (OED) and Industry initiated in 1987 a 6 years 

S1am-f'manced Research and Development programme for the Utilization of Natural Gas. 

SPUNG. ThE activity has concentrated on thr~ main ar~as, Chemical Conversion, Gas in 

Energy Systems, and Storage, Transportation and Distribution. 

The background and the reason for the SPUNG programme are the fact that the dominating 

share of the proven petroleum reserves on the Norwegian Continental Shelf is natural gas. 

Norway possesses some 50% of the known Wes~m European re.~rves of natural gas. These 

reserves are about twic~ as large as those of oil. It is expected that th~ gas tesourcas will last 

some 100 years with the present rate of production, while known reserves of oil will be 

exhausted in about 45 years.-Probably more than 50% of the undi~ovemd petroleum reserves 

is natural gas. Presently, I00% ot~ the natural gas produced in Norway is exported to Europe. 

It is therefore an important challenge to develop technology aimed at increasing the utilization 

of natural gas as a source for f.ex. the production of liquid energy carriers. This has also been 

one of the major goals of the SPUNG programme; to support initiatives towards developing 

alte, mative processes for optimal use of the large quantities of natural gas through cooperation 

between ~search environments and the industry, both locally and abroad. 

Chemical Conversion of natural gas into Hquid products constitutes the largest main 

programme within SPUNG. The programme aims at developing technology for production of 

fuels and petrochemicals, which may provide an alternative to process routes using other raw 

mamrials in the production of the same petrochemicals. Also, re.arch of fundamenm.l 

character in order to provide basic competonce and knowkdge of the different chemical and 
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technological aspects have been an integrated part of the Chemical Conversion programme. 

1.3. SCOPE OF ~ CURRENT INVESTIGATION 

The Fischer-Tropsch process represents a possible route for the conversion of natural gas to 

transportation fuels and chemicals. In the case wh~re methane is the starting point for the 

production of synthesis gas. cobalt as a catalyst is of importance due to its low water-gas-shift 

activity. 

Cobalt was chosen due to its interesting properties as a CO hydrogenation catalyst, for reasons 

mentioned in this section and Chapter 2.1. In addition, cobalt is aiso one of the classical 

catalysts in the Fischer-Tropsch synthesis 13/. 

It was decided at an early stage of this work to use y-AI203 and Side as suppor~ material~ 

Silica and alumina am of interest because of their industrial applications, i.e. Shell's SMDS 

process utflitizes a bimetallic Co-Zr/SiOz catalyst, Gulf Co-Ru/A1,O3 and Statoil's GMD 

process applies a Co-ReYAI=O3 catalyst/8/. 

Also, the inherent properties of the support materials differ. Interaction between cobalt oxide 

and especially the alumina support is well established in the literature. The extent of 

interaction depends on the applied support, metal loading, preparation and pretreatment /9,10/. 

For silica, on the other hand, metal-support interactions are believed to be of a less severe 

character. 

The present study aims to investigate the influence of metal loading and support in the CO. 

hydrogenation reaction. 

In this context, the following subjects can be considered: 

elucidatio.n of the effect of the support on the reduction properties of cobalt, i.e. metal- 

support interactions, extent of reduction and phase composition. 

whether calcination is a necessary prercquisitd for the formation of compounds by 

interaction between cobalt and the alumina support (cobalt aluminates). 

effect of reaction temperature., pressure and H2/CO ratio on the type, distribution and 

behaviour of adsorbed CO species du.,'ing CO hydrogenation at reaction conditions. 
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exploration of the influence of carbon or carbonaceous deposits at different reaction 

conditions. 

effect of metal loading on CO hydrogenation activity and selectivity, assessed in terms 

of the nature of the CO species. 

detection of reaction intermediates in the Fischer-Tmpsch synthesis 

The experimental approach chosen to address some of these questions is concerned with four 

techniques: 

Io 

2. 

3. 

4. 

Fourier Transform Infxared Spectroscopy (FFIR) 

Temperature Programmed Reduction (TPR) 

Measnrements of activity and selectivity 

High pre.ssu~faigh temperature gmvimetric studies 

Particular attention is paid in the current work to in~ared investigations of the supported 

cobalt catalysts. This is due to the fact that few in sire IR studies" c~xtied out at high 

temperanne and pressure have been published. The majority of the pre~Pions investigations 

have been concerned with the adsorption of carbon monoxide at low pressme and 

temperature. 

Thus, a major goal of this work was to prol~ CO adsorption and hydrocarbon formation as 

a function of m'ue, temperature, H~JCO ratio and total reaction pressure. Using FrIR 

~Dectroscopy, the nature and behaviour of adsorbed species on the catalyst~surface during CO 

hydrogenation at realistic zeaetion conditions were studied. 

Parts of the results obtained in the IR investigations and related work on Ru and iron have 

been reported in Bet. Bunsenges. Phys. Chem. 97, 308 (1993), Carol. Today 9, 69 (1991), and 

as posters at the following conferences and meetings: 

4 '~ Nordic Symposium of Catalysis in Trondheim, October 3.4, 1991 

"In situ-invcstigations of Physico-Chemical Processes at I.nmrfaces", Lalmsmin, 
Germany, October 5-6, 1992 

SPUNG Seminar, Trondhdm, 1993 



2. LITERATURF REVIEW 

-6- 

2.1. COBALT; CHEMICAL PROPERTIES AND CATALYTIC USES 

Cobalt, a group VHI A transition element is located between iron and nickel in the pefiodlc 

system, thus having several characteristics and properties in common with its neighbouring 

metals. The transition metal dements are distinguislmd from other metals not by their physical 

properties, but by their electronic structure. Their valence electrons are located in more than 

one shell, as illustrated in Table 2.1-1, which lists some of the features of the three metals 

in terms of the d and s orbital occupancy, the atomic radii and the metal crystal structure/I 1L 

Table 2.1-1: Basic data on iron, cobalt and n ickel / I lL  

Metal Lam'ce type* I • RadiusblA 
I 

Fe b.c.c 1.24 

Co 

Ni 

f.c.c. 

f.c.c. 

1.25 

1.24 

Electronic 
structure 

3a~4s 2 

3 d 4 s  ~ 

3dS4s z 

* : f.c.c.; face centered cubic, b.c.c.; body center,'d cubic. 
: the" metallic interatomic distance is twice this value. 

The oxidation smm of Co is'+2 or +3, as deduced from the e]eetronic configuration of the d 

shells, d ~ and d 6, respectively. The ]mficc structure of bulk mcml cobalt is of  the closed- 

packed face-centered cubic (f.c.c.) tYl~, exhibiting (111), (1O0) and (I10) low index faces. 

The arrangement of  the surface atoms on such planes are shown in Fig. 2.1-1. 

Cobalt is widely utilized as catalyst in both homogeneous and h~rcseneous reactions. 

In homogeneous catalysis, unmodified cobalt carbonyl complexes [CoH(CO)~] is the active 

catalytic species in the Ruhrehemie/BASF process for hydroformylation of  prcpene to n- 

butanal (and i-butanal), n- and/-butanol. The SHELL hydroformylation process employs 

tzrtiary phosphine modified cobalt catalysts in order to shift the selectivity towards alcohols 
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tce .~ [o0)  

L¢.¢.(111} f.c.r. { I I 0 )  

Fig. 2.1-1: Schematic view of surface atoms on (100), (111) 
and (110) planes of a • .c,  metal lattice/I1/.  

and minimize aldehyde production 112/. 

Liquid phase homolyfic oxidation (autoxidation) ofp-xylene to terephthalic acid (used in the 

production of synthetic fibres) by bromine promoted cobalt salts in acetic acid is another 

example of the applicability of cobalt. 

In heterogeneous catalysis, supported cobalt catalysts find widespread use in a nurhher" of 

important reactions. The physical and chemical proper~s of cobalt catalysts active in 

hydroueating /13-15/, selective hydrogenation/16-18/, hydrodesulfarizafion (HDS)/13,19,20/, 

oxidation/21,22/and Fischer-Tropsch synthesis/23-28/have been extensively studied. 

The catalyst used in the above processes is fxequendy a multi-component system, consisting 

of cobalt and an additional metal dispersed on the oxidic support. Depending on the type of 

metals pre~mt on the surface, either cobalt or the second metal may act as a promoter, for 

example by enhanc:,ng the overall activity or by shifting the selectiviW towards more desirable 

products. The complexity arising because of the presence of thc two metals and the possible 

interplay or influence they may exert on each other, the navare and by widch reaction 

mechani.¢ms this may proceed, is far from completely understood. 

An example of such a system is the bimetamc catalyst CoO-MoO3/AlzO 3 utilized in the 

removaI of sulph~ from petroleum feedstocks, hydrodesulfurization (HDS). The catalyst of 

choice (CoO-MoO~/A120 ~ for this reaction has an order of magnitude higher activity 

compared to the CoOIAlzO 3 or MoO~/A1203 catalysts/19,20/. Different models have been 

proposed to account for the enhanced activity upon addition of cobalt, the synergism model 
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/29/, the pseudointercalation reodeI/30,31/, and others 1131. The role of cobalt may be that 

of a promoter, increasing the activity of the molybdenum phase or, on the other hand, 

molybdenum may be considered a promoter in terms of dispersing the cobalt component on 

the catalyst surface 1321. Thus, the nature of  the interaction between cobalt and molybdenum 

still remaLns uncen~.in. 

In the Fischer-Tropsch synthesis, Fe, Ru, Co and Ni arc in principle applicable, each showing 

different characteristic properties. Ni has a high selectivity to methane. Iron has a high 

specific Fischer-Tropsch and water-gas shift activity. Its ability to convert synthesis gas with 

low Hz/CO ratios to hydrocarbons makes iron suitable for indirect liquification of coM. 

Cobalt appears as the most promising alternative in replacing the iron catalysts duo to higher 

yields of oil and waxes and lower yields of  clef'ms and oxygenated coreptmds compared to 

iron catalysts at typical reaction conditions. The low water-gas shift :lcfivity and CO~ 

selectivity of cobalt means that operation near the stoichiometty of the F'ucher-Tropsch 

reaction is neze.ssaty. The price of the metal catalysts increase in the order Fe > Co > Ni. In 

order to compete with iron as a Fiscber-Tropsch catalyst, the mount  of cobalt must be low 

and the average lifetime in the reactor must be much longer than that of iron. Further 

extensive s~dies of cobalt as a potential replacement for the iron-based catalysts presently 

applied in coremercial operation is needed. 
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THE NATURE AND ROLE OF CARBON IN CO HYDROGENATION 

OVER SUPPORTED COBALT CATALYSTS 

Them is a general conscnsns that the dissociation of carbon monoxide and the surface carbon 

thus formed plays an important role in the hydrogenation of CO over u'ansidon metal catalysts 

/33-35/. The dual role of carbon is that of being an reaction inmrmexiiam in tlm forma~on of 

products or being a precursor to the deposition of coke and graphite. The nature of the surface 

carbon is crucial in the de~nuinadon of the subsequent reactivity. 

On metal surfaces, two modifications of carbon which do not contain hydrogen have P..cn 

identified, carbidic and graphitic carbon. Elemcatal or carbidlc carbon (wcarbon), is the msuh 

of carbon monoxide dissociation wberc this o~cm's. It consLsts of carbon atoms coordinated 

to the metal surface but not involved in carbou.ca~on bonding/37/. Amorpho~ or,~raphific 

carbon can be formed by polymerization of .'.lem~ntal carbon. The su'ucmrc of the graphhic 

carbon consists of one or s~vexal sheets of carbon with the carbon atoms in a sf coordination 

/38/. Migration of carbon atoms into the lattice of the metal results in tbe formation of metal 

carbides. It has been Suggested that cobalt forms two types of carbides, Co~C and C~C ~9/, 

and that bulk cobalt carbide can decompose to graphific carbon above 700K/40/. 

The reactivity of the 

0s o I~].t~e surku:eme~t t~'1 m l ~ e  ~ I:x.tlk met3] 
~¢le 

CO |~1 s' . . ,  ~ Surloce met~ ( J bulk metal 
carb~e ~ ~ rbc te  c~ 

K 

carbon containing species 

towards hydrogen, as 

deduced for example from 

TPSR analysis, decreases 

from elemental carbon to 

graphitlc carbon, 'which 

appears essentially 

u n r e a c t i v e  u n d e r  

hydrogenatiox- conditions. 

With ¢arbidic carbon as a 
Fig. 2.2-1: Transformation and gasification of  carbon- 

contalning species on a metal surface/41/. 
starting point, Hg. 2.2-I 

illustrates the principal pathways for the formation of carbon-containing species/41/. CO is 

assumed to adsorb dissociadvcly (t), although possibly' preceded by a molecularly adsorbed 

int~rmediam. Oxygen can be removed in the form of HzO (2) or CO= (3) by hydrogen and 
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carbon monoxide, respectively. Surface oxygen may also participate in the formation of metal 

oxides (4 and 4'). Surface carbon atoms (C~') can interact with the metal to form surface and 

bulk carbides (5 and 5'), while they are also susceptible to hydrogenation (6), resulting in 

methylene and methyl structures, the latter a necessary prerequisite for initiation of chain 

polymerization. Methane can be produced via pathway (7), that is, by hydrogenafon of 

methyl species not participating in the polymerization. It could also be formed from partially 

hydrogenated carbonaceous deposits (13). The surface carbonaceous deposits may under 

certain reaction conditions intereonvert to a less active or total inactive (graphitle) form (12). 

Nakamura eL el. 142/demonslzated the existence of three types of carbonaceous sp¢ci¢~ on a 

6% Co/AI~O~ surface; CH an~or CH=, carbidic and graphitic carbon. 

Car~idic carbon was pmdorainantly deposited at low temperature (503K), while graphific 

carbon was the major component when the CO disproportionation reaction was carded out 

at 703K. The amount of CH4 formed dung  pulsing with Hz depended on the deposition 

temperature (503 or 7031Q. The activation energy for the CH+ formation remained nearly 

constant, while the reactivity of the deposited species towards hydrogen decrec~ed (upon 

heating of carbon deposited at 503K to 703K). This was found to correlate with the 

hydrogenation of carbidic carbon, the amount of which depended on the deposition 

temperature. Depositing carbon at 503K followed by heating to 703K resulted in 

decomposition of earbidic carbon to graphitic carbon, hut a limited amount of carbidie carbon 

remained on the surface. A reversible conversion between graphitic and carbidic carbon was 

suggested to occur by thermodynamieal equilibration at high temperature.(703K). Graphitiv 

carbon was found to be inactive towards Ha b~tween 353K and 703K. 

In agreement with the findings of Nakamura et al. 142/, the TPSR results from the study by 

Lez e¢ at./43,25/revealed two forms of carbon, atomic carbon (c¢-cazbon) and polymeric 

carbon (C~) with TPSR peaks at about 463K and 703K, respectively. With incrensing CO 

dJsproporfionation temperature (523-673K), an increase in the total amount of deposited 

carbon was observed on the surface of 10% Co/T-AIzO 3. The fraction of the active carbon 

form (CJC,:d-C.~) decreased while the amount of carbon unreactive towards hydrogen [(Cq- 
+ 

(C=-~))/C~ increased with mmperarure. This was explained by configurational 

transformations of the ix-carbon into polymeric carbon, crystalline graphitic carbo,a and bulk 



-ll- 

metal carbide. AES (Auger Electron Spectra) cotd'mued the presence of carbon with different 

morphologies prevailing at different CO disproportionation temperatures, see Fig. 2.2-2. 

/ • •  e 400c 

s ~ d  350C c 31~c 

a ~ 
0 

e.aczRos ma,av.,v 

Fig. 2.2-2: AES spectra 
of 10%- 
Co/Alz03 
/43/. 

At the lowest temperature investigated, 523K, C o 

predominated, while at 673K, graphitic carbon which hardly 

reacted with hydrogen was predominant. The type of carbon 

present at the intermediau. ~ temperatures, 573 and 623K, was 

suggested zo be of the polymeric and/or graphitic form. The 

AES spectra did not indicate the formation of cobalt bulk 

carbide at the intermediate temperatures. 

The CO hydrogenation activity (mol/g cobak-s) depended os 

the deposition temperature; decreasing activity with increasing 

temperauue was observed. The decline in activity was 

believed to be caused by blockage of active sites due zo 

accumulation of less active polymeric and/or gmphitie carbon 

species. The decrease in catalytic activity was more 

prono,.mced for the catalysts with lower cobalt loadings, suggesting that carbon formation is 

favoured on small cobalt metal particles. The observed increase in the olefin fraction with 

increasing carbon deposition temperature was explained by reduced capabilities of the carbon 

covered catalyst to hydrogenate primary olefms to the corresponding paraffins. 

In a later investigation, Nakamura etal. 144/studied carbon deposition on polycrystallin¢ Co- 

foils using XPS. The deposition of carbon on the cobalt surface was achieved either by 

dissociation of adsorbed CO or by the Boudouard reaction (2C0~o -~ C(,) + C02(v). 

Adsorption of CO at 77K followed by heating to 473K during which XPS spectra were 

recorded simultaneously identified three temperaturs regions of  interest. Between 123 and 

300K, dcsorpfion of carbon monoxide took place as indicated by the decma,w in the COc,) 

XPS peak at 285.3 eV. In the second regiQn, 300-373K. new XPS peaks at 283.1 eV (C Is) 

and 530.2 eV (O Is) was believed to conespond m adsorbed carbon (carbidic carbon) and 

oxygen as a consequence of CO dissociation. The XPS sItectra of the cobalt surface obtained 

between 373 and 473K revealed no peaks attributable to adsorbed CO at 285.3 eV (C ls) and 

531.8 eV (O Is). In this temperature range, the XPS peak due to carbidic carbon (283,1 eV) 

remained relatively constant, indicating the absence of  any carbon penewafing into the bulk 
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of cobalt. The fLxod amount of carbidic carbon, 0 o formed as a result of the dissociation of 

CO, was reported to 0.4. The sample was then cooled to 77K and CO introduced followed 

by heating to 473K. CO adsorption took place on the carbon covered surface at 77K, but CO 

dcsorbcd upon heating. 

When the Boudouard reaction was conducted at 500 and 700K, two forms of carbon were 

identified based on their character~tic XPS binding energies, carbidic carbon (283.1 eV) and 

graphitic carbon (284.8 eV). The amount of the surface carbon deposited at 700K was 

approximately equal to that deposited in the temperature range 373-473K during CO 

dissociation. Deposition at 500K resulted in a 0 c value for carbidie carbon of 1. The thermal 

decomposition of carbidic carbon to graphitic carbon in the absence of hydrogen is believed 

grophil,c 
284.8ev 

Cod~dc 

(0) ~ ~,~ 
[0.4:0.8~____~ I \  

(c~ / 

, . ,  

[ 0 . 7 ~  / \ 

I ) . 0 : ~ . _  j 

T 

I , , , l l , , , , t  
280 285 290 

Cts Binding Energy (ev) 

Fig. 2.2-3: Interconversion of carbidic 
carbon to graphitic carbon on Co- 
foils. 
(A) after earl)on deposition at 500K 
(B) heating at 70@K 
(C) after 20 rain. 
(I)) after 40~0 min./44/. 

to occur above 700K. The ~ansformation i s  

illusa'ated in Fig. 2.2-3. Carbidic and graphitic 

carbon were deposited on th~ cobalt surface in a 

1:0.2 ratio at 500K followed by heating to 70OK. 

As can be seen, a limited part of the carbidic. 

carbon (e~-0.4) rcmai~ stable at 700K and is not 

converted to graphitic carbon. 

It can be infer~d from the above results that CO 

dissociation can not occur on a surface covered 

with carbidic carbon, while the disproportionation 

of CO still proceeds on a surface containing c~- 

carbon. This may imply that the disso~tion of 

CO require certain sites or planes. In the 

literature, CO'dissociation have been repormd to 

be provided by ensembles consisting of  atoms 

locamd on different crystal planes. Examples of 

such planes are Co(1012), Co0 120), Co(001) and 

Co(1010)/39,45-471. The formation of oarbid~c 

carbon arc I~lieved m hake place on Co(1012) 

and Co(1120) crystal planes. 
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Carbon-containing deposits were observed in a thermogravime~c study of silica supported 

iron-cobalt catalysts during CO hydrogenation 141/. For the bimetallic catalysts, an initial 

rapid weight increase was caused by the formation of balk metal carbid=s. The higher ,&e iron 

cont=nt of the catalysts, the quicker the weight increase. The further increase in the raasses 

of the bimetallic catalysts was regarded to be due to the build up of carbonaceous deposir~. 

The 15% Co/SiO2 catalyst, however, lacked the rapid weight increase in the initial stage of 

" 1 0 !  t " " "' ' " " ' . . . .  " 

< 1  

Fig. z.z.4: Weight changes or Is% cdsto~ 
during CO hydrogenation at  548K, 
Hz:CO=l. l : l  and 1 bar  1411. 

the CO hydrogenation reaction, see 

Fig. 22-4. This led the anthor to 

propose that bulk cobalt carbide 

was formed after an induction 

period, during which the formation 

of stable carbide nucleus was 

assumed. XRD analysis of thv 

cobalt catalyst after 50 hours of CO 

hydrogenation reaction indicatvd the " 

presence of Co2C or possibly a 

carbide of smaller carbon-to-cobalt 

rauo. The carbonaceous deposits affected both the catalytic activity and hydrocarbon 

dismbution. Tim initial rapid decrease in the conversion of CO to hydrocarbons was believed 

to be due to small amounts of carbonaceous deposits remaining on the surface of the metal 

or its carbid¢, thus blocking sites active in the hydrogenation reaction. 

The influence of the deposited carbonaceous species on the distribution of the hydrocarbons 

can be suraraadzcd by the following points: 

. 

3. 

A continuous increase in the methane fraction of the hydrocarbons with time 

dtu'ing CO hydrogenation. 

The fraction of the C.z hydrocarbons increased while those of C3 and C( 

decreased, xcgardless of the catalyst composition. 

An initial rapid increase in the content of alkenes due to inhibition of reaction 

pathway (10) in addition Iv dccr¢=3cd hydrogenation of the hydrocarbon 

precursors (8). 
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In the study by Barcicki et al. 1481, 15% Co/SiO2 was exposed to a puIs of CO in the 

temperature range 298-623K followed by subsequent H2 pulses at reacdon temperature. 

C,~rbon deposited by Boudouard's reaction was not observed below 373K. The fraction of 

carbon deposited by the dispropordonation reaction increased between 373 and 573K. Above 

573K mainly all the carbon hydrogcnamd was found to originam from the Boudouard 

reaction, since no oxygen atoms were detected in the deposited layer. From the reaction with 

hydrogen, two modLqc,~ions of carbon was assumexi to be present, one easily hydrogenated 

~probably carbidic carbon), the other inactive towaxds hythugen at 573K. At.473K, 95.1% of 

the deposited amount of "quarbon could be removed by 5 hydrogen pulses. Increasing the 

hydrogenation temperature resulted in decreasing degrea of gasification. At approximately the 

same temperature (473K) the transformation of the ~active surface carbon into graphite-like 

structures occured. The relatively low temperature of carbon interconversion was explained 

by the low content of oxygen atoms in the deposited layer, which could dilute the surface 

]ayer of carbon and block surface area. 

The surface properties of a fresh and carbon deposited 5% Co/7-A120 ) catalyst was compared 

using TPD and Fl'IR-spcctroscopy 1491. Carbon was deposi~d at 523K by th~ Boudonard 

reaction. The CO TPD specL-'a of a fresh catalyst reduced at 798K for different periods of 

lime (7-24 h.) showed peaks at 353K (a-band), 403K (~band), 453K (T-band) and 603K (5- 

band). Their intcnsitT varied with dine of reduction. After oarburizafion of the surface for 2 

hours, the intensi~ of the 5-band was higher than on the fresh catalyst and slightly shifu~d 

to lower temperature. The IS-band was absent in the TPD spectra of the carbon covered 

sur£acc, while the (x- and T-bands were only slightly' affected by carbon deposition. The 

assignment of the different peaks was as follows: 

a-band: 

[]-band: 

T-band: 

5-band: 

either duc to CO spcciez adsorbed on cobalt aluminat¢ or on the cobalt 

carbid~ surfac~ (Co-C-CO). 

CO dcsorbed from a uarednccd, oxygen contaminated Co-surface 

(cobalt oxide). 

CO desorbcd from a reduced Co-surface. 

deposited carbon reacting with oxygen supplied from CO or CO2, 

cobalt oxide or the AI~O~ suppo~ 
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2.3. TEMPERATURE PROGRAMMED REDUC:rION (TPR) 

2.3.1. Introduction 

The catalysts used throughout this study are uncalcined silica and alumina supported cobalt 

catalysts. Thus, the following lite.ramre review is mai.,fly focused on earlier studies describing 

the characterization of similar catalysts, either using TPR or XPS alone, or a combination of 

the two techniques. Despite the fact that the chemical nature of cobalt species on the catalyst 

surface has not been investigated by XPS in the present study, studies applying this technique 

are still included in this review, since TPR and XPS are mclmiques that complcmcnt one 

another. Rcsolts from investigations using additional characterization techniques, like XRD 

and SIMS, will be refered to when applicable. 

2.3.2. Reducti,~e decomposition of Co(NO3):-6H,.O 

The majority of the cobalt-'rPR investigations have been performed on catalysts calcined prior 

to TPR analysis. Investigations concerning TPR studies of uncalcined (impregnated and dried) 

catalysts are scazcc. Only a limited number of studies report the use of relatively mild 

pretreatment conditions before TPR analysis 150-52/. In this respect, it is of interest to 

establish the position of the peak(s) resulting from the reductive decomposition of nitrate ions 

in the applied metal precursor, Co(NO3)z.6H20. 

The TPR profile of unsupported cobalt nitrale has been reported to consist of two peaks • 

located at 503K and 592K (I]=24K/min.)/501. Exothermic reductive decomposition of cobalt 

nitrate was believed to be responsible for the 503K peak, while the 592K peak was due to 

reduction of cobalt oxide formed during decomposition. TPR spectra of 10% Co supported 

on silica and alumina pretreated at 293K were similar to that of unsupported cobalt nitrate 

below -600K. Increasing pretreaunent temperature resulted in the disappearance of the peak 

assigned to niwatc reduction. A calcination temperature around 650K was found necessary to 

complemly remove the peak near 500K. ascribed to hydrogen assisted decomposition of Co- 

nitrate 152/. Hoff et al./I0/stated that a calcination temperature of about 673K was required 

to decompos~ virtually all of the cobalt nitrate. Rosynek et al. 1511 assigned a peak at 553K 
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(}=20K/rain.) to the reductive decomposition of the nitrate ion in unsupported cobalt nitrate. 

The position of this peak shifted 30K to lower temperatures when cobalt nitrate was supported 

on silica. 

2.3.3. The extreme situations, Co~O4 and CoA120, 

Usually, but not necessarily, the appfied metal precursor is cobalt nitrate hexahydrate, 

Co(NO3),'6H20. During calcination following impregnation of the actual support, 

decomposition of cobalt nitrate takes place and an oxide phase is formed, briefly discussed 

in the previous section (Chapter 2.3.2). The natme of the support can have considerable 

influence on these processes. Generally, the metal oxide and support can interact in three 

possible ways: (a) the support acts as a dispersing agent (weak interactions), Co) solid solution 

formation and (c) the formation of surface compounds (strong interactions). 

Coal204 

t~tthlqma| 
I ( t C )  

Fig. 2.3.3-1: TPR profiles of 
unsupported Co304 mad 
CoAI204. ~=10K/min., 10% 
H2/Ar :56/. 

Investigations 150,53-551 indicate that cobalt oxide 

supported on alumina was incompletely reduced to the 

metallic sta.te due to s¢ong interactions between the metal 

and the support. Explanations which have been proposed to 

account for this are; .the formation of cobalt aluminate 

spinel, cobalt ions positioned primarily at tetrah~dral or 

octahedral lattice sites of AI203 (depending on the 

calcination temperature and metal loading) or a modification 

of the electronic properties of the cobalt oxide 1561. On 

alumina supported cobalt catalysts, at least two cobalt 

ph~.$ are reported, a crystalline phase as Co304 and a 

disposed phase as a stoichiometric and non-stoichiornetric 

cobalt alaminam/53,54/, probably with a spinel-~pe slzucmm. 

The "rPx spectrum of unsupported Co~O4 has f~luendy been found to consist of a single, 

asymmetric peak located between 525K and 770K/50-52,55-60/. while others 154,61-651, 

report a main high-tempe,-amrc peak accompanied by a partial resolved low-mmperamre peak. 

The position of the peaks (singlet or doublet) de~nds on the applied experimental conditions. 

The temperature at which the single Co304 peak appears was almost identical to the 

temperature whe~ the CoO reduction peak was observed 152,65/. The observation of only one 



-17- 

peak may be explained as a result of overlap between the two stages of reduction as an 

consequence of different TPR reaction conditions (gas flow rate of He/inert gas-mixture, 

HH2/inert gas ratio, the heating rate or the catalyst sample mass)/50[. 

However, whether one single or two resolved peaks are observed, there exists a general 

agrecmem that the reduction of Co~O4 takes place in two stages via CoO. Hence, the 

red~jction scheme can be wdnen: 

C%O+ + I'I 2 -o 3CoO + H20 

3CoO + 3Hz ---> 3Co + 3H20 

Co304 + 41-120 ---> 3Co + 4 H,O 

2.1 

2.2 

2.3 

The asymmeu'y and broadness of the observed single peak was believed to encompass the two 

step reduction process for Co304/50,561. XRD-data obtained before and after the first stage 

indicated r.b.e presence of Co304 and CoO/61/. 

The crystalline C030+ phase has been found rather easy to reduce, either in the bulk form or 

formed during the calcination step and consequently deposited on the catalyst surface, 

subjected to weak interactions with the support. 

The opposite extreme situation; strong interactions between the cobalt and especially the 

alumina support results in the .formation of compounds generally described as cobalt 

aluminates, CoA1204. The CoAl204-spinel has been found difficult to reduce. Studies have 

revealed that temperatures higher than II20K are required to reduce the surface aluminate 

150,52,56,58/. As mentioned earlier, interaction between dispczsed metal ions and the T-AI~O~ 

lattice provide the basis for the formation of  the cobalt aluminate species. The crystal 

structure of  T-Al=O3 is that of an (imperfect) spinel with a deficit of cations, with AI 3. fdling 

2/3 of the tcu-ahedral sites ill addition to the octahcdral spinel cation positions. Two octahcdral 

s:t, es exist for each tetrabedml in y-A1203 1531. Co 2+ may diffuse into the alumina during 

calcination where they can occupy octahedral and/or tetrahedml sites, forming a spinel type 

su'uzmrc, believed to be quite reslstent m reduction by hydrogen. 

In addition to [he cobalt phases described in the previous section (Chapter 23.3), abe 

existence of intermediate phases of cobalt, the~ir nature and distribution together with their 
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reduction behaviour have been given increased attention in the recent literature. 

The influence of the cobalt loading, support and pretreatment conditions on these properties 

will be rcvicwed in the following section. 

2.3A. The effect of the cobalt loading 

Several authors have examined the effect of the metal loading on the extent of interaction 

between the cobalt oxide and alumina, either by TPI~ 1561 or by employing ESCA, ISS, 

DRIFI'S, XRD or SIMS as additional characlcrizafion techniques 153,54,57/. 

P 

+ 

TI 'CI 

Fig. 2.3:4-1: TPR profiles of 
Co~-A12o3 with 
different metal 
]oa~ng. ~10  
K/rain., 10% HJAr 
IS6/. 

Wang et al./56! studied the reduction behaviour of 

alumina supported cobalt catalysts containing 1.5-30 

va-% Co. For cobalt catalysts with low metal loacling 

(1.5 wt-% Co) a peak above 1173K was ascribed to 

the formation of amorphous surface cobalt aluminate. 

Catalysts with a cobal¢ content of 6% or higher 

showed the development of peaks centered around 

773K. Both the low- and high-temperatme peaks 

shif'cd to lower temperatures as the cobalt loading 

increased. Fig. 2.3.4-1. The peak areas for the peak 

above 1173K decreased with increasing metal 

loading, while the opposite was the cas¢ for the Iow- 

t~mperatur~ peaks. It was s u g g ~ d  that the presence 

of reducible Co (easy-'to-rcduc¢) species enhanced 

th~ reduction of more strongly interacting cobalt 

species by facilitating nucleation of the cobalt oxide species. The low-tempexatuxe peaks were 

positioned at higher temperatures than the bulk Co304 reduction peak, which was explained 

by inmracfions I~tween the cobalt oxide and cobalt aluminat~ requiring higher temperature 

for the reduction of cobalt oxide, or smaller particle size of supported Co304 compared to 

bulk Co304, making the reduction of them mor~ difficulL Another proposed explanation was 

the existence of a phase dif:ferent l~om CchO4, possibly a Co ~ phase. 

An amorphous, distorted ovcrlayer Co30, phase consisting of Co ~ and Co ~' deposited over 



-19- 

the cobalt aluminatc spinel structure was reported by Tung et al./57/in their EPR and DRS 

study of almuina suppoacd catalysts containing up to 3% cob'AlL TPR peaks at 620K and 

875K were assigned to the reduction of Co ~' and Co z" species, respcctivcly, in the overlayer 

phase. Diffuse reflectance spectra (in the UV-VIS region) confu'med the assignment; the 

triplet (at 550, 580 and 620 nm) characteristic of cobalt aluminatc was xcpla,~d by two 

scparat~ peaks (at 400 and 700 rim) as the cobalt loading was increased from 0.3% to I and 

3%. A fuxther incmas~ of the cobalt content (to 8% and 16%) resulted in XRD peaks 

corresponding to C%04 crystaUitcs, which was suggesmd to bc deposited on the distor~d, 

amorphous ovedaycr. Additional features at 510K and 550K in the TPR prof'de of the catalyst 

containing 16% Co was ascribed to the reduction of bulk Co~O4. 

Chin et  al. 1531 characterized alumina supported Co catalysts with a metal concentration 

varying bstw~n 1% and 30%, employing ESCA, SIMS and ISS. For a given calcination 

temperature increasing metal loading resulmd in decreasing 7,.PS binding energies. Catalysts 

with low cobalt content 0% and 2%)had binding energies close to that of CoAlzO,, whild 

the catalyst with high loading (30%) exhibited a binding energy equal to the one obtained for 

CosO~. A linear correlation exismd between the XPS peak area intensity ratio (Co 2p~r/Al 2p) 

and the metal content up to -10%, where a breakpoint was observed. I-]igi~r metal loadings 

yielded an enhancement of tl~ intensity ratios. A similar situation with a breakpoint occun'ing 

at -12% Co was observed when ColA1 ISS peak intensity ratios were p lo~d as a function 

of metal content. The indicated alterations in the surface composition was bctieved m be due 

4 0  

g 
u 4 0  

ae~ 

o~ 

Fi~. 2,3,4.2: 

• 

y (e) calct~a al 000 °C 

(~0 ~,~nlenl (ml~) 

Relationship between 
%.reduclion and metal 
loading of Co/AI,O~ 
reduced at 673K for 4h. 
/53/. 

to s~gr~gafion of a Co~O, phas~ (for Co 

concentrations ~ 10%) on mp of  a surfa~ 

saturated with Co-species (< 10% Co), that is, a 

surfac~ wh=re all 7-A1~O3 lattice positions am 

occupied. Reduction studies of Co/A.I~O 3 showed 

a linear increase in the reducibility of 

catalysts with increasing metal content, but a 

change in the slope of the curve occumd at about 

12% cobalt, as shown in Fig. 2.3.4-2. This was 

found to bc consistent with surfac~ segregation of 

C%O 4. For catalysts with higher (than 12%) Co- 
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conmnt, the formation of larger Co~O4 crystallites led to a more moderate increase in the 

reducibility of the catalysts compared to those containing less than 12%. It was suggested that 

this could be due to the effect of the dispersion; the dispersion decreases with increasing 

metal loading, and a decrease in dispersion results in lower reducibility. 

In their study of Co-catalysts with low metal loadings (i. 1%-4.3 %), Chung et al. 154/verified 

the existence of two cobalt states, a reducible phase associated with balk Co~O= and a non- 

reducible state related to cobalt ions predominantly in t~trahedral lattice sites of the.alumina 

support. 

Diffuse reflectance spectra (DRS) of 1% Co/A],O3 (batch-prepared; all Co added at once) 

showed an intense triplet (at 620, 580 and 545 nm) due to Co =* located in tetzaheclral lattice 

positions, whi]e 3% Co/A]zO 3 {batch) pmdominandy exhibited a broad band around 500 rim, 

assigned to octahcdral Co:*. Cobalt catalysts prepared by stepwise impregnation with ] wt-% 

Co showed no reduction behaviour, while the reducibility of the batchwise catalysts (all cobalt 

added at once) increased with increasing amount of metal. XP, D patterns of the batchwise 

catalysts (> 2% Co) ind/cated the existence of CosO~, while no X-ray p a l m  in~.'ca~ve of 

Co304-phase was observed for Co-si~p catalysts containing up to 3.5 wt-% Co. These results 

may suggest a higher degree of dispersion of the cobalt ions into the ¥-AlzO 3 lattice for Co- 

step catalysts compared to the batchwise prepared catalysts. 

TPR profiles (~=2.5K/min., 5% HJAr) of CoO/7-AhO 3 catalysts with metal loadings of 5-20 

wt-% using cobalt nitrate as m¢~ prec~sor /59/ exhibited reduction peaks attributable to 

cobalt species as discussed by Amoldy eta]. 152/(see Table 2.3.6-1). Using a similar notation 

as the one introduced by Arnoldy et al. 1521, the reduction peaks am characterized by the 

reduction temperatures 400-450K (Co-I'), 503-553K (Co-I), 633-643K (Co-]].A), 693K (Co- 

lIB), 753-773 (Co-m), 853-873K (Co-IV) and >923K (Co-V). 

The peaks observed at 400-450K (Co-r) and above 920K (Co-V) were ascribed to sinai! 

particles of non-crystalline (amorphous) cobalt oxide akin to Co304 (Co-I) and CoZ*-spccies 

in subsurfac.~ and/or bulk phases, respectively. The Co-phase denoted Co-V detected higher 

than 923K probably corresponds to the Co-IVC and Co-IVD phases observed at 1150-1230K 

by Arnoldy et ad./52/. The Co-lIA and Co-lIB phases were believed to originate f~m surface 

Co ~* and a Co~-AP * mixed oxide bulk phase, respectively. Surface Co b was reduced in u'~e 

temperature range 753-773K (Co-Ill). The authors/59/further defined the Co-IV phas,; as 
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(sub)surfacc Co~*:spccics. 3 w~-% CoO/¥-AI=O~ contained predominantly Co-HA and Co-la,' 

species, with a distinct peak for Co-IIA at 5 wt-% CoO. Co-fiB appeared a~ 5 wt-% CoO 

while small amounts of Co-I' were observed with a cobalt loading of 20 wt-%. 

2.3.5. The cffec~ of the support 

The z~ducibility of cobalt (nominal loading 5-wt%) Supported on SiO 2, 7-AIzO ~ and "IiO 2 was 

investigated by Castncr ctal.  158I. The TPR ([.%-.4.SK/min., 2% H2/Ar) and the Co 2p XPS 

spccwa of Co/SiO 2 wcm found to bc similar to those of unsuppor~d Co~O4 with a TPR peak 

maximum near 623K. The major cobalt phase on SiO z was large (30~,), bulklikc Co~O4 

panicles which were completely rcdu~d to metallic cobalt below 723K, ~cv Hg. 2.3.5-1. 

The TPR-spectmm of the Co/y-Al=O~ catalyst 

~c~o, featu~d three p~aks (773K, 948K and 1173K) JJlLj , with no evidence of C%O4. The l~gh- 

tvmpcramre peak was associa~d with cobalt 

aluminaw~, while the two remaining peaks were 

tentatively ascribed to an intr.nuediatc cobalt 

• I , ! . .  n ! I o ! m I • v • 

TaU4'l~q~L~nl'Ull~e'l lo ° C  

Fig. 2.3.5-1: TPR s p E ~  of C.o~O4, 
CoAl20,and 5%Co 
supported on SiO~, TiO: 
and AI:O~ 158/. 

decoration of Co with Ti oxidc species. 

phas~ (b e tw ~  Co304 and CoAI~O,) with a 

reducibi.lity bctw~n that of cobalt oxide and 

cobalt aluminat~, but of similar crystal 

structure. On the calcined TiO2 supported Co- 

catalysts, reduction of Co304 occurcd at 648K, 

while the peak located at 753K represented the 

wxluvfion of Co ~ m Co °. XPS-analysis showed 

decreasing amounts of Co on TiO~ (reduced at 

753K in Hz) and T-A]203 (reduced at 973K in 

H2), which could bc due to sint~ring of cobalt " 

panicles, diffusion into the support lattice or" 

Interactions ~ tw~n  Co304 and AL~O 3 were stronger than that of Co~O4-SiO2, as deduced from 

TPR spectra (~=10K/min., 8% H~/Ar) in the study of Paryjczak et al./64/. The reduction of 
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10% Co304/SiO 2 resulted in a maximum at 693K and was completed at $73K, while the 10% 

Co304/A120 ~ was incompletely reduced at 923K. 1% Co304/SiO 2 exhibited a maximum at ca. 

643K (Co304 -¢ COO), but was not fully reduced even at 873K. 

Cobalt supported on kicsclguhr (impure silica with low surface area) promoted with ThO, 

have been studied by Viswanathan et al. 1611, using H z and CO adsorption, XPS and TPR 

techniques. Catalysts with and without promoter addition had different percentage reduction, 

75% and 39%, respectively. TMs was proposed to be due to the formation of a support 

adlayor encapsulating the cobalt oxide particles. Th02 probably restricmd the migration of 

Si02 in the presence of wamr, hence a higher degree of reduction was achieved. XPS spccua 

showed surface segregation of thoria, which was believed to p~vcnt the encapsulation of ~e 

cobalt oxide with kie~lguhr. The results from I-I 2 and CO adsorption experiments gave a 

further indication of the assumed support-cobalt interaction. The H/Co and CO/Co ralios 

decreased with decreasing cobalt loading, indicating possible interaction between the cobalt 

metal and support in addition to cobalt-unmduccd cobalt ox/de (electronic) interaction. 

2.3.6. The effect of different pretreatment conditions 

A detailed characterization of cobalt species present in CoOIAl~03 systems was aonducted by 

Amoldy et al. 152/. The majority of their study concerned the investigation of 9.1~ Coi¥- 

A1203 calcined at different temperatures (575K-1290K), but the effect of differcm heating 

rams during TPR analysis and flow rates during calcination was also examined. Reduction of 

the Co-species was found to take place mainly in four mmperature regions, around 600K (I), 

750K (II), 900K (HI) and IISOK (IV). Range H was subdivided into HA and liB, while 

reduction range IV could bc separated into 4 distinguishable phases, IVA,'IVB, IVC and IVD. 

The aplmarance and disappearance of these phases was strongly related to the calcination 

temperature, as shown in Fig. 2.3.6-1 The assignment of the various regions to different Co 

phases was also based upon XRD data as well as DRS in the LIV-VIS range. Interpretations 

of the TPR peaks arc summarized in TaMe 2.3.6-1. The 70K upward shift of the Co~O4 peak 

with increasing mml~ratur~ was explained by a change in morphology; higher temperatures 

lead to less formation of metallic nuclci's facilitaiing the reduction of Co304, hence a shift 

to higher reduction temperature. The effect of the calcination temlmramm was explained by 

solid state diffusion of Co 2÷ and cobalt species in different oxidation states (CoZ*lCo~). 
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The  ass lgnment  of  observed TPR-peaks  to different Co-pit~:~es 
accord ing  to Arnoldy e t a ] . / 52 / .  
T P R  condit ions:  [~-10K/min., 67% H J A r  

REGION TPR-PEAKS (K) 

HA 

lIB 

IIBIll 

560, shifts 70K to 
hi~.ber t~mpexaua'c 
wire increasing 
calcination 
tempeerature 
(575 --> 875) 

- 750 

CALCINATION 
TEMPERATURE (K) 

upto 900 

below 825 

below 1000 

COBALT-PHASE 

Reduction of Co~O~ 
crystallites 

Reduction of di~pet'sed 
surface C@'- species 

Mixed Co~-Al ~" oxJdic 
c~0.stalfi~s, lentadve 
formula ~Q'(Co2.~')O, ~" 
or Co~klO~ 

| 

]]] 875 below co. 950 Reducdou of surface 
Co ~ 

[ , .  

Reduction of sud'ace 
IVA ~ 1100 - 1230 675 - 92.5 Co~-ions wi~ a high 

number of AI.O ligands 
• , i I 

Reducrlon of (sub)sur~c 
IVB 1035 - 1175 Co~'-ious in a not well. 

defined CoZ;AI ~' spinel 
(Co ~" in a dituted fonn) 

. . . .  I 

I IVC ]230 1175 

IVD 1150 1290 

Reduction of Co ~'° in a 
spinel of coml~osifion 
C o , ~ > O , ,  0 < x < I 
x=O.18 

• $wichiome~ic CoAJ20, 

Region ]: Reduction of  well-def'med Co~O4 crystallites. No more than 25% of the cobalt 

existed as Co304. Higher calcination temperature (>875K) resulted in the 

disappearance of the reduction peak assigned to this phase, suggesting that 

Co 2+ migrate into the upper layer of the alumina support. 
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Fig. 2.3.6-1: Various Co- 
phases on 9.1% 
CofipAI,O 3 as a 
function of 
calcination 
temperature 
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Region HA: Reduction of surface Co 3+ ions. Co ~ c ~  be 

formed from the conversion of phase HI 

species into phase lI (and phase IV) with 

increasing ,calcination temperature (775- 

925K). 

Region IIB: , At calcination temperatures in the range 

g75-925K, suff;/ce Co'* and Co z' in C%O, 

may beoore¢ mobile. Diffusion of Co "* into 

the T-A1:03 lattice and counter diffusian of 

AI ~ re.sults in the formation of ~hc mixed 

oxide Co3+-Al 3.. Co ~+ has a higher 

octahedtal site preferency energy than A1 ~" 

(105 H/reole versus 62 k.l/mole), thus Co ~ 

is expected to" occupy ovtahvdral and Al 3+ 

te~J~exh'al lattice positions. "I-he Co2"-A! ~+ 

exchange was suggested to occur via so~d, 

state diffusion. 

Region lll: Observed for catalysts calcined below ca. 950K, and assigned to stin'ac¢ Co:*. 

The presence of this phase was not detected using hig'h calcination flow rates. 

High flowrate would have low effect on the oxidation of Co ~ to Co ~, hence 

phase tit and IV p_redoreinate. Low flow rate would result in oxidation o f  Co 2. 

and the presence of pha.~ I and rl. 

Region IV: The amount of  this phase increases with increasing calcination temperature, 

reflecting the diffusion of Co 2÷ into the alumina lattice. Similarly, the reduction 

tereperature inoreases with increasing calcination temperature, implying 

increasing lattice stabilization of Co:" with advancing solid state diffusion. 

Around i000K, reduction of Co ~' to Co 7~ and solid state diffusion of Co z÷ 

results in the disappearance of phase I, H and KI and th~ formation of species 

reduced in region IV. Calcination at 1290K gives staicltiometric CoAI~O4. 
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Different surface techniques (XPS, XRPD and XRD) in addition to TPR were used to 

characterize the reduction properties of alumina /591 and sifica 151/ supported catalysts 

prepared from various metal precursors. Cobalt nitrate (N) and acetate (A)/591 in addition 

to cobalt chloride (C) 151/were used as s~rting materials. 

XPS, XRD and TPR analysis showed that poorly dLspersed Co3+-specics (Co-I, I', HA and 

ITR) prevailed on CoO/AJ203(N), in contrast to on CoO/A]203(A), where considerable amounts 

of Co-lIB, IV and Co-V were predominant/59/. The TPR-areas.for the latter caLalyst arc 

smaller and the Co2p/Al2p XPS intensity ratio arc higher than those of CoCJAL.O3(N') 

suggesting that cobalt species in CoO/AI2Os(A) was highly dispersed, despite interactions with 

the alumina resulting i~ (sub)stuface Co~-speci~ and/or bulk phases. 

The Co2p/Al2p ratios for uncalcin~d CoOIA]zO3(A ) was stighdy higher than those of 

CoO/KI203(N'), indicating a slighdy higher dispersion of cobalt in the former catalyst. An 

oxidation state of 2+ for cobalt was suggcs~d for both of the uncalcincd catalysts. Afar 

calcination, the Co2p/Al2p ratio for CoO/AJ20~(A) was roughly the same as before 

calcination, whil~ a significant decrease was observed for CoO/AI~O4(N) (> 2 wt-% COO), 

which could not be explained by cobalt migration into 7-A1203. Oxidation of Co z+ Io Co 3+ by 

nitrate anions during calcination may promote the agglomeration of cobalt species, resulting 

in poorly dispersed CoO/AIzO 3. Co 2÷, on the other hand, would be more mobile and diffuse 

into the alumina support. 

$ 

Fig. 2.3.6-2: TPR profiles 
of a) Co(NOs)2/Si02: 
b) CoClz/SiOz 
cICo(CH3COO)2/SiO~/$1L 

Uncalcined and calcined (at 773K) 6% Co/SiO z catalysts 

prepared from cobalt acetate, nitrate and chloride were 

examined by TPR (l~-20K/min., 5% Hz/Nz), XPS ~qd XRPD 

teclm;ques/51/. The reduction of uncaleined Co/SiOz(N) was 

found m occur in subsequent steps giving peaks at 573K, 

703K and 1053K, as shown in Fig. 2.3.6-2. Speci~ 

responsible for these three peaks was proposed to Ix: various 

surface CoOz-SiO 2 compounds. Co/SiOz(C ) exhibited a single 

peak (at 793K), which was nearly the same temperature as the 

one obtained from reduction of unsupported COC12.6H,O 

(808K). For Co/SiO2(A ), peaks wer~ observed in the 

temperature range 573-773K, but the major peak occurcd at 
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933K. The TPR and XRPD-patterns of the calcined Co/SiO2(C) resembled closely those of 

unsupported Co~O4. while the calcined Co/SiOz(A) showed the absence of XRPD pat~ms 

characteristic of Co304. TPR-proFdes of calcined Co/SiOz(N) showed two peaks at 603K ~ d  

983K in addition to a broad peak between 523K and 873K, possibly due to reduction of 

C%O 4. XRPD-me~urements on this catalyst indicated the existence of small oxlde.p~u-ticlca 

(average size of 20 rim.). All the calcined catalysts had higher extents of reduction th~.n their 

uncalcined counterparts, especially the nitrate derived catalysts showed marked improvements. 

Cobalt catalysts (calcined at 673K for 5 h.) containing between 2 and 20 wt-% CoO prepared 

from different cobalt precursors (nlwate, acetate) and an ion-exchange method were 

characterized using TEM, DRS, XPS, XRD and TPR/60/. TEM micrographs and XRD 

patterns verified the eT~stencc of crystalline Co~O4 with a particle size of 5-8 nm (in 

aggregates of 80-100 run) on the 2% CoO/SiO2(N) cata].ysL As the cobah loading increased, 

TEM micrographs revealed the presence of clusters of large cobalt oxide particles, 25 nm in 

size; probably formed by agglomefiation of smaller oxide particles. For the 2-I0% 

_~J 

r i T l ! | 

Re~ctlon Te~p~tu~/K 

Fig. 2.3.6-3: TPR spectra of 
CoO/SiO:(N). 
a) 2 wl-% b) 5 wt-% e) 10 wt.% and 
d) 20 wt-% CoO/60/. 

CoO/Si02(A) catalysts, no significant surface 

segregation or agglomeration of cobalt was 

observed, while small amounts of cobalt oxid¢ 

particles of 5 nm (in aggregates of 20-25 nm) 

wzre detected for the 20% CoO/SiO2(A) 

catalyst. Thes~ t-mdings indicate a better 

dispersion of cobalt oxide on the ColSiOz(A) 

camJyst than on the nitrate b .ased catalysts. 

The TPR profiles ([3--2.5 K/rain., 5% H~/Ar) of 

the two catalysts reflected the already stated 

differences. Reduction peaks were observed at 

538K (Co-I), 563K (Co-H), 593K (Co-HI), 

673K (Co-IV) and 800-860K (Co-V) for 

CoO/SiO,(N), se= Fig. 2.3.6-3, while the 

CoO/SiO2(A ) catalyst exhibited weak pvaks 

due to Cc-I (540K) and Co-IV. With a heating 

rate (13) of 10 ~min. and 64% H-JAr, I0% 
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CoOISiO2(A) and CoO/SiO:(I) showed reduction peaks at 1030K (Co-VD in addition to a 

high-u~mpcramm peak at I081K (Co-VII) for the latter catalysL. 

The Co-I and Co-If TPR peaks were assigned to Co304 phases with different pardc!c ~z~-. 7 

and 25 rim, respectively. Mixed oxide.s, Si~Co2+~.xCo~:O+ with spinel struct'urcs was 

believed to be responsible for the peak at 593K (Co-m). Co-IV was auribumd to Co ~ species 

in octahedral symmetries inmracfing with the ~ica surface. ~. similar assignment was given 

for th~ Co-V species, viz. an inmracting surface Co 2+ species localized in ocmhedral inmrsticcs 

or surface silicate. The TPR l~ak at 1030K, observed for acerau: derived catalysts and 

catalysts prepared by an ion-cxchanec mchniqne, was also due to surface Co 2* species, but 

Co z• in dismrmd tcu'ahedral symmetry positions. The TPR peak Co-V'fl was assigned to ion- 

exchanged Co 2+ species. 
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2.4. FOURIER TRANSFORM ~ D  (FTIR) SPECTROSCOPY 

2.4.1. Introduction 

Due to extensive research concerning different aspects of the catalytic hydrogenation of 

carbon monoxide over supported Group VIII metals, a rather voluminous collection of 

literhthn: has emerged, especially during the last two or three decades. 

The scope of this literature review will. out of necessity, be limited to the adsorption of 

carbon monoxide or Hz and CO on silica and alumina supported cobalt catalysts. However. 

relevant results from other catalyst systems will. where applicable, be included to some extent 

in order to point out differences or similarities in interpretations and/or elucidations of the 

experimental findings. Several additional surface analytical techniques (D~FTS. LEED, 

EELS, HREEL) have been used to characxerize the adsorption of CO on supported catalysts, 

and selected examples from the literarare will be cited to illustrate importan: principles. 

One should bear in mind, when reading the following sections, that oxides are rather ionic 

in character making them good infrared absorbers of their own. In the mid-infrared range 

(4000-500 cm "z) silica becomes progressively opaque below 1300 cm "1, whil6 alumina has 

little wansparency below 1100 cm "~. Regarding CO adsorption, this means that the metal- 

carbon stretching frequencies (-500 cm "z) and the metal-carbon monoxide angle bending 

frequezicies (-600 cm':) are not accessible. 

2.4.2. Carbon monoxide as a molecular probe 

Carbon monoxide has attracted considerable interest as a molecular pml~ for L~frared 

investigations largely due to the availability of information derived from spectroscopic studies 

of metal casbony! complexes, lnfrazed spectroscopy combined with reaction studies-under 

either dynamic or static conditions-involving CO or for example CO and H,, has proven 

panicalarly useful, since CO is a reactant ~ d  has a relatively high sticking coefficient (0.5-1) 

exhibiting a high infrared absorptivity, which makes it easy dete~ing rather small quantities. 

The adsorption of carbon monoxide on transition metals resuRs in the formation of adspecies 
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having structures closely related to those of the metal carbonyl compounds. Consequently, 

analogies am to be drawn between the type of bonding of the carbon monoxide that is 

believed to exist in metal carbonyl complexes and in the adsorbed state. 

Fig. 2.4.2-1: Schematic view of possible electro~c 
interactions upon adsorption of CO o n  

a metal surface/68/. 

Blyholder et al. /66,67/ have 

proposed a molecular orbital 

view of CO chemisorbed on 

metals. This generally accepted 

model for adsorption of CO on 

a zero valent metal involves two 

mechanisms which will tend to 

enhance each other in a synergic 

manner (Rg. 2.4.2-1). The 

mechanisms can be visualized 

as electron transfer from the 5a 

orbital of the carbon atom into the vacant metal d orbitals coupled with the backdonating of 

electrons from a partly fdled metal d orbital into the empty 2u" antibonding orbital of CO. 

Since the 50 is virtually non-bonding and the 2~ strongly anfibonding, the increased dex~on 

density in the antibonding orbital upon chemisorption increases the metal-c~bon bond 

strength and decreases the C-O bond strength. Hence, the CO slzetehing fxequency is observed 

to shift to a lower frequency in comparison with the central frequency for gaseous CO at 

2143 cm "~. 

The presence of electron-donating or deetron-withdmwing entities, such as for example H: 

or O,. respectively, will each in their own way influence the electronic density of the metal 

particle, either by inducing a shift to higher frequency (xeduced backbonding. O2) or lower 

frequency (increased backbonding, H~). Also, the vibrational frequency of CO is believexl to 

reflect the nature of the different sites to which CO can be bonded, which is affected by 

particle size. nature of the support, sample preparation and pretmatment conditions. 
; 

Thus. it seems reasonable to assume that carbon monoxide will be a sensitive probe molecule 

showing chasaeteristic frequency shifts depending on the electt~onic and geometric conditions 

govendng its coordination :o the metal surface. 
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2.4.3. Assignment of vibrational bands for CO on supported cobalt catalysts 

Numerous studies devoted to the adsorption of carbon monoxide on alumina and ~ilica 

supported cobalt catalysts have appcaxcd in the literature during the last three decades. 

Most of thes~ investigations arc listed in Table 2A.3-1. From this table, some generalizations 

can be made. The majority of the studies reveal that CO vibrations occur in three main 

frequency regions: 2180-2140 cm" (COc), 2070-2000 cm "1 (COs) and between 2000 and 1800 

cm "l (COn). 

Infrared band{s) for CO in the 2070-2000 cm "* spectral range. 

IR-bands belonging to COR-spccies appear .in the spectral range where the CO stretching 

vibrations of linear M-C--~O groups of metal carbonyls absorb, and have bccn ascribed to 

compar~b|e adsorbed structures. This species is commonly designated linear CO, a terminal 

CO or "on top" CO, see Fig. 2.4.3-1. 

O 
1 
O 
! 

( c o ) . - o o - - ( c o )  

Fig. 2.4.3=1: CO 
adsorbed in a 
linear mode. 

The vibrational frequency of linearly adsorbed CO shifts to lower 

wavenumber upon evacuation, either at morn )amp~rature 149,69,70-72/ 

or with increasing evacuation temperature/50,70,73/. 

The.observvd shift in the CO frequency has been explained to bc due 

to static factors (nonuniformity of the adsorption sites) and dynamic: 

factors (vibrational and dipole-dipole interaction between CO 

molecules) 150,731. 

The effect of varying the CO pressure on the spectra resulted in a" shift to higher 

wavenumbers with increasing presstu¢ of CO for the absorption bands in the 2060-2020 cm "t 

frequency range 169/. This was explained in t~rms of the number of CO ligands attached to 

single cobalt atoms [M(CO)n, n=x,y,z and z>y>x>_l]. The same interpretation was given 1741 

for the 2070 cm "~ band found at higher coverage, which was atlributcd to two, •xce or four 

ligands chemisorbed at single sites. Similar trends of increasing frequency with increasing 

coverage of adsorbed CO were observed by Sate et al./70/, where an indixect effect via the 

metal elcc~ons was suggested to b¢ the most i..mporv~lt coverage-d~ndent factor. 
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Vib ra t iona l  w a v e n u m b e r s / c m  "~" for  d i f fe ren t  modes  or  adso rbed  C O  
on silica and  a l u m i n a  s u p p o r t e d  Co.cata lys ts .  

REFER- CATALYSTS ! REACTION 
ENCE [CONDITIONS 

COc 
iCo~-.CO,~.~] 

co, co, 
[co*.COl i(co°)~.co] 

49 

50.73 

55 

69 

70 ,  

72 
, . , , , , ,  

74 

77 

78 

5% C..o/~AI~ (~ 

10% Co/~Al~O/~ 

11 , 

RT t~, Pco---0.35- 2164 2054,2023 i 
/ 

I0 Tort 

300K.453-493K 2075-2070 
Pco--50 Tort 2160 (2050) 1980.1880 
Pcm~=760 Ton i 

5% Co/y-Al20) (~ RT 2176 2056-2030 
12% Co/y.AkO~ (~ P¢~<10 "s Tort 2045-2028 

5% Cc~SiO2 (~') RT-600K 2181 2062-2055 
Pco=1050 Tort 2037-2032 

3.35% Co/SiO:J =) 300-573K 2180 
Pco--0-3 Ton 

7.5% CoP~iOz ('~ , H~I:O=I i. 2180 2040-2000 

2% Co/SiO2J" i RT. Pco-~I0 Tort , 2050 

5% Co/SiO2 q-~J RT 2180.2130 2100.2090 
I Pc°>0"5 Ton" , 2073.-2060 

10% Co15i02 (~ RT-SISK 2101,2072 2050~018 
. 3% CO/He 

2040-1800 
2000-1700 

18650) 

5% Co(N)/SiO~ ~ 2931~ PT~=7~O 2057 1848 
5% Co(Ac)/SiO~ ~) Ton', H JCO=2 2177 

85 13~15% Co/~- 300K 2160 2060 1990.1950 
Al:03 (') Pco=10 T~r 

5%J0%,20% RT, Pco=10 Tort 2075-2050 1930 
Co~iO~ :J Pm=100 Tort : 2030-2020 

86 

57 Co/AI:O~ m 

109 1.66% Co/At,O~ ~ 

112 Polycrysmlline 
cobalt(s) 

113 5% C~203 (sl 

114 Co/SiO: m 

78K,195K,293K 
pco~lff s - 
1.3 Tort 

2140 2070 1950,1820 

298.673K 2180 
P~o= 17.25 Tort 

RT 1990 1800 
Pco=20 Ton" 

300K 2180 (2080) 1990 

RT 217~ ') 

• Wavenumbers given before evacuation (') Room Temperatm~ (~ Cobalt p r ~ u t ~  : CofNO3~.6FLO 
o) Cobalt prectur~r : Co(CH~COO)z.4H20 ('~ Cobalt p~.cursor : Co,.(CO). 
~ Oxidized in O~ at 670K (6) Reducdou of Co~O, in H.. at 573K for 48 hr. 
co Cobalt loading not give, (') Bands also reported at 2160 and 2091 cm "* 
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Generally, a number of  explanations have been given for the frequency dependence of the CO 

absorption band upon the coverage, such as dipole-dipol.e interactions, indirect interaction via 

the metal or changes in the bonding to the metal, as illusWatecl in Hg. 2.4.3-2. 

Fig. 2.4.3-2: Different types or 
interactions : 
a).interacfion with the substrate 
b) direct molecule-molecule 
interaction 
c) molecule-molecule interaction 
mediated via the substrate 
d) interaction with thermally excited 
low frequency modes/7S/. 

All these kinds of interactions may, in principle, 

contribute to the observed frequency shift with 

increasing coverage of carbon monoxide. 

Blyholder et al. /66,67/ suggested that as the 

number of adsorbed CO molecules increased, the 

competition for the surface metal d electrons 

would inc~as¢, leading to lesser extent (or 

suppression) of backbonding from d into the 2~'- 

orbituls. On the other hand, dynamic dipole 

interactions of adsorbed CO molecule, s was 

thought to constitute the main component of  the 

CO-CO interaction,.resulting in an increase in 7~ 

with 0co/76'. 

Several authors have reported that adsorbed CO in a linear mode constitute a structure 

exhibiting several distinguishable peak maxima/49,50,55,69,73,77/, while others/70,77,78/ 

report only a single band structure. Sato et al. nO/argued that their single band for linearly 

adsorbed CO was a result of the low CO pre, ssure, since Heal et al./691 applied higher 

pressure (I 0<Pcofron'<.50) in their investigations. It has been suggb.sted that the low frequency 

shoulder of the doublet (-2050 cm "~) is tela/,d to adsorbed CO molecules on metallic cobalt 

having a slight positive charge/73/, that is, centres showing less marked electron donor 

properties (Co~  /501. The position of the absorption band was found to be almost 

independent of  the surface coverage of CO. 

Upon adsorption of carbon monoxide on kieselguhr and ThO2:kieselguhr supported Co- 

catalysts, an absorption band located at 1987 cm" was assigned to a linear type CO surface 

species/79/. 
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Infrared bands for CO in the 2000-1800 cm "l specwa.1 range. 

The vibrationaJ bands belong/rig to adsorbed CO designated as CO^ are in the literature 

preferentially ascribed to CO attached to two metal sites analogous to the binding which occur 

in the metallic carbonyls, as shown in Fig. 2.4.3.3. 

O 0  LI~r.-C0 ~ . 

Fig. 2.4.3.3: Structure of Co~(CO)~ 
complex indicating 
linear- and 
bridgebonded CO/78/. 

However, the assignment of COA-strncmres to 

bridgebonded carbon monoxide has been a subject 

for a longstanding controversy/111. 

Eischens and co-workers t80.81,82/made their 

well known distinction between li~ar and 

bridged-bonded CO based on the small fiterature 

then available of infrared spectra of m~w.l 

carbonyls. 

While not denying the existence of bridged. 

groups, Biyholder et al. /66,83/ preferred to ascribe these low-frequency absorption bands to 

adsorbed CO in a linear form in which the x-bonding to the metal was unusually strong, due 

to le~ competition for the d~ electrons from other ligands. Such a situation would occur, for 

example, at a corner or edge of the metal crystaliites, since these sites would allow a greater 
i • . 

backbonding by the d~t-p~ meehamsm. However, in a later paper, Blyholder /84/ concluded 

that the strongest CO adsorption and the weakest CO bond-order (hence the lowest Too 

frequency) could possibly be associated with multi-bridged species. Of the two possibilities, 

most workers seem to favour the bridge-bonded complex, although experimental data 

excluding one mechanism on the expcns~ of the other is not available/88/. 

A conelusiv~ assignment of the bands below 2000 cm': to bridge-bonded CO must be 

supported by the observation of the metal-carbon stretching vibrations in the lower frequency 

range (<1000 cm'l). 

Absorption bands attributable to muld-cootdinamd carbon monoxide has been reported in a 

numbor of papers 150,73,74,78,85.87/. Frequently, they extend over a broader frequency range 

and show weaker intensity compared to bands caused by linearly adsorbezl carbon monoxide. 

The bands am almost unaffected by evacuation at (elevated) temperaturcspsuggesfing that CO 
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was coordinamd to the strongest adsorption sims of metallic cobalt/73/. The bands ascribed 

to brid~ze-bondcd CO in the study by Ferreira et al./74/was re]amd to the coverage of 

adsorbed CO in the sense that they appeared f'n'st at very low coverage. Increasing the CO 

pressure (>0.5 Tort) resulmd in decreasing intensity of the bands, suggesting that linear 

(mrminal) CO structures displaced the bridge mode adsorbed CO. 

Adsorption of carbon monoxide at increasing coverage over Pd/SiOz was found by Eischens 

et al./80/to result in the d¢velopment of absorption bands below 2000 cm "I. At higher 

coverages, a band appeared at 2060 cm "I, increasing with increasing doses of CO. Dcsorption 

was found to occur in the revers~ order of the band appearance. An explanation which 

accounmd for the observed changes as a function of 0co was suggesmd to be surface 

heterogeneity/80,g8f, i.e. the presence of sims with different energies causing the different 

adsorption bands, It was suggesmd that CO adsorbed in a bridge-bonded mode at low 

coverage, and in a linear mode (2060 cm "J) when all the double metal sims were occupied. 

LEED studies/89,90/of CO adsorption on the Ni(100) and Pd(110) faces demonstramd the 

exismnce of different modes of carbon monoxide adsorption. Ni(100) exposed to CO at room 

mmperamre gave initially a strncmre (2x2) consismnt with one CO molecule for every two 

surface metal atoms/89/, while analogous strucmre,s were observed on Pd(l i0) faces/90/. 

Considering the study of Blyholder/66/, the above observed spectral changes could also bc 

explained in mrms of different degr~ of back-bonding. Metal atoms at edge or corner sites 

was proposed to have morn d clectzons to courdinar~ with carbon monoxide (due to fewer CO 

ncighbours), leading m a stronger metal-carbon bond and a weaker, polarized carbon-oxygen 

bond, which in turn results in absorption at lower frequencies. Adsorption occuring on planar 

sims would lead to more CO molecules competi.ng for d~t-cleotrons, reduced back-bonding 

and a shift m higher frequencies. 

Infra~d bands for CO in the 2200-2130 ¢m "~ spectral range. 

The CO c structures causing the high f~quency ba.n. ds ~ppearing in the spectral range 2200- 

2130 cm "1 have been given variocs assignments, as discussed by Li~e/91,92/. 
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Gardner etal./93/correlated the vibrational frequency of carbon monoxide with the number 

of valence electrons in the adsorbate, a hyperbolic relationship was assumed. The partly 

iortiz~d CO + would have nine valence electrons and a frequency of 2194 cm "t. 

Sate etal . /70/ascribed their high wavenumbcr band to CO s. coordinated in a linear mode 

to cationic sites. They argued that this assignment was justified by the close correlation of the 

band frequency with that of CO + (2184 cm't). 

Heal et al. /69/ found a single, sharp absorption band located at 2181 cm "t, which was 

attributed to weakly held chemisorbed CO, may be with some physisorbed CO. The 

adsorption of th~ CO species was believed to take place on an oxidized surface, in 

accordance with the data of Voroshilov et al. 194/. 

A distinct absorption band, observed at 2140 cm "t, was believ,~d to be characmristic of 

reversibly chemisorbed CO in a linear form/87/. 

Ferreira et al. /74/ assigned the high frequency bands positioned at 2130 cm "~ and 2180 cm 4 

to CO ligands attached to lattice cobalt ion and oxygen ion sites, respc~tively, on a partially 

oxidized cobalt metal sampI~.. 

Absorption bands located above the frequency for CO~) (2143 crn "~) were proposeci to 

originate from CO species physically adsorbed on the unreduced Co-su~ace/49,55/. 

Increasing the CO pressure has been reported to resuh in an increased intensity of the band, 

unaccompanied by a shift in frequency/49,69,70/. This, in addition to the position of the 

bands and the ~nerally easy removal of the bands upon evacuation at rather low 

temperatures, indicate weak adsorption of the COc species. The adsorption can then be 

envisaged to occur only via 8-donation of the lone pair electrons of the carbon atom. The 

contribution via g-back-donation is small or neg-t_;-gLh!,~, possibly becaus~ of tim low d-electron 

density available on these surface sims 170/. 

The presence of these bands in the spccua may indicate that it is difficult to reduce the cobalt 

catalysts completely 149,50.55,73,7g,851. Alternatively, it has been suggested that adsorbed 

carbon monoxide is partly dissociated leading to reoxidation of the surface/I I/. Nevertheless. 
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the bands are often well-defined and easy to discern. 

The incomplete reduction of Co catalysts, especially those of low rnetal loading supported on 

AI~O~. may be explained by strong interactions between the dispersed cobalt oxide particles 

and the alumina support. Incorporation of Co z" to some extent within the bulk su'uctum of y- 

AlzO ~ upon impregnation or calcination results in the formation of a sa'ucture similar to that 

of  the spinel Co(AlzO~). 

Adsorption of CO on spinel-type Co aluminates at low temperatures (170K) has been reported 

to give a main absorption band at 2170 crn "1, a shoulder at 2140 cm" and a very weak hand 

near 2210 crn "t/95/. The 2140 cm -~ band, corresponding to CO on Co z+ and the 2170 cm "1 due 

to CO on octahedrally coordinated AP + ions, exhibited the same behaviour upon evacuation 

at elevated ternp~ramrcs. The weak band at 2210 era" may be assigned to CO on tetrahedral 

AI ~-. 

The existence of the different phases o f  cobalt was discussed in Chapter 2.3. 

2.4.4. Infrared bands for CO on Co304 

In addition to the plevious reported investigations deal/ng with alumina and silica supported 

Co catalysts, IR-spectroscopy has also been used-although to a limited extent-in identifying 

the nature of adsorbed CO on cobalt oxide. Co304. 

Adsorption of CO (at 298K) on CosO 4 degassed at 823K resulted in a weak band at 2070 cm "~ 

in addition to several bands below 1700 cm "~ (associated with monodentate and bidentate 

carbonate species)/96L The 2070 cm "~ band was ascribed to weakly adsorbed CO without any 

further mandoning of the type of coordination. 

When cobalt oxide exposed to CO was heated between 313 and 423K, no absorption bands 

in ".he 2500-2000 crn "I range were observed/97/. However, after heating at 493K in 500 Tort 

CO, a band appeared at 2185 cm "I, ascribed to a terminal carbonyl group, possibly Co-CO +. 

Busca et al./981 investigated the adsorption of CO on CojO 4 after two different prelreauuents 

of  cobalt oxide; evacuation at 790K or exposure to hydrogen at 523K. 
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Adsorption of carbon monoxide at room mmp~ratum following vacuum ~atment  at high 

temperature (790K) resulted in absorption bands located at 2180, 2120, 2070 and -2000 cm "~. 

Prolonged exposure to CO resulted in the progressive disappearance of these bands 

accompanied by the appearance of bands at 2060, 1980 and 1950 cm". 

The diffemm absorption bands were interpremd as follows. The 2180 cm "1 band was assigned 

to CO on unsaturated Co ~ ions. The 2120 cm "~ band was suggested to be due to CO 

coordinau:d to Co 2". whil~ the 2070 cm "1 band could be duc to CO on Co z+ having a different 

coordination or to CO on Co +. The bands at 2060, 1980 and 1950 cm "l were assigned to 

different svretching modes of CO in complexes such as Co(CO)~ ~', where n was 0 or i.  

After reduction at 523K, CO adsorption gave rise to a band at 2140 cm "1 (CO on Co"),  a 

complex band in the 2080-2020 cm "l range and soveral maxima in the Sl~Ctral region 2000- 

1750 cm "i. The band previously observed at 2180 cm "1 was absent. The absorption bands 

appearing between 2000 and 1750 cm "= could be ascribed to I-h- and P3 bridging carbonyls in • 

complexes such as Co+(CO)=: or Co=(CO)s, and Co+(CO)==, respectively. Bands in the range 

2080 to 2020 cm "~ were suggested to be due to linear carbonyl species in the above 

complexes. 

2.4.5. Assignment of vibrational bands for CO on evaporated cobalt films 

lnfr~'ed spectra of carbon monoxide adsorbed on evapommd films of cobalt have be~n studied 

by a number of authors/99-1031, and a summary of the resul~ from these investigations are 

givea in Table 2.4.5-1. 

There exists a general similarity bet~veen the infrared specvra of  supported and evaporated 

cobalt, and the scheme of  interpretation used earlier (Chapter 2.4.3) will also be applicable 

to evaporated cobalt films. 

Examination of Table 2.4.5-I indicates the appearance of absorption bands due to linearly and 

brldgebonded CO in the frequency range 2040-1900 cm" and below 1900 cm", respectively. 

but the linear CO-groups do tend to have a lower str~u:hing frequency than those observed 

for suppo,-~d cobalt catalysts. A suggested explanation has been that evaporation of films 
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in the presence of gaseous CO may lead to contamination from carbon monoxide/ l  1/, since 

occlusion and dispropordonadon of  CO on hot metal f'damcnts arc possible under such 

conditions/104/. 

Comparing Table 2.4.3-1 and Table 2.4,5-1 reveals, however, a significant difference in the 

infrared spectra of evaporated and supported cobalt, the failer, giving rise to high frequency 

absorption bands above 2L00 cm q. The difference in the spectra] features between the 

evaporated metal f'thus and supported metal particles can be due to a combination o f  sever~ 

effects; the degree of reduction of the metal particles, different metal particle size and 

different degree of crystallinity, and epitaxial or electronic effects, in which the supporting 

substrata aff~m the formation of  crystaIHtcs or specific planes on/:rystallit~ surfaces / I lL 

Table 2.4.5-1: Vibrational  wavenumbers/cm "1 for different  modes of  CO" on 
evaporated a lms  of  cobalt. 

( i) 

(:9 

O) 
(4} 

t~  
(¢  

REFERENCE 

99 

100 

101 

102 

103 

SUBSTR.4TE OR REACTION 
SUPPORT CONDITIONS 

NaCl o) 

CaF~ J~ 

NaCl~'~ 

NaCi ~e 

Poe--0.1 Tort 

17OK, RT 
Pco=lff 3 Ton" 

l13K, 308K 
P¢o= 

RT 
Poe--700 Tort 

CO. 
(Co'-CO) 

1980 

1990 (170K) 
1970 (RT) 

2O4O (113K) 
1975 (308K) 

2032 
2016 

1960 A) o~ 

CO~ 
[(Co~:CO] 

1880 

1856 

1815 A) o) 

Evaporm~d on NaCI windows in the pcseacc of CO 
No u~nperam~ range given, assumed room l~mpcratuJr¢ 
Evapomled on CaF: ~ndows under ~'uum conditions 
Evaporaled on NaCI windows undo" UHV corutidons 
Evapo~ed in the presence of CO 
Evaporated in die presence of A) 0.1 Tort CO or B) 0.1 Tort H: 
No infrmcd bands due to cheadsorbcd CO wcze demoted on cobalt fdms evaporacd in 0.1 Tort H: after 
addition of olerms followed by admission of 700 Torr CO. 
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The effect of me~d loading on the infrared spectra of supported cobalt 

catalysts 

Some investigations have reported the influence of different cobalt content on the infra~d 

bands appearing in the region normally expected for molecularly adsorbed carbon monoxide. 

• ° 

+ 

W a~'+tumber ( m  " ) 

The abs~nc~of the high frequency band (2176 

cm "t) in the spectra of  the 12% Co/Al203 

catalyst, see Fig. 2.4.6-1, was believed to 

due to a more complete reduct.ion of the kigh 

metal loading catalyst/551. A lower artivadon 

energy for reduction for the L2% Co/AI203 

catalyst than for 5% Co/A120 ~ was repor~d, 

indicating that the extant of reduction 

increases with increasing metal loading. 

In the study conduced by Sato et al. /70/, 

both COc and COs structures were reported 

for cobalt (7.5 wt-%) supported on silica. The 
Fig. 2.4.6-1: CO adsorption on 5% and 

12% Co/AI20~. 
Reduction conditions: 
823K for 17 hr  155/, IR spectra of the low loading catalyst, 3.35% 

Co/SiO= in the CO region featured only the high fze+quency band due to CO c spe, cies. XPS 

studies showed the presence of Co=* and mctaifi¢ cobalt on the catalyst with the highest cobalt 

loading, but mainly Co a~" for the 3.35% Co/SiO2 catalyst. It was suggcs~d that the cobalt ions 

could be coordinated to the silica surface in two different ways, strongly or more loosely 

bound. Co b coordinated more w~aldy was believed Io be presem in higher amounts and easier 

to reduce, and it was proposed that this form of Co b was absent in the case of the 3.35% 

Co/SiO.,. 

Kuznetsov et al./1051 reported minor changes in the positions of the absorption bands in the 

2075-1900 ¢m "] region upon introduction of CO aver 5% and 10% Co/Si02 (prepared by 
i 

using cobalt nitrat~ as the metal precursor). A downscalc shift in frequency of the most 

intense peak was observed with increasing cobalt loading (5% Co/SiO2:2050-2075 cm "i, 10% 

Co/SiO2:2035 cm'l). 
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2.,*.7. The effect of hydrogen on adsorbed CO 

The effect of introducing an additional gas on the spectrum of CO has been shown to result 

in a shift in either frequency direction for the CO stretching bands, delmnding on the 

particular metal and the added gas 1881. Amongst others (NO,O2), H~ has frequently been 

nscd. The reaction between H~ and CO giving rise to several proposed reaction int=rmediates 

is of considerabt¢ interest from the point of view of th~ Fischer-Tmpsch synthesis. Therefore, 

the following brief section surveys only investigations utilizing hydrogen as coadsorbam. 

~tl| ~bJ 

Fig, 2.4.7-1: Effect of hydrogen on CO 
adsorption on 7.5 wt.% 
Co/SiO, nO/: 
(a) CO alone 
(b) H=/CO=I 

The effect of hydrogen on adsorb=d CO is 

believed to result in a displacement of the 

CO stretching frequency to lower 

wavenumbers/66,91/. It is likely that the 

p ~ n c c  of hydrogen, acting as an electron 

donor, may increa.~ the availability of d- 

electronS for backbonding from the metal to 

the adsorbed CO via 7t-bonding. This would 

indicate a strengthening of the metal-carbon 

bond and a subsequcm weakening of the 

carbon-oxygen bond in CO, hence a 

downscalc shift in frequency. 

Fig. 2.4.7-1 illustrates t~e effect of 

hydrogen on the adsorption of CO/70/. 

Heal et al. 1691. however, reported lower intensity and a high frequency shoulder on their 

2022 cm "l band after H= addition. They argued that the high frequency shoulder indicated 

chcmisorpdon of several ligands on the same metal site. suggesting the formation of 

HeM(CO) x, Y_.I. In such a complex, hydrogen would compete for the available d..clcca'on 

density, the M-C bond would be weakened, the C-O bond would be stronger, hence a shift 

to higher CO fiv, quencics would occur. The magnitude of lhe shift would depend on the 

ability of hydrogen to accepr~ d-electrons (forming a M-H species) and the relative proportions 

of the d-electron density distributed between the M-H and M-C bonds within the proposed 

complex 1691. 
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Eischens et al. 1801 stated that adding a gas to chemisorbed CO influences tim electronic 

nature of the metal rather than leading to structural changes of the adsorbed CO. 

Coadsorption of carbon monoxide and hydrogen over supported cobalt catalysts has been 

reported to result in a shiR to lower wavenumbers for the CO stretching band compared to 

a hydrogen free system/50,70,73,78/. The reduction in frequency was thought to bc caused 

by an electronic modification of the surface metallic sims, probably by reagenL~ or products 

formed during the hydrocarbon synthesis/50,73/, while others/701 interpreted the observed 

shift in terms of a weakening of the C-O bond due Io an increased electron density availabte 

for backbonding, in line with dm previous explanation. 

H OH 

L-~: ~. 2.4.%2: 
Structure of  
hydroxy. 
¢arbene. 

The question is. whether the observed d.isplacement in frequency is 

consistent with the formation of a hydroxycm'bene (see Fig. 2.4.7-2) or 

"enolic', species/80/. Justification for the "enolic" complex has b~n based 

on coadsorpdon ex~riments involving H, and CO zesuhing in t~n't'ace 

spcci~ in which 1:I stoichiometry of each adsorbate was repormd/L06.10)L 

On the other hand, no interaction was observed/50,70,73/between hydro, gen 

and chemisorbed CO indicative of the formation of a F'tschex-Tropsch type 

intermediate like the above mentioned complex. 

Generally, one would expect that th~ formation of a complex of an "enoli¢" s~-ucmrc should 

be accompanied by the disappearance of the CO stretching absorption band together with the 

formation of a hydroxyl band 1801. The possibility exists that the OH-groups may be hidden 

under the OH-slretches belonging tG the support (AI-OH or Si-OH). However, the C-H stretch 

of  an carb°n'c°ntaining species should cause a distinct, high frequency band. in addition, 

under the conditions where the I:I HJCO complex has been observed, the CO band is still 

intact. 

With this in mind. the infrared results indicate that if oxygenated building blocks like 

hydroxycarbcn¢ exist, they probably exhibit a rather transient character and/or that appreciable 

quantities of  this complex is not formed under the Sl~cific reaction conditions. 
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Infrared bands of adsorbed species in the frequency region 3050-2700 

and 1800-1200 cm "~ 

~ addition to ,,he frequency range normally expected for the adsorption of different modes 

of carbon monoxide (2200-1800 ¢m'~), oth~r spectral regions also investigamd includes the 

3050-2700 cm "~ and 1800-1200 cm" spectral range. 

Bands observed between 3050 and 2700 cm "t. 

rnfrared absorption bands appearing in the 3050-2700 cm "~ range have generally been ascribed 

to C-H sm:tching vibrations in CH2- and CH3-groups. 

Few smdi~ have reported the presence of bands in this frequency range during CO 

hydrogenation over alumina and silica supported cobalt catalys~s. 

Arakawa et al. ,~8! ascribed bands located at 2927 cm "~ and 2856 cm "z to asymmetric and 

symmetric stretches of CHz-groups, respectively. 

Heal et al. 1691 mpormd methane (Q-branch at 3017.5 cm "1) as the main product deterred in 

the mmperatur¢ range 468 to 488K during heating of 5% Co/AI,O) in an aanosphere of 

hydrogen and carbon monoxide. 

In the study by Ansorge et al./108/, absorption bands due to the formation of hydrocarbons 

were ~ p o m d  in the .following positions: 2970 and 2930 cm "l (asymmetric CH3 and CHz- 

stretch) and 2890 and 2860 cm "~ (symmetric CH3 and CH2-stretch). 

Bands observvd between 1800-1200 cm q. 

Bands observed in rids frequency region can be ascribed !o C-H d~formations, symmcu'ic or 

asymmetric (correlating with the asymmeuic and symmetric C-H stretching bands in 

CH.JCH3-~o-ps). O-C-O or C-.-O in oxygen-containing species like surface formatea or 

carbonates 191L 

Savd'cva et al./109/rcpor~d s~veral bands in the frequency range 1690-1230 cm "~ and 

assigned them to a number of carbonato-carboxylat¢ complexes formed upon the interaction 

between CO and th, support (A1203). The bands disappeared upon vacuum trca~ent at 573K. 
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Amkawa ctal./78/obscrvcd a absorption band at ca. 1,#60 cm "z (depending on the reaction 

conditions) which was related to tbe CH2-gtoups observed in the 3050-2700 cm "~ range. 

The formation of carbona¢ groups (1525 crn "~ and 1345 Cm "~) and formam groups (1580 cm "l 

and 1385 crn "~) were demcmd during CO u~atmcnt of a 5% Co/AI203 catalyst at high 

~mpcrature/8~. 

CO adsorption and/or coadsorpfion of CO and I-I z over ZrO 2 has bean found to result in the 

appearance of absorplion bands amibutablc to bidsnmt~ carbonam (1550 crn ~ and 1330 cm ~) 

and formam groups (2877 cm", I]J58 cm "~ and 1365 cm "t) II I0/. 

Adsorption of formic acid on 5% Co/SiO~ at 303K reveaJed the presence of physically 

adsorbed HCOOH (on the silica support) giving absorption bands located at 2960 cm "1, 1725 

cm 4 and 1410 cm "l as wcU as fermatc ion (adsorbed on the cobalt mvtal) showing 

characmrlsfic absorption at 2945, 1580 and 1380 cm "z/11U. Increasing the t~ml~ratum lead 

to a rapid dccrcas~ in thc 1725 cm "~ band intensity, while the 1580 cm "~ ban.d was ~sscnfiv.lly 

tmaffcctcd by the desorption temperature. 
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2.5. CO HYDROGENATION ACTIVITY AND SELECTIVITY 

2.5.1. Introductinn 

This brief ]itcratum review is confined to studies reporting the effect of cobalt loading and 

support on the CO hydrogenation activity .and selectivity. The influence of  dispersion and 

extent of reduction is not treated in any specific detail in the following chaptsr. SevEral 

paints and review articles gives a thorough discussion of these and other topics, for example 

Bartholomew/6/, Iglcsia et al./115/, Che el al. 11161, Moon et al. /117/ and Johnson et al, 

/118/. 

2.5.2. Effect of metal loading and support on CO hydrogenation activity and 

selectivity 

Several studies provide evidence that the suppor~ can affect the activity and selectivity 

properties of Co for CO hydrogenation. 

Casmer et al. /58/ investigated the influence of different support materials on CO 

hydrogenation activity for a 5%. Co-catalyst. They found that the activity (basEd on total 

catalyst weigh0 decreased in the order Co/silica > Co/tiwnia > Co/~'.umina > Co/K-alumina. 

Variations in activity was explained by the amount, type and reducibility of the cobalt species 

present on each catalyst. For example, Co/SiO, had the highest concentration of reduced 

surface cobalt (presumably due to the easy zeducable CojO4-phase), while cobalt-aluminat~ 

species on the Co/Al=O3 catalyst, showing evidence of being hard m reduce (from IPR 

measurements), probably caused the low activity of this catalyst ThuL a relationship seemed 

to exist between the reduction properties of the cobalt species on the different supports and . 

the CO hydrogenation activity. 

These findings were in accordance with the conclusions from th~ work of Rcuel et al./I 19/, 

in the sense that the alumina supported Co-catalyst was reported to be less active than 

ColSiO2, viz. decreasing specific activity in the order Co/titania > Co/silica > Co/alumina for 

cobalt loadings of 3 wt-%. The initial activity varied three orders of magnitude between the 
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different Co-supported catalysts, increasing the Co-loading of the alumina supported catalysts 

from 3 to 15 wt-% resulted in a 20-fold increase in the specific activity. In fact, a linear 

increase in specific activity with decreasing dispersion was observed. This was suggested to 

be due to changes in surface strncmres with decreasing particle size, or electronic 

modifications because of the intimate contact between the small metal, particles and the 

support. 

The hydrocarbon selectivity could also be correlated with dispersion and the extent of 

reduction. Higher dispersions and lower extents of reduction resuimd in the observation of 

lower molecular weight hydrocarbon products. This could be related to the presence of stable 

surface oxides, e.g. cobalt aluminate, catalyzing the water-gas-shift reaction thereby increasing 

the ratio of H:JCO at the surface. 

Vannice I120/reported the order of specific activity of supported Co-catalysts to Co/silica > 

Co/alumina > Co/titania for cobalt loadings between 1.5 and 4 wt-%. The observed higher 

activity for Co/SiO 2 compared to Co/AlzO 3 was suggested to be due to a more complete 

reduction of the dispersed Co on SiOz. 

Fu el al. I1211 also observed variations in activity and selectivity of ColAl~03 with metal 
loading, reduction temperature and catalyst preparation. Increasing the cobalt loading from 

3 to 25% (decline in dispersion from 15 to 6.7%) resulted in increasing specific activity or 

remover number, that is, increasing activity with decreasing dispersion in accordance with the 

observations of Reuel et al./119/. The w.~ion in specific activity was suggested m be due 

to variations in the distribution of low and high coordination sims (depending on the metal 

particle size), and by changes in the nature of adsorbed CO species. Linear and bridge bonded 

CO was suggested to dominate on the poorly dispersed catalysts, wl'til¢ subcarbonyls (more 

than one CO molecule adsorbed per metal surface atom) were prevalent on well-dispersed 

cobalt. The low activity of the well-dispersed cobalt catalysts was explained in terms of the 

different modes of adsorbed CO, sines subcarbonyls was considered to adsorb on sims of low 

activity. 

The above results may suggest that CO hydrogenation is a swuctm'e sensirlve reaction. Such 

a conclusion however, must be considered in view of  the recent studies of CO hydrogenation 
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over well-dispersed iron on alumina/122/and on overlayers of Co on W(100) and W(110) 

11231. Keeping the ext~nt of reduction constant, the specific activky was independent of the 

dispersion, suggesting that the reaction is structure insensitive. A similar relationship has been 

observed in investigations of single crystal Ni 11241 and Ru 11251. 

In the Temperature Programmed Surface Reaction (TPSR) study by Lee et al./77,126/, two 

different reaction pathways for CO adsorption and hydrogenation was propose.d: 

1) 

2) 

Dissociation of carbon monoxide on the metal followed by hydrogenation of 

atomic (r~.)carbon (Reaction A) 

and 

Spillover of hydrogen and carbon monoxide to th~ support were a CHxO complex was 

formed, followed by diffusion of the complex to metal crystallites, where it 

decomposed (Reaction B). 

Reaction A was associated with large, 3D Co metal crystallites, pathway B with site, s of both 

large and small crystallit~s. The authors stated that the observed variations in activity could 

b~ explained by the dislrihutinn of A and B states (reactions), which was related to the metal 

loading and reduction teml~rature. Mechanism A dominates on catalysts with high cobalt 

content and extent of reduction, while the influenee of Reaction B increases with increasing 

metal loading. 

Varying the metal conmnt appears to be one of the major factors influencing the selpcdvity. 

Longer hydrocarbon chains and less formation of CO2 are characteristic when the metal 

loading is increased. The Cs, hydrocarbon fraction increase.s, the s~lectivity to C l and C~ 

decreases and the oleirm/paraffin ratio d~.creases with increasing cobalt content 1121,1271. 

Fu et al. !121/observed a shift in the product distribution for Co/alumina catalysts towards 

heavier hydrocarbons as the metal loading was increased; (z increased from 0.7 to 0.9 as the 

wt-% Co increased from 3% to i5%. The increas~ in the hydrocarbon chain length with 

deereasing dispersion over cobalt alumina catalysts with varying cobalt loading was suggested 

to he duo to changes in the strength of adsorption of carbon containing intenuediates with 



-47- 

loading and dispersion. ~ can be interpreted in terms of different CO adsorption 

stoichiometry, as discussed previously. It was assumed that the metal-carbon bond strengths 

for adsorbed hydrocarbons would show similar bchaviour, thus leading to higher residence 

times and lower termination rates with increasing metal loading, which would give longer 

hydrocarbon chains. 

Keeping the metal loading constant (10 wt-% Co/'pA1,.O~) and varying the reduction time and 

temperature resulted in decreasing dispersion with decreasing exmnts of reduction when the 

catalysts were reduced at 598 or 648K (for different periods of time) 11281. It was suggested 

that the presence of urtreduced cobalt oxide modified the electronic properties of  the reduced 

cobalt metal, causing suppression of hydrogen adsorption. This would mean that the 

dispersion based on chemisorption of hydrogen will be underestimated at low extents of 

reduction. H2 suppression was also believed to be the reason for the enhanced production of 

olefins on the partially reduced Co-catalysts. 
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3.1. THE FISCHER-TROPSCH SYNTHESIS 

The catalyzed hydrogenation of carbon monoxido constitutes an important class of reactions 

over Group VIII metals. Among thvsc catalytic processes, e.g. methanation, alcohol synthesis 

and Fischvr-Tropsch synthesis, the industrial interest has focused on oxygenate production, 

while ext~.nsive research ralatcd to the Fischer-Tropsch process has been carried out since its 

discovery by Sabaticr et al./1/. 

• The products obtained from the reaction between hydrogen and carbon monoxide depvnds on 

the typv of catalyst applied, as illustra~d in Fig. 3.1-1. 

3. CHaOH 

T 

HJCO --~ I. Hydrocarbons 

i 

2. Higher alcohols (Cz+OH) 
accompanied by other oxygena~s 

Rouu: 3:Co/ZnO/AI203 

Route 1: Fe, Ru or Co catalysts 

Rou~ 2: Nin-idized Fe, or alkalized Fc or Co, 
promoted Rh-catalysts 

Fig. 3.1-1: Proc~s routes to liquid energy carriers from synthesis gas/129/. 

The stoichiomctry describing the conversion.of synthesis gas to typical moflqanation and 

Fischer-Tropsch products can b~ represonted by the following equations/130/: 

.CO + 2,,H, ~ CoH~ + nH20 

mCO + (2m + I)H z ~ C~H~+ z + mHzO 

pCO + 2pHz --> Cp.,H~,CHzOH + (P-I)H20 

2CO --> C + COz 

CO + HzO ~ CO, + H 2 

(n=2,3,....) 

(m=I,2,3,....) 

(p=-t,2,3,....) 

3.1 

3.2 

3.3 

3.4 

3.5 
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Typical products from the Fischer-Tropsch reaction are predominantly linear alkanes and 

alk~nes. Alcohols, if produced, are mostly primary n-alcohols. The Boudouard reaction (3.4) 

results in the deposition of carbon, and is favoured by decreasing H_JCO ratios, The secondary 

wamr-gas-shift reaction 0.5) produces hydrogen, and is useful when the H.JCO ratio of the 

fe*d differs from that required by the stoichinmetry of the desired products 1130/. 

The Fischer-Tmpsch synthesis over traditional catalysts like F¢, Co and Ru, results in a mngc 

of products, from CHa to long chained hydrocarbon waxes. It is generally agreed that the 

formation of the hydrocarbons is governed by a stepwisc growth mechanism, involving one 

carbon entity at a time being added to the growing chain: 

÷ ..... .Yn 
• + X  . + X  . + X  

P1 P2 P3 Pn 

3.6 

CO + H2 ---> Yt is the initialization step, and Y. the growing chain (surface intermediate). X 

is the monomer and Ps is the product containing n carbon atoms, k~ and 1~ are the ram 

constants for chain propagation and termination, respectively. 

Tnc probability of chain growth, ¢t, can be defined as follows : 

where rr= chaha propagation ram 

r , :  chain mrmination ram 

O~ = l'p 
rp÷r, 

3.7 

If it is assumed that a is independent of chain length, an~i that chain growth occurs only in 

one direction, the distribution of the hydrocarbon products can bc described by the chain 

polymerization kinetics model of  Anderson-Schulz-Flory (ASF) 128/. The ASF polymerization 

equation is wrimm as 161: 
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Wtl 
w = (l-c0".a *'t 
n 

3.8 

where n = number of carbon atoms in the product 

We = weight fraction of product containing n carbon atoms 

¢~ = chain growth probability 

¢z is obtained by a least-squares linear regression of the logarithmic form of equation (3.8); 

in(W*) = in(l_c02+(n_l).Inc~ 3.9 
n 

If the product distribution among the carbon numbers fonows the polymerization equation, 

one would expect a linear relation between ln(WJn) and n, with slope In a. 

The theoretical product distributions can be calculated as a function of the chub} growth 

probability. Fig. 3.1-2 shows the results obtained for hydrocarbon fractions in the range Ct- 

C1~/131/. The figure indicates that high yields are only possible for the extreme ends of the 

hydrocarbon product spectrum, CH~ and waxes. With the exceptions of C~ and/or C~, the 

theoretical results in Fig. 3.1-2 agrees well with the expedmentslly determined product spectra 

1261. Deviations from equation 3.9 can be explained by 1261: 

* secondary reactions on the support 

* further chain growth ~ter readsorption of desorbed products 

* incorporation of C~-C4 into growing chains 

* additional production of methane by different pathways 

* change in a with chain length 

The selectivity limitations arise from the polymerization kinetics governing the chain growth 

and can not be oixcumvented unless other factors are brought into play, for example by the 

use of shape selective zeolite containing catalysts, unsmady state operation or interception of 

intermediates/6/. 
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Fig. 3.1-2: 

, C3S~I~ 1 

~ 4 t l I . N Y  ~ O t ~  ~ 

Selectivity to hydrocarbon fractions as a 
fancfion of chain growth probability, ct i131/. 

Since the discovery of the process there, has been an ongoing controversy over the pv~.eived 

mechanism of the reaction on the catalyst surface. Discussions concerning the mechanism of 

the F~zcher-Tropsch reaction has focused on mainly three reaction pathways: 

- surface carbide mechanism [dissociative adsorption of carbon monoxide] 

- hydroxycarbene mechanism [hy&ogenation of associated adsorbed CO to M--C(OH)H] 

- carbonyl mechanism [insertion of CO in growing chains] 

The different pathway s propose the formation of different intermediate complexes and flair 

nature and extent of participation in the chain growth leadin3 to the observed product 

distributions. The carbide mechanism, odginaIIy proposed by Fischer et al. 1132,1331, has 

gained credibility through extensive research the last two decades, and is now generally 

considered to be a plausible explanation for describing the intzraction between hydrogen and 
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carbon monoxide with the catalytic surface and subsequent synthesis of hydrocarbons. Ample 

evidence has shown that this is the prevalent mode of CO activation at higher temperatures 

over Fe, Co and Ni. The various steps may be visualized as follows: 

CO dissociation: 

CO • • C 0 

I I I 
M + M  -.4 M + M  

M represents a catalytic 'sire 
on  the metal surface 3.10 

Hydrogenation." 

c H c~,_. 
I I I 
M + 2 M  --> M + 2 M  

O H 

I I 
M + 2 M  --4 H 2 0 + 3 M  

3.11 

3.12 

Chain growth: 

R 
I 

R CH_, 
I I- 
CH 2 CH= CH z 

I I I 
M + M  --> M + M  

3.13 

Termina~on: 

R 
I RCH=CH~ 

CH~ . 
I 
CH~ , 
I RCH2CH~ 
M 

3.14 

3.15 
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Carbon monoxide is dissociafivsly adsorbed, and the carbon atoms arc hydrogenated to CHx 

species. Adsorbed oxygen is removed by CO (as CO:) or by hydrogen (as H:O). Methane is 

formed via hydrogenation of surface methyl groups: 

CH, H 
I I 
M + M ---> CH4 + 2M 

3.16 

while propagation proceeds by insertion of CH2-groups into a metal-alkyl bond. Termination 

of the chain growth may occur by [~-H abstraction resulting in ct-olofinEs or by hydrogenation 

yielding paraffmcs. 

One of the key objections to the carbide mechanism is its failure to account for the formation 

of large amounts of oxygenated products, e.g. alcohols." While the two mechanisms, 

hydroxycarlmne and carbonyl, explains the formation of oxygenates, it has been propos, d that 

methanadon occurs via the carbide route and chain growth by CO insertion. Atmmpts have 

be, n made to present a general mechanism which includes the features of alkane, alcohol, 

acid and aldehyde formation/26/. According to the scheme in Fig. 3.1-3, this mechanism is 

essentially a combination of the carbide and CO insertion mechanism. Chemisorption of CO 

results in a complex with C and O associated with either one another or with the metal sit,. 

Dissociation gives atomic C.and O. Carbon atoms can be hydmgvnamd to CH 2 or hulk carbon 

(graphite) can Im formec( by agglomeration. Alternatively, th~ C-O complex can tm 

hydrogenated to a CH, O complex (A), which in turn forms either CH~OH or CA-I, or watar 

by hydrogenation. Chain growth occurs by inscrtion of the C-O complex followed by 

hydrogenation. Termination resulting in the desired organic products can occur by desorption 

or hydrogenation of the surface complex (B). The combined mechanism also provide, s an 

explanation for the ofmn observed high CH( selectivity compared to the other carbon number 

cuts. CH4 can bs formed via hydrogenation of C atoms or via hydrogenation of the HCOH 

complex (A) and of the resultant methanol. 

The reaction kinetics of CO hydrogenation on suppormd cobalt catalysts have bccn a'cpox'~d 

in a number of papers 127,119-121,134-137/. The hydrogen reaction order is typically about 

0.5 to 1.0, while that of CO is either negative or near zorn. Therefore, the rate of r~action is 
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Fig. 3.1-3: 

~o + . ~ ?  ,,-., ~-~ ,._~, ~. 
M M M M 

i 
H30H ~" I~, H--C--O--H ~H 2 

IA] i"' i" 
CH~, ,+, H20 ~H2 ~ CH& 

HzO + " ~  ~H, 
M 

Initalion and Cz-Compounds H 

+ 0 
I 
M 

H20. 

~ H = + C - - O ~ C - - O  ~ H--O--O ~ H--C 

lq M 
C~oin growth 

-I- H20 

R R R R 
I I I I 
CN ,~-C.Hz..,..~-.H--C~CHz ~-.~-~.. H ~ C - - C H z ~  H--C--CH$ 
I I I I I 

" "  " ! - i  i "' +"'° Branching M 

R 
I 
• RCHICH2CHO 

RCHzCH,,mCH 2 .{.. ! ~ Ci'4i 

~_~...o ,~,.c.,~. + / ~ I ,c.,c,,~.oo. 

Terminaflon l tm 

R R 
i I ~ H ~ CH ----.HZ-,,.P.. RCHiCOOH 

0 

CO 2 -Insertion 

A general reaction mechanism scheme incorporating the features 

of both the CO insertion and the carbide mechanism/26/, 
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generally proportional to the concentration of hydrogen in the gas phase. By considcring the 

elcmenta.ry reaction steps, rate expression of the Langmuir-Hinschclwood type can bc 

obtained. Derivation of the rote expression based on the surface carbide mechanism ~ssumin~ 

hydrogenation of surface carbon to be the ram-d~tcrminin~, step gives: 

KI. Pcolr.. pp.Ir~ 
-rco = - 3.17 

( I  + K, "  Pa, 'rz- + K.~- Pco'r'-) " 

Derivations of rate expressions based on the carbonyl and hydroxycarbene mechanisms have 

b~n given elsewhere/138/. 

A brief summary of "kinetic parameters for CO hydrogenation on suppormd Co catalysts is 

given in Table 3.1-I. 

Table 3.1-1: Fischer.Tropsch reaction kinetics of cobalt catalysts. 

-rco = A.a'v"~Z.(Pco)X.(pH,)v 

CATALYSTS 

2% Co/A.1203 

x ~ 

-0.48 1.22 

3-I5% ColAI. ,O 3 --- 

B ~ m  

t 

Eaco c (k.limot) 

112 

96 to 146 

REFERENCES 
. . . -  

27 

3% ColSiOz 
10% C. olSi02 

67 
69 

119 

4% C o / S i C k . .  . . . . . .  95.4 120' 

3-25% ColAI20 ~ . . . . .  87 to 130 121 

14% Co-1% -0.33 0.55 --- 134 
LazOs/Alz% 

m .  . . . .  

6.2% Co/AIzO 3 -1.5 to 0.5 -0.5 to 1.0 --- 135 

3% Co/AlzO 3 -0.43 1.24 100 136 

137 1.10 
0.83 

3% Co/AI203 
10% C~AI,O 3 

-0.20 
-0.90 

A = reaction order, Pco 

105 
100 

B = reaction order, Pm 
C = activation energy for CO conversion 
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3.2. TEMPERATURE PROGRAMMED REDUCTION (TPR) 

The reduction of a metal oxide (Me) by hydrogen to form the metal (M) and water vapour 

may be described by the gene,al equation 1139/.' 

< 

MOo) + H ~ )  ~ M m + HzO(8 ) 3.18 

Oxides, which reduction are associated with a negadve standard free energy change, and CoO 

is one of them, are thermodynamically feasible. The TPR profiles axe obtained by passing a 

mixture of hydrogen and inert gas over the metal oxide while increasing the temperature at 

a linear programmed rate. Since the gas flow is kept constant, the changes in hydrogen 

concentration is proportional to the rate of reduction. The peak maxima eccuring at a certain 

temperature corresponds to a maxima in the ram of reduction. The positions of the peaks 

appearing in the TPR spectrum am determined by the chemical na~.tre and the environment 

of the reducible species/140/, i.c. the strength of the bonding between metal and the support, 

between the metal and metal oxide and the particle size of the metal precursor. The peak area 

reflects the amount of hydrogen consumed, thus making it possible m estimate quantitatively 

the extent of reduction by using a suitable calibration compound, SUCh as cue or Ague. 

Several experimental parameters will affecl the spectra, the most important being the hearing 

rate and the gas flow rate. increasing the heating rate induce in general sharper peaks and also 

a shift to highe.r temperatures but lower resolution is obtained/139,140/. A lowering of the 

heating rate results in spectra with higher resolution, less intense and broad peaks. 

A decreasing flow rate has the same effect on the shape of the reduction peaks as increasing 

heating rate. The opposite, an increase in the flowrate results in a lowering of the degree of 

conversion, thus increasing the concentration of the reactanL Hence, the peak maxima are 

expected to be shifted to lower temperatures. 

The effect of increasing the mass of the catalyst is reduced resolution, which may lead to to 

difficulties in separating two reduction processes. The temperatures at which the composite 

reduction occurs can then bc higher than those of the separate processes/139/. 

Furthermore, in too large catalyst beds temperature gradients may exist, in addition to 

sign~cant hydrogen concentration gradients, resulting in non-homogeneous reduction. 
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In summary, care must be exercised when direct comparison of the reduction peaks are 

performed on the results obtained in different laboratories due to the above mentioned effects. 

3.3. INFRARED SPECTROSCOPY 

3.3.1. Theory 

The interaction between the dipolar motions of molecules or groups of atoms within 

molecules and the electric component of the electromagnetic field is the basiz for rotational, 

vibrational and clectxonic spccTxoscopy. Electronic spectra are observed in the ultraviolet/ 

visible region due to transitions between electronic levels, while resonances associated with 

molecular vibrational frcquencie~ occur in the 4000-200 cm "x portion of the infrared spectrum. 

The expression for the vibrational frequency of a molecule can be derived using the classical 

approach based on Hooke's law (je=--kx)in combination with Newton's second law of motion 

(~-ma). In the case of a diatomic molecule (A-B), the equation of  harmonic motion is given 

by 

lj,=(_~2 ) =-k-x 3.19 

where k-force constant of the bond, ~ is the reduced mass mA-me/m^+me and x=r-r,, the 

displacement of the atoms from the equilibrium separation r, to a distance r, see Fig. 3.3.1-I. 

fwi l l  be a function of the potential energy, and integration of the right hand side of equation 

3.19 gives the change in the potential energy of the system: 

U =0.5 k.x 2 3.20 

• Assuming small values for x, the solution of equation 3.19 is: 
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i 

It.  i I o , | 

t 
I n t ~ c n u c ~ w  U l ~ r ~ i m  ~ U,I 

Potential-energy function for a real dJatomie molecule with a dissociation energy 
and equilibrium bond length r.(b). The dashed (a) is the potential energy function 
for the harmonic oscillator that approximates the potential at smart displacements 
from re The lines parallel to the abscissa axis represents allowed energy levels 
i141/. 

wbem 

x =Asin(2~y0 

• 2~ ,~ /Jm 

3.21 

3.22 

A small displacement of one of the masses relative to the other will result in simple harmonic 

vibrations, and y~ is the frequency at which the system vibrates and denoted the equUibmm 

frequency. If  the frequency 7 of the incoming light corresponds to y,, a coupling with the 

dipole moment of the diatomic molecule (A-B) occurs, causing vibration of the molecule 

/1411. If the diatomic molecule is of the type A-A (symmetric). no coupling occurs, hence the 

molecule will not absorb infra~d radiation. 
/ 

For more complex molecules than the diatomic, equations can in principle be derived which 

e x p ~  the potential and kinetic energy in terms of the displacement x of the atoms. 
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Solving under the constraint that the total energy is constant, the number of solutions (or 

vibrational degrees of freedom) will bc 3N-6 for a polyatomic molecule and 3N-5 for a linear 

molecule, N being the number of atoms. That is, N atoms require 3N Cartesian coordinates 

to describe their motion. Three coordinate~s are associated with translational degrees of 

freedom (movements of the entire molecule through space while the positions o~" the atoms 

relative to each other remain fixed) : three more coordinates (two for a linear molecule) 

associated with the rotational degrees of freedom (the intcratomic distances remains constant 

but the entire molecule rotaes with respect to titme mutually perpendicular axes that passes 

through its center .,f mass). All other movements of the atoms in a molecule are known as 

vibrations and arc determined by the condition that the average position and orientation of the 

molecule remain fixed while the relative positions of the atoms change. 

The classical model approach provides considerable information on the existence of 

vibmtinnal frequencies of atoms within molecules, but. on the other hand, it does not explain 

the existence of rotational frequencies, unless electronic motion occurs at the same frequencies 

11411. 

Quantum-mechanical considerations involving the solution of the Schr~dinger equation 

assuming the harmonic oscillator energy po,~ntial function results in allowed, equally spaced 

energy levels defined by: 

e =(n +0.5)h7 3.23 

where h is Planck's constant. When the quantum number (n) is zero, that is, the oscillator is 

in the ground state, the system still retains ~ of energy. This is known as the zero point 

energy, and is of importance in thermodynamic and Idnetic studies /142/. One of  its 

consequences is that file dissociation energy (D,) of isotopic species will be different, since 

D=D~-0.5h7 and 7 will be different because of the different massss, cfr. Eq. 3.22. 

From the quantum-mechanical approach the probability of inducing transitions i~twcen 

different energy l~vels can bc predicted. The $election rule ~---±i is valid for the harmonic 

oscillator, which means that n must change by ±1 for the transition to be active in the 

infrared. Usually, these transitions occur bet~veen the ground state (n=O) and the Fust excited 
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level (n=l). This is due to the fact that the number of molecules not in the ground state is 

negligibly small at room temperature, i.e. hy is generally large compared to kT 11431. Such 

a conclusion is based on the use of  the energy of a molecule vibration in addition to the 

MaxweU-Boltzmann distribution expression: 

N/gL = e'~C"c'~r 
N/gr 

3.24 

which defines the ratio of the relative population of molecules at the discrete energy levels 

e, and el. g~ and gf are the numbers of allowed quantized levels with these energies. N~ .~nd 

N r is the number of molecules with energies ~ and e t. If the population of the. states is 

referred to that of the lowest energy, denoted f=0, equation 3.24 becomes: 

N/gi - e ~c..c,~t e .~,~r 3.25 
NJgo 

where ~,=ei- ~ .  Thus, if Ael is large compared with kT, the ratio (N/g)/(NJgo) will be very 

small. Vibrational transitions from the ground state to the first state is usually observed in the 

4000 - 200 cm "s spectral range. 

An important selection rule for infrared activity is that a molecule will only absorb radiation 

if the change in the vibrational energy transitions is associated with a change in the dipole 

moment of the molecule. In terms of adsorption of probe molecules on dispersed metal 

surfaces, the "metal surface selection rule" states that only molecular vibrations giving rise 

to a change in the dipole moment perpendicular to the metal surface are infrared active 1143/. 

The rotation of a molecule creams a centrifugal force !hat couples with the vibration resulting 

in speetral absorption due to the combined rotation-vibration. This is ofmn observed in high 

resolution spectra as free detailed slructures around the fundamental absorption bands. The 

frequency conditions of such a combination rotation-vibration can be derived from the basis 
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of the Born-Oppenheimer approximation and the SchrSdinger equation solved for anharmonic 

oscillators, and have been found to be 11411: 

,AE 2h 
%' =-- = "~o + --m 3.26 

h 8~2I  + 

Y =Yo ÷2Bm and B -___h 3.27 
8 ~ ' I  

where I = the moment of inertia of the molecule. 

]3 = the rotational constant 

m = molecular quantum number that can have values ±1, ~-9, -+3 etc. 

The value of % defines the position of the center of the fundamental vibration-rotation band 

while the second term, 2Bm, determines the rotational fine structure. When m is positive, 

lines ate observed on the high-frequency side of To, when m is negative lines are observed 

on the low-frequency side of To. These series of lines are known as the P and R branch, 

respectively, and their absorption maxima are-in the case of gas phase CO-located at 

approximately 2181 cm "l and 2112 cm". 

.Group frequencies: 

As the number of  atoms in a molecule increases, the physical interpretation of all the 

vibrational movements becomes a difficult and complicated task. However, the concept of 

group.frequencies implies that it is not necessary to identify every single observable vibration 

in a complex molecule in order to unambigously determine the molecular structure. 

Group frequencies arc frequencies characteristic of a group of atoms relatively unaffected by 

the constitution or su'ucmre of the rest of the molecule. Charactedstic frequencies occur when 

!144,1451: 

1) the masses of end atoms arc small compared to the rest of the molecule 
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2) there is a considerable difference in either the force constanm of two atoms of like 

mass or in the masses of the internal atoms. 

It can be said that chomisorbcd CO ~xhibit two groap frequencies, one due to CO bonded to 

a single metal atom, the second as a result of the bonding to two or morn metal atoms. Upon 

adsorption of CO on a oatalyst surface, the rota, tional fine structures of the bands disappear 

sine* the rotational freedom is lost or at least severly restricted. Farthermoze, dur~ to the 

bonding mechanisms, a weakening of the C0 bond would be expected. The decrease in the 

force constant results in a lowering of the carbon monoxide frexlue, ncy in comparison with 

gaseous CO (at about 2143 cm't). In addition, the CO frequency is changed when the suff-'.cc 

coverag, changes, when other molecules ate coadsorbed and when th, size of the metal 

particle varies, ore. 

Other examples of important group frequencies are th~ asymmetric and symmetric stretch of 

CH,-and CH:groups, and the OH stretching vibration. -. 

.B.and intensity: 

The intensity of an infrared band is proportional to the square of th~ derivative of the dipole 

moment with respect to a distance along the normal coordinate, and is quantit.atively given 

by 191i: 

where N = is a constant 

C = the velocity of light 

Iz = the dipole moment 

A = ~ ( ~.~.~)2 
3C 2 "8Q-. 

Q = normal coordinate associamd with the particular vibrational mode. 

3.28 

• For the stretching vibration of a diatomic molecule, Q is proportional to r-r., where r, is the 

internuclear equilibrium distance and r the distance of ,.iisplacement during the stretching 

vibration. 

Th~ intensity can be used as a quantitative m~asure of the coverage of adsorbed molecules, 
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or qualitatively either as a measure of either the interaction between the adsorbate and the 

surface or between adsorbed molecules 11431. 

Experimentally, the integrated intensity can be estimated from the expression/91/: 

c -1 t c -1 

wher~ A = integrated absorption intensity (cm/mol) 

c = concentration of  the absorbing species (mol/cm 3) 

1 = patiLtength through the sample (cm) 

a = fin (Io/l) dy = area under the absorption band (cm") 

The integrated absorption intensity represents the inmgtal of the extinction coefficient, a e. 

for a given frequency, over the f~quency range ¥1 to y,. of the infrared hand caused by a 

particular species 114&': 

T~ 

A = f~Tdy 
Y, 

3.30 
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3.3.2. Optical principles 

The theory and principles behind Fourier Transform infrared spectroscopy measurements have 

been described thoroughly in several excellent books and review articles I147-150/. Th;~s, the 

primary pro'pose with this chapter is m give a brief introduction to the topic, outlining the 

most important and fundamental aspects necessary to achieve a basic t~nderstanding of the 

means by which continous polychrotoatic radiation is resolved into its spectra/elements. 

Th~ interferometer consfimms by far the toost important and central part of any commercial 

FFIR instrument Although there ~m subtle' but significant differences in the construction of 

the present available interfetometers, the principle theory behind all scanning interferometers 

are basically similar, and can be related back to the early work by MichvL,~on 1151,15Z t. who 

in 1891 !aid the foundation for and designed the first inmrfer°meter" Fig.. 3.3.2-.1 and 3.3.2-2 

show the optical layout of the Michelson and the Genzel in~rferometer, respectively, the 

latter placed in the FTIR instrument used in the present study. 

The incid=nt, polychromafic radiation is split into two components by the beamspliRcr, partly 

reflecting and partly transmitting the beam of radiation to the fixed and movable minors, 

respectively. The scanning minor is either moved at a constani velocity or step scanned, that 

is, held at equally spaced points for fixed short periods of time and rapidly stepped between 

these points. Due to the difference in the optical paddcngth, 8 (introduced by the movable 

mirror} between the beams reflected from the fixed and movable mirror, the beams interfere 

either constructively or destructively after recombination at th~ beamsplitter. The intensity of 

th~ radiation is then detected as a function of the difference in the optical path length between 

the two components, thus yielding the interferogrmu, see Fig. 3.3.2-3: 

Pig. 3.3.2-3: 

v 
M 

b0 L 

(6) 

lnterferogram using a polychromtic infrared source/153/. 
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Fig. 3.3.2-1: Schematic drawing of a Michelson interferometer II~Pl. 

c 

Fig. 3.3.2-2: Optical design of the Genzel interferometer I1491. 

A: Beamsplitter (KBr) 

B: Movable mirror (double sided) 

C: Spherical collimating mirror 

D: He-Ne laser 

E: Reference interferometer 
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The real difference between the Michelson and the Gent !  intcrferometcrs is the siz~ of the 

beam at the beamsplitter. In the Genzcl interferomcter the bcamsplittcr is looa~d at the focal 

plane, that is, the beam is focused at the beamsplitter. The transmitted and reflected bcazns 

arc then collimatec oy two spheric~ mirrors so that the two beams travel collinearly into a 

double-#ided mirror. H~nc~., twice the optical path difference of the Michelson interferometcr 

is generated in the Gcnzel int~rferometer for th~ same physical mirror ~ravel distance. In other 

words, the same resolution is obtained by only h.alf of the mirror distance. Furthermore, the 

modulation frequency is twice of what it would bc using a standard Micheison intefferometcr 

for a given mirror velocity. 

If'the scanning mirror is moved at a constant velocity, the signal intensity recognized by the 

detector will vary sinusoidally with time between zero (destructive interference) and 

maximum (constructive interference).. 

The quantity measured at the detector is the intensity l(ff) of the combined IR beams as a 

function of the moving mirror displacement a, the interferogram. The i n t e r f e r o ~  can 

mathematcally bc represented by the in~gral (using a continuum source) 

ICC~) -- fB(~") cos2~a • 
0 

3.31 

which is one-half of a cosine Feuder transform pair, the other being the parameter B(7), 

which gives the intensity of the radia~on at a fwxlucncy ycm "n 11491: 

B('~ = fI(~) cos2~'a • do 3.32 

Thes~ equations define the r~lationship between the inmrferogram and the fxequency spectrum. 

"~' "I I' O I~, ~ . , ,,,¢ _ • 
i 

(6) it)  
Fig, 3~,2-4: ).nterl'ero~am and resulting Sl~CmLm/153/. 
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The advantages of a Fourier Transform infrared spectrometer are best realized by comparison 

with dispersive grating instruments. In these spectrometers, the recombined beams following 

p~sage through sample and reference enters the monocbxomator through slits, and is 

dispersed into its spectral elements by a grating/148/, pa.rts of the intensity is lost due to the 

use of prisms and gratings! This is to a greater extent avoided in a FrIR instrument (although 

depending on the size of the chosen aperture, which may cause loss of intensity if selected 

small) where filtering or dispersion of the beam is not required, thus eliminating the energy 

wasting slits. This can be examplified by considering a graung spectrometer, operating 

between 4000 and 1000 cm "t at a resolution of 4 em 4. The energy reaching the detector will 

be (4/3000) 0.13%, or the energy proportion lost is 99.87%. Increasing the resolution worsens 

the situation. The greater throughput (the product of the solid angle and area of the beam 

from the some)  of  the intefferometric instruments is known as Jacquinot's advat~tage, The 

effect stems from the use of circular apertures in FTIR insn'uments which have larger surface 

areas than the linear slits of  the dispersive spectrometers. The spectral signal to noise ratio 

also benefits from the increased signal reaching the detector. 

The principle and fundamental advantage of intefferometry, also called Fellgett's advantage, 

is due to the fact that data from all of the wavenumbers (spectral resolution elements) am 

detected simultaneously during a complete scan. The advantage can be expressed in two ways: 

.With equal signal to noise ratio, spectra will theoretically be recorded X times faster 

with a Fourier Transform infrared spectrometer than with a dispersive'ins~'ument, 

where X is given by -/a/AT, TR iS the frequency" domain of in~mst and AT the - 

resolution. 

2. With equal measurement time, the theoretical signal to nolsc ratio in the spectra 

recorded with aFTIR spectrometer will be improved by a factor ofX ~s compared with 

the corresponding measured using convenfioaal IR spectrometers. 

The underlying assumption for tho quantitative assessment of the FeJlgett's advantage is that 

the optical conditions are identical, that is the source, throughput and detectors should be 

comparable. In practice, the real benefit of FeUgett's advantage has been found to i~  smaller 
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than theoretically predicted, the X dependency has bccn suggcs.tcd to bc (X/8) °'s instead of 

X °'s 11541. 

Furthermore. the accuracy in the de~rmination of the position of Lhc moving mirror is 

coupicd to the accuracy of each wavcnumber. By the use of an auxiliary ]a.~r, usually He-N~ 

lasers, ",he position of r~o scanner can be d~-tarrnincd to I~t~r than 0.005 lain. Trds, in rcmm, 

results in near absolU~ frequency accuracy, b e ~ r  than 0.01 cm "~ over the range 4800 - 400 

cm "l. This advantage of the Fourier Transform mchniquo is known as Connes advantage. 
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EXPERIMENTAL AND PROCEDURES 

4.1. PREPARATION OF CATALYSTS 

The supported Co.catalysts used in the present study are listed in Table 4.1-I. Tl3e cob~t 

content of the catalysts were determined by the use of atomic absorption spectroscopy 

(Appendix AI). 

Table 4.1.1: List of the investigated cobalt catalysts 

Co-CONTENT SUPPORT BET AREA OF SUPPORT 
(m"/g) 

0.82 SiO 2 (Ventron) 400 

4.7 SiO, (Venu'on) 400 

l ¥-AI,03 100 
(Alon C, Degassa) 

4.6 186 T-AlzOs 
(Akzo Chemie) 

Apart from th" y-AI,O~ from Akzo Chemie, the supports were used as received. The Akzo 

Chemie alumina support was received as pellets, which were crushed and sieved to fractions 

less than 400 mesh size. Before impregnation, the supports were dried in air at 400K for 12- 

24 hours. 

The metal precursor was in all eases Co(NO0f6H_,O, distilled water was used as solvent. The 

appropriat~ amount of support was impregnated with an aqueous solution of the cobalt salt. 

The amount of the aqueous solution depended on the weuability of the support. The ratio 

cobalt-nitrate solution/support was approximately 2.1 ml/g and 0.85 ml/g for the silica and 

alumia supported catalysts, respectively. The resulting suspension was dried overnight in air 

at 373-393K. Following drying, the catalysts were crushed and sieved to fractions less than 

400 mesh. None of the catalysts were subjected to further pretreatment, i.e. calcination. This 

was mainly due to the fact that previous investigations showed it difficult to achieve pressed 

disks with acceptable strength and u'ansparency after calcination at elevated temperatures/I 38/. 
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TEMPERATURE PROGRAMMED REDUCTION (TPR) 

4.2.1. Apparatus 

The reduction behaviour of the silica and alumina suppo.rted Co. catalysts was studied by the 

continuous flow technique using an in-house built apparatus 11551. A schematic drawing of 

the TPR apparatus is shown in Fig. 4.2.1-1. 

The H:JAr carrier gas is purified by passing it r.hrou~h a Allteoh oxytrap and a 5A molsieve 

in order to remove wace amounts of water and oxygen. The gas stream is then split in two, 

one path leading to the reference side of the TC detector in the Shimadzu GC-8A gas 

chromatograph, while the other directs the carrier gas stream through the reactor before 

reaching the detector. Hydrogen in the effluent stxeam was analysed on the TCD after the 

removal of water by a cold trap at dry ice-acetone temperature. 

The reactor is made of qua.nz, consLsfin~ of a Lnner and outer tube," where the inlet gas is 

preheated by the gas leaving the reactor in the outer quartz tube. Th~ ca~lyst is placed on a 

sinter at the bottom of the -inner quartz tube. The actual catalyst ,,mperature was monitored 

by a thermocouple inserted on top of the inner quartz tube, extending down into the sample 

bed. The reactcr was heated by a Kanthal type furnace, regulated by a programmable 

E~.zotherm 818P temperature controller connected to a thenuoelement located outside of the 

sample holder. 

4.2.2. Procedure 

Approximately 200 mg of the hnpmgnated and dried catalyst (particle size < 400 mesh) was 

txansferfed to the reactor, which ha mm was connected to the TPR apparatus by'feed gas tubes 

and thermoelements. After prcssur~ testing the reactor, ample time was allowed for the system 

to stabilize, thus achieving a non-fluctuating and stable baseline. The applied reducing gas 

was 7% H2 in At at a flow rate of 30 NmFmin. The temperature was ramped at a lineax rate 

of 10K/rain. from room temperature to a setpoint of 1223K, which generally ~e~ulted in an 

actual bed temperature 25-35K lower than the set point value. Subsequently, the sample was 

held at 1223K (set point value) for various periods of time, usually between 10 and d0 

minutes. 
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Hydrogen consumption du.fing the TPR. analysis manifested itself as peaks appearing in the 

spectrum. In order to obtain a quantitative estimate of the hydrogen consumption, TPR 

prof'des of Ag20 was recorded under identical conditions. 100% reduction of the calibration 

sampI¢ Ag20 is assumed to occur. 

4.3. FOURIER TRANSFORM INFRARED (FTIR) SPECTROSCOPY 

4.3.1. Preparation of pressed disks for I:R measureraP~nts 
/ 

Self-supporting wa£ers, 13 ram. in diameter and weighing 10-25 rag. were prepared by 

pressing the finely ground, uncalcined catalysts (particle size less than 400 mesh) in an 

evacuable KBr die and a hydraulic press. 

Several methods of loading the catalyst powder into the KBr die were tried ';vith various 

degrees of success. A further description of the different methods are given in detail in 

Appendix A2. In short, the generally applied method depended on the type of support, silica 

or alumina. When the sitiea supported catalysts were used, the catalyst was distributed 

randomly on the surface of the optical pellet and the die was knocked two or three times 

against the table to achieve an even distribution of the catalyst powder. In the case of the 

alumina supported catalysts, the die plunger was placed on top of the catalyst located in the 

center of the optical pellet and rotated an appropriate number of times to distribute the 

catalyst powder over the complete pellet surface. The die was then assembled and transferred 

to the hydraulic press. Generally, it was found that the alumina-supported catalysts required 

higher pressure (2000-3000 kg/cm ~) and longer pressing times (5-12 minutes) than silica 

supported catalysts (60-100 kg/em z, -10 see.). This was also the case for pure silica and 

alumina. Descriptions of the various combinations of pressure and pressing times investigated 

are given elsewhere (Appendix A2). The pressing conditions cited above resulted in wafers 

with acceptable mechanical strength and transparency. Typically, silica suppor~d Co-vatalysts 

transmitted 4-19% of the incident radiation compared with 4-11% in the case of alumina 

supported catalysts. The pure silica support gave the highest throughput, 20-70%, while the 

figures for pure alumina were approximately in the same rang~ as those for the alumina- 

supported catalysts. 
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This illustrates the most serious problem encountered in examination of supported catalysts 

by the transmission method, namely the severn loss of energy because of scattering and 

absorption by the metal oxide support material. For all catalysts, the signal to noise ratio was 

lower at the extreme wavcnumbers compared to the regions of main interest, probably as a 

result of the MCT-detector's mspons~ chaa'actcristics and the energy profile of the applied 

source. The silica support was opaque to infrared radiation below 1300 cm "t, whilc alumina 

in this respect was somewhat batter, as it began to lose transparency at about i 100 cm". 

4.3.2. High-pressure infrared cells 

The design of the two infrared cells used in these experiments was similar to that of Hicks 

et el. !1561 and to the one used in a previous FTIR investigation of iron Fischer-Tropsch 

catalysts/138L However, certain minor modifications wcrc implemented in relation to the 

original design. Fig. 4.3.2-1 shows a picture of one of the applied infrared ceils. 

The entire cell was made of stainless st*el, as was thc pellet homers. Sealing between the 

CaF2-windows (6.1-6.16 ram. thickness, 25 ram. diameter, Spccac, EnglarA~j .,,~C. the cell 

flanges was ensured by the use of Statotherm graphite profile tings (21 ram. o.d., 17 mm .i.d., 

2 ram. thickness, Burgmann, Germany) with a reported maximum temperature of $23K. 

Poiycrystaliine CaF~ instead of single crystal CaF~ was used due to greater thermal shock 

resistance. The combination of polycrystalline CaF2-windows and graphite seals resulted in 

low leakage and enabled the cells to be operated at relatively high t~mperature and pressure. 

Slow heating and cooling rams. (2Kdmin.) were app]icd to avoid cracking of the windows. 

Niohrome wires (Elekt~othcrmal} were used as heating elements. The wires were wound 

around the exterior of the cells and oowmd with heat insulating glass tape (Vidatape C, 50 

ram.). Eurotherm 815P temperature controllers (one for each cell) and a thermocouple (type 

K) placed in close proximity with the catalyst wafe.r were used to regulate th, temperature 

in the infrared reactors. In addition, a second thermocouple (type K) was used to monitor the 

temperature between the nichrome heating wires and the cell itself. 
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4.3.3. Gas flow system 

Fig. 4.3.3-1 shows a schematic diagr,tm of the gas handling system associated with the high- 

pressure high-temperamro infrared reactors. 

The flow system consisted of four identically built feed gas lines. The separate feed lines are 

connected to a 5-way ball valve, whose position determines the desired type of reactant gas. 

Further specifications concerning type, purity and composition of the applied gases are given 

in Appendix A3. 

4.3.4. Dam acquisition 

Infrared spectral data wexe recorded using a Bruker IFS l13v FTIR spectrometer. The 

instrument was equipped with a Genzel interferometer, 'KBr beamsplitter, Globar lamp and 

a liquid nitrogen cooled mercury-cadmium-telluride (MCT) detector. The section containing 

the optics and the sample compartments was maintained under vacuum. Transmission infrared 

spectra were obtained using the Bruker ATS software package, which provided several 

options for processing of the. recorded infrared Sl~CWa, such as baseline correction, peak 

picking and subtraction of spectra. In the present work, a subtraction factor of I was u,Jed 

when subtracting the reference absorbance spectra from the sample absorbance spectra. 

The majority of the infrared spectra p~sented in this work were obtained by coadding 32 :o 

100 intefferograms to improve the signal-to-noise ratio. All spectra were obtained using a 

resolution of 4 cm'l. Higher resolution was not requ~:ed since the nar~owest band observed 

was 8 cm". None of the spectra are smoothed or enhanced in any other way unless othenvise 

noted. The spectral pararneters applied during data collection and data processing are given 

in Appendix A4. 

4.3.5. FI'IR-procedure 

The pellet holders with pressed discs of either the supported catalyst or the pure support were 

placed in their respective cells, which in mm were assembled and leak tested with Nz. After 

wrapping the cells in heating wires and insulating tapes, the cells were mounted on separate 

plates, to which electrical wiring and stainless steel robes for the feed gas supply were 
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connected. The cell containing a pres,scd disc of the pure support was placed downstream 

from the cell containing the supported catalyst disc. Vertical and horizontal alignments of the 

cells with respect to the focus of the infrared beam were then done in order to achieve 

optimal energy throughput, 

Hydrogen was introduced and the temperature was raised at a rate of 2K/rain. to the reduction 

temperature, 673K. The heating programme included holding for 30 rain. at 373K (removnJ 

of water) and 523K (decomposition of nitrate). The catalysts were reduced in hydrogen in situ 

(673K, Prey2.5-11 bar, 100 Nml He/rain.) for 16-20 hours. The pretreaunent procedure for 

the pure support was :.~milar to that of the suppormd catalysts. 

Following reduction, the catalysts were either cooled in H~ to the desired reaction temperature 

for CO hydrogenation experiments, or to room temperature in He for CO adsorption 

experiments. When CO:hydrogenation was studied, the experimenm were carried out at ~c  

following reaction conditions: P.ro~ffi2.5-11 bar, T--473-573K and a H JCO ratio of 2 or 3. CO 

adsorption experiments were performed by introducing He:CO (9:1, PTo,ffi2.5-6 bat) at room 

temperature followed by He flushing. 

Spectra of the catalysts in H, or He after reduction, but before introduction o f  reactrmt gases 

at the actual reaction temperature, were used as reference spectra. 

At an early stage of the expcfimen~ work, back diffusion of oil from the vacuum pump 

connected to the opticsbeneh deposited on the mirrors located before and after the sample 

comparmaents. After installation of a filter (zeolite type) and a liquid nitrogen trap, the 

problem was considerably reduced and almost non-existing. Nevertheless. actions were taken 

before and after an experiment was conducted in order to ensure negligible iruClucnce of oil 

on the mirrors. The mirrors were cleaned, and single beam spectra were recorded with an 

open beam path and with the infrared reactors mounted in the sample compartments, before 

starmp of an experiment. Following the reduction procedure, another single bemn spectrum 

was recorded after the temperature was stabilized on the desired reaction temperature and 

after additional cleaning of the mirrors. After the experiment was completed, yet another 

single beam spectrum was obtained and compared with the spcctrum recorded at the 

beginning of the experiment. 



-78- 

4.4. CATALYTIC ACTIVITY MEASUREMENTS 

4.4.1. Apparatus and analytical equipment 

The activity and selectivity measurements were performed in two apparatus; the one described 

in this s=ction and the microbalance/microrcactor apparatus described in Chapter 4.ft. 

A schematic drawing of the kinetic apparatus is shown in Fig. 4.4.1-1. The reactant gases, 

hydrogen and pmmixcd CO/N, (7.5% N 2) w e r e  purified by a Alltcch oxytmp and a Linde 5A 

molecular sieve for wat=r and iron-carbonyl removal. The fowrate of these gases was 

regulated with Hitech Fl00/200 mass flow controllers. 

The high pressure, fxed bed micromactor was made of stainless smel, 45 cm long with an 

inner diamet¢r of 1.12 cm. The catalyst was placed on a stainless steel frit located 11 cm 

from the bottom of the r¢actor. Heating of the reactor was provided by a Km.'thal type 

furnace. The temperature was measured at two points: a thermocoupl~, was extended 

downward into the catalyst bed, while the second ti~ermocouple was located 0.5-1 cm below 

the catalyst bed. The latmr thermoelemcnt was used for regulation of,.~e re.action temperature 

in connection with a programmable West 2050 temperatur¢ controller. The diff=mncc in 

temperature betw~n the two measurement points did not exceed 3K. 

Feed and product analysis were carried out using an online HP5890 gas chromatograph (GC) 

equipped with a liP 3393A integrator. N, (internal standard), CO, CO2 and CH+ were 

separatad by a Carbosieve-$1I 1/8" 110/120 (Supclco) column connected to a thermal 

conductivity detector (TCD). The hydrocarbons were separated by a Megabore 30 m GSQ 

(J&W Scientific) column connccmd to a flame iorfization detector (FID). The carrier gas was 

He, purified by Chrompack oxygen and moisture f'flt~z~. In order to avoid condensation of 

liquid products, all tubes and valves in the section downstream of the reactor involving FID 

analysis was heated to 423-473K. 

Calculations of the degree of conversion of CO and the selectivity of COs and ell4 were 

based on the use of nitrogen as internal standard, Hydrogen and water were not mmlyzed 

quantitatively. The total CO conversion was always lower than 5% and usually between 1 and 

2%. Low conversion of CO is required to ensure differential b~d conditions with minimal 

effect of mass and heat transfer. Too low conversion of CO, on the other h#ad, lead to 

difficulties in obtaining an ttccurat~ carbon balance. 



-79- 

> 

> 

~ "  n. 

F 

e -  

l 

I :  

LL. 

0 
L 

tL~  

~ < - ~  

cr 

C~ 
O3 

cu 

cu 

r~  

E 

Gr~ 



-80- 

4.4.2. Procedure 

0.7 g of the catalyst, particle size 52-200 mesh, was placed between two layers of glass wool 

in the reactor. After leak testing by pressurizing with He, the temperature was :raised 2K/rain. 

to 673K in flowing hydrogen at a total pressure of 6 bar. The catalyst was reduced at this 

temperature for 16 hours, FoUowing reduction, the temperature was adjusted to the desired 

~eaction temperature, and hydrogen w ~  then replaced by synthesis gas. He was initially 

introduced together with synthesis gas in order to reduce the possibility of  ran-away due to 

the ¢xotherraic nature of the rcaodon. The flow of inert gas was gradually removed during 

a time period of 7-25 rain. after introduction of H-JCO. CO hydrogenation was carded out a t  

6 bar total pressure (Hz/CO=2) and 523K. The only experimental parameter varied from one 

experiment to another was space velocity, which was in the range 6900-23700 Nom~/g 

catalyst.h. 

Feed and product TC analysis were taken at regular inmrvals; norrhally every 30 min- with 

the first analysis after 0.5-1 hour of reaction. The. analysis system did not tmrmit analysii with 

both detectors simultaneously. Therefore, TC product samples for analysis were fast taken 

before ob~ning a FID product analysis. Additional TC product samples were then taken 

followed by the second FID analysis. Analysis o f  the feed composition (by TeD) was 

obtained at the end of each cxpeximent. Appendix AS shows examples of TeD and FID 

chromatograms obtained during an experiment in the above described apparatus. 

4.$. GRAVIMI~TR.IC STUDIES 

4.5.1. Gas handling system and analytical equipment 

The gmvim~trio investigations were performed in the apparatus illustrated in Fig. 4.5.1-1 

/1381. The basic features of the experimental setup consists of a gas handling system, the 

reactor and the analysis system. The reactor, shown in Fig. 4.5.1-2, is an integr-~d 

microbalanc¢/microreactor made of stainless steel with an outer diameter (O.D.) of 0.5 inehe,s 

cbnuectcd to the 318 inches O.D. robing of the microbalancc via two flanges bolted togetl~er 

and sealed with a gold ring. The microbalancc is a Sartorius model 44".36 with 0.1 pg 

sensitivity. I f  desirable, the system could be converted to a pare microreactor by 
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Fig. 4.S.l.2: Combined high-pre~sure microbalance/microreactor for gravimetrlc 

experiments i]38/. 
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disconnecting the reactor from the microbalance, changing the top flange of the reactor and 

installing a stainless steel flit as support for the catalysts. Heating of  the reactor was provided 

by an eleetricaI furnace. The temperature was regulated by an Eurotherm temperature 

programmer/controller with a thermoeouple located in close proximity of the catalyst basket. 

Analysis of  gas samples from the feed and product streams were carried out by the. use of a 

PYE Unlearn 204 GC equipped with a thermal conductivity- and flame ionization detectors. 

CO, H,_, CH.~ and CO_, we~ .analyzed on an Allt~ch CTR-I packed column, while the 

hydrocarbon fractions were separated on a Supeleo SP2100+0.1% Carbowax packed column. 

4.5.2. Procedure 

The stainless steel basket c ontaining~ppmximately 0.7 g catalyst (18-26 mesh) was hooked 

onto the quartz fiber connected to the microbalancc. Fresh catalysts were used for each of  the 

experiments in order to avoid the influence of historical effects. After leak testing the system 

with helium, the temperature was raised to 673K in flowing He and the catalyst was dried 

overnight at this temperature. The microbalanee head was always pur~ed with He in order to 

prevent condensation of reaction products and to maintain a constant gas density around t~he 

taring counter weight. If the weight curve after drying overnight tended to fluctuate, the 

temperature was increased to 72.3K for 3-5 hours in order to achieve a more stable weight 

curve. Next. the temperature was lowe~d to 473K, hydrogen was introduced and the. 

temperature was increased 2K/rain. to the reduction temperature, 673K. The cataiysts were 

reduced in flowing hydrogen (PTo~6 bax, 200 Nml/min.) for 16-20 hours. 

After reduction, the catalyst was cooled in hydrogen to the desixed reaction temperatur¢ and 

the feed was switched to synthesis gas. The gravime~e studies were cmried out in the 

temperature range 473-723K. at a total pressure of 6 bar with a H e to CO ratio of 2. The 

space velocity of  the synthesis gas was in most cases kept constant within an experiment This 

was mainly due to the fact that the flow t,f gas past the catalyst basket will exert a drag force, 

thus influencing on the weight curve. CO hy&ogenafion was usually continued for 3-5 hours 

with regular sampling and GC analysis of the product and feed streams. The an.ulogue signal 

from the mierobalance was transformed to a Toshiba TI000 portable computer running a 

BASIC data acquisition programme 1158/. The sampling frequency was preset to every 15 

second. Synthesis gas was either replaced by helium and then hydrogen or directly by 
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hydrogen at reaction conditions in order to study the reactivity of the deposited material. After 

3-4 hours of exposure to hydrogen, the temperature was increased at a rate of 5K/rain. to 673 

or 723K for a further investigation of  the nature and reactivity of the deposited material, 
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RESULTS AND DISCUSSION 

5.1. TEMPERATUI~ PROGRAMMED REDUCTION OF SILICA AND 

ALUMINA SUPPORTED COBALT CATALYSTS 

5.1.1. TPR-investigations of 0.82% Co/SiO2 and 4.7% ColSiO= 

The TPR-ptof'des of uncalcined Co/SiO2 catalysts with different metal loadings are shown in 

Fig. 5.1.1-1, in which the TPR-speetrum of pure SiOz is also included. While no reduction 

peaks were observed in the temperature range from room temperature to 1223K for silica 

alone, low temperature peaks at 510K and 535K in addition to a broad high temperature peak 

around l104K could be seen in the spectrum of 0.82% Co/SiO2. Furthermore, a weakly 

resolved peak appears near 648K. 

TPR-analysis of the 4.7% Co/SiOz catalyst revealed .a significantly more complex reduction 

behaviour. Peaks we.re observed at 517, 564, 1050 and lI60K, with the 517K peak being 

clearly the most intense. A broad peak extending over the temperature range 590-873K is also 

discernible, showing evidence of having two relatively poorly resolved maxima at 687 and 

757K. The high temperature tailing and the lack of any return to the baselin~ of this peak 

indicate difficulties in achieving complete reduction of the responsible cobalt species. The 

reduction process is not completed until a temperature of almost 1223K is attained. 

The estimated total degree of reduction based on the hydrogen consumption of the peaks in 

the TPR-spectra of the silica supported catalysts is given in Table 5.1.1-1. Hydrogen 

consumption required for the reduetive decomposition of the metal precursor is not included 

in the table. The overall extent of reduction increases with increasing cobalt content, in 

accordance with the f'mdings of Bartholomew et al./6,121L 

According to the literature, the distinct peaks at 510K and 517K correspond to the reductivc 

decomposition of residual cobalt nitrate without the reduction of cobalt/50-52,157/. The 

increase in peak area (hydrogen consumption) with increasing cobalt loading is consistent 

with such an assignmem. The much less intense peaks centered around 564K and 535K are 
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Table &l.I-l :  Estimat.~l degree of reducfi~.~ of 0.82% Co/SiOz and 4.7% Co/SiO2. 

Extent of reduction (%)~ 

Catalyst 535K 564K 687K 757K 1050K II04K 1160K Total 

0.82% 12.9 z 45.6 58.5 
ColSiOz 

4.7% 15.3 9.2 14.4 24.8 27.4 91.1 
Co/SiOz 

1 . 

2. 
Hydrogen consumption, expressed as degree of reduction, assuming all Co as Co30.,. 
Peak a~ea measured by cut and weigh. 

probably due to reduction of crystalline cobalt oxide formed during the course of 

decomposition of the metal precursor, cobalt nitrate. The cobalt oxide reduced in this step is 

suggested to be C%O4. Based on the present results, there is, however, an uncertainty in the 

determination of the type of the cobalt oxide formed during the decomlSosition step, that is, 

whether it is Co304 or CoO, Evidence for the formation of both types has been presented in 

the literature 151,52,58/. Generally, however, on catalysts with relatively high cobalt contem, 

the major oxidic phase is believed to be C%O4/52,53,58,59/. This is also supported by the 

UV-VIS diffuse reflectance measurements in section 5.2.4.1, which showed absorption bands 

attributable to Co304i 

Two explanations can be offered to elucidate the appearance of the reduction peaks at higher 

temperatures. One may suggest that the peaks at 535K and 564K represent the reduction of 

CosO4 to cobalt metal (Co°), and that the peaks in the temperature range 590K to'1160K are 

due to reduction of more resistant Co species, possibly formed upon interaction between 

cobalt and the suppo~ Alternatively, the peaks at 535K and 554K can be due to the reduction 

of Co ~' to Co z÷, while the later steps represent reduction of Co a~ to the zero-valent state, or 

perhaps to Co '~ combining with the silica supporL 

TPR-specwa featuring one single peak for the reduction of unsupported Co304 have been 

reported/50-52,56-60,157/. The assignment of the 535/564K peaks to reduction of Co304 to 
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cobalt metal can be suggested, based on the correlation of these peak positions with those 

~'eported for Cc~O~. The location of the reduction peaks in ihe present study is somewhat at 

the lower end of the temperature range often reported for C%04 reduction. 590-673K 

151,52.581, but this is probably a consequence of the different pretreatment and TPR 

conditions employed. Following this llne of argumentation, it would seem that cobalt species 

on the SiOz is present as relatively large, bulk-like, particles, reduced to the zero-valent state 

below approximately 600K. 

Whether one single or two peaks appear in the TPR-spectrum of CocO 4, it is believed that the 

reduction of Co30+ occurs in two stages, C0304 --> CoO -~ Co (see section 2.3.3). Thus, the 

535/564K peaks can alternatively be interpreted as due to the reduction of Co s+ to Co ~-*. The 

peaks,appearing in the temperature range 550-773K (0.32% ColSiO2) and 590-873K (4.7% 

Co/SiO:) can then be proposed to be caused by the consecutive reduction of CoO to cobalt 

metal. The observation of a two stage reduction (Cot'---> CoZ*---> Co °) can possibly be a 

consequence of support interactions, making the cobalt oxide harder to reduce. The reduction 

of CojO4 on silica supported Co catalysts (calcined at 573K for 5 hours) have been reported 

to occur in two separate steps at 589I( and 633K (~=24 K/rain.), in contrast to the TPR- 

prof'fle of the unsupported (bulk) C%O4 1501. Roe et al. 11591 observed a two stage Co304 

reduction with peaks at approximately fi23 and 690K ff3=12 K/rain.). Paryjezak et al. 1641 

reported TPR-speetra of unsupported Co~O4, 1% and 10.% Co304 supported on silica. The 

presence of the support decreased the reducibility of the cobalt oxide and a shift of 30-50K 

to higher temperatures was observed. It was also suggested that the .peak oecuring at 643K 

(1% C%O4/SiO,) could be ascribed to the reduction step Co30,~ CoO/64/. 

It is not believed, however, that the reduction peaks located at 535/564K and in the 

temperature range 550-773K (0.82% Co/$iO2) and 590-873K (4.7% Co/SiO2) correspond to 

such a successive reduction process of cobalt. This is mainly due to the relatively large peat: 

separation and that the hydrogen consumption of these two peaks is not in accordance with 

the stoichiomouT of the reaction (the area of the l~ak(s) in the 550-773K and 590-873K 

region should be three dmcs larger than those at 5351564K). 
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Support interactions may be responsible for the x~duction peaks appearing at higher 

temperatures (> 550/590K). Based on the view that the reduction of C%O4 can be repre~nted 

by the peak at 564K (and 535K), an explanation can b~ proposed which leads to the 

assignment of different high tempemmr~ peaks to different Co phases. It must b¢ expected 

that Co z+ and Co ~ species axe present on the surface. This is supported by the results of 

Rosynek ¢t el. /51/, where XPS investigations of a reduced and uncalcined 6% Co/SiOz 

catalyst showed the proscribe of Co 2÷. The XPS spectra of the unealeined and reduced 6% 

Co/SiOz catalyst were indistinguishable from spectra of the uncalcined catalyst obtained 

before hydrogen treatment (at 673K for 16 hours). Okamoto et,al. 1601 stated that the 

dominant Co phase on impregnated and dried catalysts was Co ~+, as deduced from the Co 

2p~ peak at 782 eV accompanied by a shake up satellite (3d-4s) at 787 vV/51,59/. The 

possibility of an interaction of divalent and/or trivalent Co species with the silica support must 

be considered, which may explain the appearance of multiplb reduc.tion peaks in the high 

temperatar¢ range. The most likely candidates being a z~sult of such interactions are propo .~d . 

to I~ (sub)surfac~ compounds, possibly mixed oxides of the type Co-Si-O and/or cobalt 

silicates. 

By regarding the broad peak in the temperature, range 590K to 873K on 4.7% Co1SiO2 as 

consisting of two individually peaks appearing at 687K and 757K, the reduction peaks at 

648t687K can tentatively be assigned to Co s+ species, either existing as well disposed 

(sub)surface pmrticles or occupying octahedral sites in the raixcd oxide $i~Co~+l.zCo~+zO 4. 

A mixed oxide consisting of  Co ~+, that is, where Co 2+ has been replaced by Si n,  could be 

represenved by the formula Co4SiO a/601. 

Co 2. species, but in diffemn~ surroundings can be suggested to be r~ponsible for both the 

757K peak and the high tempexature peaks located above 1000K. Surface Co z+ cations and/or 

Co 2÷ in a mixed oxide like .xCoO(-ySiO~, may possibly be responsible for the former 

reduction peak, while the latter is suggested to arise f.,'om surface cobalt silicate, i.e. CozSiO 4 

or CoSiO 3. Whether the two peaks (1050 and lI60K) indicates Co z+ in different lattice 

positions, i.e. mtrahe.dral or octahedral coordination, is not clear. Whether there is a splitting 

of the 1104K peak into two individual peaks (1050K and 1160K) at the higher re,tel loading, 

or an abscnc~ of  the 1050K peak and a shift to lower temperatures (lI04K) for the high 

temperature peak (1160K) occuring ~n the 0.82% Co/SiO 2 catalyst, is harder to judge. One 
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could tentatively speculate if the peak at 1 I04K (0.82% Co/SiO2) represents reduction of Co z+ 

coordinated in tetrahed~ positions in the surface cobalt silicate. 

The high temperature peak(s) must be related to strong interactions between cobalt and the 

silica support due to their positions, which implies hard-to-reduce species. 

The underlying assumption for the formation of the spinel structure is the solid stare diffusion 

of Co-ions into the silica lattice. One can argue that at the applied t~mperamres the rate of 

such a reaction would be low. The solid state reaction between CoO and $iOz requires a 

reaction temt~ratur~ of about 1173K 11601. However, it can be questioned whether the 

calcination step is a necessary prerequisite for the silicate (and for that matter, aluminate) 

format.ion. It is possible that this might occur dinting the reduction or even at earlier stages, 

for example attring the impregnating step. Roe ¢t aL 11591 showed that reduction (at 673K 

for 2 hr.) of impregnated and calcined 8.08% Co/SiC 2 followed by TPR-analysis revealed the 

presence of Co2SiO4, as a result of metal support interactions: On the other hand, Pu. skas et 

al. 11611 found no evidence for cobalt silicate formation in high metal loading catalysts 

prepared by the incipient wemess technique. The formation of cobalt silicates is often reported 

in studies where catalysts have been prepared by the pH-cont.rolled precipitation technique 

(pH 8.0-8A). Rosynek et al./511 stated that the appearance of reduction peaks (at 673, 703 

and 1053K) was due to the formation of surface CoO x and silicam compounds formed during 

and after the nitret~ decomposition step. 

In the case of alumina supported catalysts, din:ct TPl~-analysis of impregnated and dried 

catalysts revealed the presence of cobalt aluminate, CoAlzO ~ 165t. 

An alternative explanation for the observation of ldgh reduction teml~ratar¢ l~aks can 

pos,dbly be relamd to water, i.e. formed during reduction of the cobalt oxide. Migration of 

SiC2 particles in a reducing atmosphere in the presence of water vapour may occur, resulting 

in an encapsulation of parts of the cobalt oxide and thu~ increasing its resistance towards 

reduction. Viswanathan et al . /6i /have indeed proposed such an explanation to account for 

the decrease in the extent of reduction of their kieselguhr supported Co catalysts. Lurid et al. 

/16~ reported silica migration in the presence of water above 523K for s~veml silica 

containing materials. 
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A ~cond possible effect of water (vapour) may be that H20 inhibits the reduction process, 

as suggested by Casmer et al. 11631. It was proposed that peaks observed at high temperature 

were not necessarily due to the reduction of cobalt silicate, but could rather be related to the 

presence of small catalyst pores causing accumulation of wamr, being difficult to remove. 

With increasing metal loading, the peaks assigned to the reduction of Co304 are shifted 

towards higher mmpcraturc, and the relative proportions of the peaks increase. Also, one 

should expect increasing dispersion with decreasing metal loading. Thus, the increase in the 

C%04 peak mmpcratUrc can be due to different particle sizes of C%04 on the 0.82% and 

4.7% Co/SiO~ catalysts. Okamoto eta] .  /60/ reported a linear increase in the reduction 

mmperamm with increasing panicle size, suggesting a limited diffusion ra~ of oxygen anions. 

through Ehe oxide panicles during reduction. On the other hand, small particles are more 

susceptible to panicle-support interactions, increasing their resistance towards reduction. 

Judging from the TPR-profdes in Fig. 5.1.1-1, the latter effect seems to be of minor 

importance. 

5.1.2. TPR-investigafions of I% Coly-ALzO 3 and 4.6% Co/¥-AlzO 3 

TPR-profilcs of  the alumina supported catalysts with dLffm'cnt cobalt loading indicat~ that the 

reduction pattern of these catalysts arc similar, though certain shifts in the positions of the 

individual peaks were found, as seen in Fig. 5.1.2-1. 

TPR-analysis of  the support y-AI~O 3 showed only a single reduction peak located at 11491C 

With 1% Co/y-AlzO3, hydrogen consumption peaks were observed at 504 and 567K in 

addition to a high temperature peak located at 1127K. The two peaks appearing at low 

mmperaturc (504 and 567K) exhibited comparable intensities. 

The TPR-spectram of the 4.6% Co/'~-AlzO3 catalyst revealed the existence of several peaks 

with varying intensities at 571, 573-643, 984 and 1173K. The intensity of the peaks above 

1100K apparently increased with increasing moral loading. 

The position and peak area of the major peak at 571K suggests that it is due to the 

decomposition of cobalt nitrate, as previnusly discussed and repormd/50-52/. The observed 

inc, mase in peak area (hydrogen consumption) with increasing cobalt content is in accordance 
with such an assignment. 
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By analogy ~dth the earlier assignment, the weak high tcmpcratur~ shoulder on the nitram 

peak in the ~nge 573K to 643K on the 4.6% Co/y-AI203 ca~yst can be attributed to the 

reduction of cobalt oxide, Co~O 4. No such shoulder was discernible on the nitrate peak at 

567K in the case of the 1% Co/¥-Al203 catalyst, indicating the absence of any resolved 

reduction peak for cobalt oxide. This may seem reasonable if it is assumed that all available 

cobalt at an early smgc of p~paration, viz. during impregnation, has ponetramd into the 

alumina lattice, and as a con~luence, relatively high mmperamms are necessary to achieve 

reduction of these species. 

One may also speculate ff the absence of any Co30+ mduc6on peak is due to the fact that 

the decomposition and reduction stages perhaps occur almost simultaneously, and that those 

proccsse.~ arc enveloped in the 567K peak. 

A weak, b~ad peak around 673-723K appears in the TPR-spectmm of 4.6% Co/y-AI,O~. This 

peak is tentatively assigned to the reduction of either surfac~ Co ~* or Co s. in a mixed oxide 

ovealayer phase ]ik-e Co~+-AP +/52,57,59/. The inherent weakness of the peak may indicat~ that 

the majority of the Co ~ is reduced in the temperature range ~73-643K. Fufthenuoze, it can 

be speculated whether the oxidation of Co :+ to Co ~ in the presence of nitrate anions occurs 

only to a limited ex~nr~ since the hydrogen consumption (expressed as the degrc~ of 

reduction) is higher at higher temperatures (see Table 5.1.2-1). 

For this catalyst, appreciable hydrogen consumption could also be registered around 984K. 

Simiaar peaks in this t~mperamm range were not detcctcd during analysis of 1% Co/y-AI203 

or the blank y-A1203. P, cduction peaks appearing in the vicinity of these temperatures have 

often been assigned to surface overlayer Co 2+ species/52,58/, exhibiting high stability towards 

hydrogen reduction. 

Strong interaction between the cobalt oxide and the alumina support has usually been 

described to result in the formation of a surface cobalt aluminato spinel phase. 

Okamoto et al. /59/ assigned reduction peaks above 920K to subsurface and/or bulk Co :+ in 

an AlzO 3 matrix. 
) 

Table 5.1.2-1 shows the calculated degree of reduction ofth~ alumina supported catalysts with 

different moral loading. Hydrogen consumcd in thc rcductive decomposition of cobalt nitrate 



Table 5.1.2-1: 
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Estimated degree of reduction of: 1% Co/y-AI,O3 and 4.6% 
Co/'f-Al,.O3. 

Extent of reduction (%) 

Catalyst 573-643K 984K 1127K 1173K Total 

1.0% 17.2 17.2 
ColT-Abe+ 

4.6% I0.8 z 6.7 24.6 42. I 
Col'f-A1~O~ 

~" Key as for Table 5.1.1-1. 

not included in the table, 

Comparison of Table 5.1.1-1 and Table 5.1.2-1 suggest that the total extent of reduction 

increases with increasing metal loading, xegardless of the applied support. The silica supported 

cobalt catalysts ex~bit a higher total deo~.c of reduction than their alumina supported 

counterparts. 

The lower degree of reduclion of  the alumina supported cobalt catalysts may be attributed to 

interactions between the cobalt oxide and the alumina support. Co :+ can be incorporated in 

the defective alumina spinel structure, occupying te~ahe~al and/or octahe~h'al interstices. 

Generaily, Co z+ in totrahedral positions have been found more difficalt to'r~duce than the 

octahe~ic Co :÷/50,53/. It.is therefore believed that the high temperature peaks'(1127K:1% 

Co/y-A1,O~ and 1173K:4.6% Co/y-AlzO~) can be represented by the reduction of Co z+ 

surrounded by several AI-O ligan~, forming a surface cobalt alaminate spinel structure, with 

chemical and spectroscopic propeRies closely resembling those of bulk cobalt aluminate/53/. 

The TPR-spectra show that the surface Co 2+ spinel phase is difficult to reduce, reflecting the 

stability of Co z÷ in tet~ahedral positions in the alumina lattice. 

+ 

At low metal concentrations, cobalt ions would be locamd in tetrahedral lattice sites on the 

support, with XPS binding energies close to that of CoAlzO + 153/. When all ~rahedral sites 

are filled, unoccupied octahedrally coordinated sims are progessively populated, as a ,-csult 

of the increased Co content. Eventually, one would exl~Ct the segregation of a bulk-like 
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cobalt oxide phase 153/ and a higher percentage of reducible cobalt with higher metal 

loadings, in accordance with the present results. Within the confines of the limimd 

experimental data it is not possible to determine if there is a flairs and eventually upper 

limited amount of Co species dispersed into the alumina lattice. The present results suggest 

that at least 1% Co is coordinated with the y-A1203 matrix. It has been proposed that metal 

loadings !ess than 2% favours the formation of sarfaee spinel structures/53,56,141,164/. Van't 

Blik et al_ 1651 found that 1:5.5% Co was converted to CoAlzO 4 upon reduction of an 

impregnated mad dried 4.44% Co/~AI:O 3 catalyst. 

The TPR-spcctrum of the support material, 7-AlzO ~, consists of a single peak at 1149K. Peaks 

in a similar temperature range were also observed on both the 1% Co/'~-AlzO ~ and 4.6% 

Co/y-A120 a catalysts, as previously mentioned. The presence of the peak in the support 

spectrum implies that these peaks can not be solely due to cobalt-alumina interactions. 

At this temperature level, phase transitions between different types of alumina occur, viz~ 7- 

Al20 s is converted to 8-AlzO 3 around 1173-1273K. Further heating to > I373K results in the 

transforraation to ct-AlaO s 11651. Both of  these alumina compounds could in principle bc 

responsible for the observed high tcmperatur~ peak, but the conversion of ~-AI20 ~ to 8-AlzO 3 

se~ms most Ikkety, based on the temperature of the pha~ transition. Hydrogen consumption 

is registered in the temperature range where the alumina phase transition is believed to occur. 

Whether this can be related to the reduction of A13+ to aluminium (AI°), is presently not 

known. 5-A1203 contains lower mounts of  hydroxyl groups 11651, and the high temperature 

peaks may possibly be related to the hydrogen assisted removal of hydroxyl groups as water 

in connc~lion with the phase transition. 

AmoIdy e.t al. 152/attributed a peak near l I20K to the reduction of impurities in their ~- 

AlzO 3, Le. iron, sulfim and sulfate. 

The. TPR=spcctrum of 1% Co/¥=Al:O~ showed the appearance of two distinct peaks at 504K 

and 567K, while no hydrogen consumption was registered in the t~mperamrc range 600- 

1000K, supporting the previous suggestion that the available metal ions are stabilized by 

chemical interactions with the y-AI2Oa lattice. In accordance with the l~revious interpretations, 

the 567K peak is attdbumd to the hydrogen assisted decomposition of the metal precursor, 

cobalt hi,ate. The low temperature shoulders on the peaks (571 and 567K) designated to 
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decomposition of cobalt nitrate appeared at similar mm/~eratums in the TPR-spcctra of the 1% 

and -4.6% Co/y-AlzOs catalyst. 

The assignment of these low temperature shoulders is an intriguing question, to which no 

satisfactory answer can be offered. The 504K peak was not resolved in the TPR-proffle of the 

1% Co/y-Al203 when a different heating rat, (2K/min.) was used; a relatively broad peak 

could be observed with maximum ram of reduction at 517K. A TPR run (~=2K/min.) with 

the 4.6% Coty-A],Oa catalyst showed no indications of a low mmperatum shoulder. These 

peaks were not observed with silica alone 'or with 4.7% Co/SiO 2. 

TPR-spectmm ([~=i0K/min.) recorded with an empty reactor showed no reduction peaks 

between room tcmperattm~ and 1223K. 

Its absence in the spectrum of the support mamrial y'Alz03 means that it must be relamd to 

the metal precursor. Its location argues against any reduction of the cobalt oxides. 

Unsuppormd cobalt M ~  r has been rcpormd to be reduced in two steps, with peaks occufing 

at 503 and 592K (~=24K/min.)/501, and at 553 and 643K (~=20K/min.)/51/. The first of 

tha~z peaks is usually attributed to the rextuctive decomposition of cobalt nitrate, the second 

to reduction of cobalt oxide formed during the previous stop. 

The bands mm observed only with the alumina supported cobalt catalysts, and one may 

specular," if  they can be mlamd to the rcductive decomposition of the metal precursor, by 

which rite nature of the support affects the progress of the reduction/decomposition process. 

Ill this context, reduction of NOx-groups in the cobalt nitrate can be suggested, but the 
• ! 

re.action (cobalt.nitrate to cobalt nitrim): 

Co(NOs) z + 2[-I z --~Co(NO~) 2 ÷ 2HzO 5.l 

can only be regardcd as speculative. In the study of Lapidus ct al./50/, the strong exothermic 

nature of the cobalt niwat~ reduction was believed to lead to an overheating of 4.6% Co/y- 

AI203, which could cause interactions between cobalt oxide and the support. 

Another explanation for the low ~mperature peaks on the alumina supported cobalt catalysts 

could be dehydration, i.e. loss of water or crystal water from the cobalt rdtram. Water, either 

physically held on the alumina or chemical bound to the hydroid nitrate will be driven off 

at increasing ~mperamre, s, but an explanation which accounts for hydrogen consumption 

during these p;ocesses can not be given. 
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5.2. FOURIER TRANSFORM INFRARED (FTIR) INVESTIGATIONS 

5.2.1. Introduction 

The catalysts used in the FTIR spectroscopic investigations were 0.82% Co/SiO2 and 4.7% 

Co/SiO z as well as I% Co/y-AI=O~ and 4.6% Co/y-AI:O 3. 

The pretreaUnent of the catalysts and the experimental procedures have been described in 

Chapter 4.3. 

With a few exceptions, the experiments were conducted using two similarly designed infrared 

cens. The cen containing a pressed disk of the pur~ support was placed downstream from the 

cell containing the supported cobalt catalyst disk. During the course of an experiment, spectra 

were recorded of both :he catalyst sample and the support disk. In this way, contributions due 

to gas phase compounds and the support could be subtra~md. 

As previously mentioned, single beam spectra of the freshly Eeduccd catalysts in Hz (or He) 

at tb-~ actual reaction temperature before introduction of synthesis gas (or 10% CO in He), 

were used .as reference spectra. 

Infrared spectra ob,ained under reaction conditions covered the 4000-500 cm': (MIDoIR) 

range. Within this frequenoy domain, three regions are of particular interest;, 3050-2700 cm", 

2100-1800 cm "1 and 1800-1200 cm "l. Spectra of adsorbed species in these frequency regions 

wiil be prese.ntrd - unless otherwise stated - in two different ways: 

L 

2. 

Spectra of molocularly adsorbed CO, when observed, arc presented as difforen~ 

.spectra. Pos~ ran, .manual subtraction of the spectra of  tile support disk (denoted 

reference absorbanc= spectra) from the'spectra of the catalyst disk (sample absorbanc~ 

spectra) recorded under reaction conditions yielded the difference spectra. 

Consequently, infrared absorptions due to for example gas phase CO (the R and P 

branch) and, in principle, support effects, could be minimized or eliminated. 

Spec~a of adsorbed species in the C-H stretching region and the region below 1700 

cm ~, the frequency range generally attributable to C-H bending vibrations or O-C-O 

or C--O vibrations in surface species like formates or carbonates, are presented as 

standard absorbance spectra, A=-in (I£~), where Io and I are the intensity of the 

incident and u~nsmitted infrared beam, respectively. 
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Being aware of the inherent risk in quantitatively comparing the inmnsitites of the infrared 

bands from different samples, this is nevertheless done in order to at least extract useful 

iufformation about possible trends in the experimental' dam. Thus; absolute values of the band 

intensities from clifferent samples at different reaction conditions arc usually not compared 

or used, except in the estimation of the heat of adsorption of carbon monoxide on 4.7% 

Co/SiC:, ~ d  in the calculations of the amount of adsorbed CO and CHJCH3 on the same 

catalyst. In those figures whom the intensity appears along the y-axis, the absorbanccs are 

related m a common basis. The band intensities am corcccted, taking into account the weight 

of',.he catalyst wllet and the cobalt content. In some cases, for example in the subtraction of 

reference absorbance spectra from the sample absorbance spectra, :the effect of imperfect 

matching of the sample and the blank lead to artifacts which may be misinterpreted. 

5.2.2. A brief study of Si02 

The majority of the experiments in the present infrared study, have been carried out using 

silica supported Co-cataiys~s. However, silica itself is known to have numerous absorption 

features in the mid-infrared region, thus making the interpretation of spectra recorded under 

reaction conditions not so straight forward as may be anticipated. 

Infrared absorption spectra of silica obtained at different mmperamms under pretrcau~ent 

conditions am shown in Fig. 5.2.2-i. The spectra were obtained by Eeferencing silica spectra 

at various temperatures to a silica specu'um token at 373K. A number of temperature 

dependent features can be seen, especially in the high-and low frequency end of the spectra. 

The broad, inverted band extending over the 3800~3300 cm "~ range is attributed to O-H 

stretching vibrations mainly due to strongly hydrogen-bonded hydroxyl'groups (peak maxima 

near 3500 cm "z) and to free. unpertubed by hydrogen bonding (isolated, non,interacting) 

hydroxyl groups (silanol-groups; SiOH, strong inverted band around 3734 cm'1). The lines 

appearing in the broad band ccnmred around 3500 em "~ can be ascribed to surface hydroxyl 

groups exhibiting different degree and strength of hydrogen bonding between adjacent groups. 

The inversion of these bands arises from d~-ferent concentrations of hydroxyl groups on the 

surface at diffe, mnt mmpemtums. Increasing the temperature resulw, d in some depletion of the 

hydrogen bonded surface hydroxyl groups, while the silanol groups, in which hydrogen 

bonding to other surface hydroxyl do not occur, were rather unaffected by temperatures up 
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to 673K. The weaker the hydrogen bonding interaction, the higher is the temperature required 

for dehyOsoxylation of these, species 1166/. 

The bands located at 197911940 cm "t, 1813 cm "t and 1580 cm "1 are due to silica lattice 

vibrations (overtone bands). The intensity of these bands increased with increasing 

mmperature, yielding a temperature-dependent absorption spectrum. ~'he absorption resulting 

from silica overtone bands as well as the fundamental transverse and longitudinalvibrations 

of the SiOz-lattice (below 1500 cm "x) must, to the greatest possible extent, be eliminated. This 

is esp=cially important for the overtone bands, due to the fact that the weak absorption band 

ascribed to bridge-bonded CO may be superimposed on the relatively strong silica lattice 

1,10 

J::: 
1,02 

" r l ~ A n J ~ g  

Fig. sa.2-2: Relationship between the drying 
temperature and the intensity of 
the silica overtone bands. 

vibration bands. Another point to be 

considered is the effect of  the sample 

thickness on the absorbance- 

• tempc.rature relationship.. Different 

Co-catalyst samples may. exhibit a 

different absorbance dependency of 

the temperature than shown in Fig. 

5.2.2-1 due to different amounts of 

silica. When the intensifies (as peak 

heights) of the silica overtone bands 

are plotted as a function of 

temperature, a finear correlation is 

obtained, see Fig. 5.2.2-2. Whether this proce~ is reversible or not, is harder to judge. The 

intensifies of the silica overtone bands at 523K (Fig. 512.2-I, spectrum D) indicate that tiffs 

may b~ the case. 

5.2.3. Hydrogenation o f  CO over silica supported cobalt catalysts with 

different metal loading 

5.2.3.I. CO special region for 0.82% Co/Si02 

Infrared spectra o f  CO adsorbed on 0.82% Co/SiO2 during CO hydrogenation and after 

various times of fleshing with He at473K are shown in l~g. 5.2.3.1-1. This experiment was 
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Fig. S.2.3.1-1: 
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218B 288g 1988 
ttRVENUttRER CH- I  

888  

Infrared absorption bands observed in the CO spectral ,region 
during CO hydrogenation over 0.82% Co/SiO=. 

A: After 11.5 rnin. in synthesis gas 
B: After 135 rain. in synthesis gas 
C: After 26 rain. in synthesis gas 
D: After 3 ndn. in He (following CO hydrogenation) 
E: After 22 rain. in He (following CO hydrogenation) 
F: After 38 mln. in He (following CO hydrogenation) 
G: After 55 min. in He (following CO hydrogenation) 

CO hydrogena6on conditions:. 
T = 473K, PT.~= 6 bar, HJCO = 2,'100 Nml/min. 
("single cell" experiment) 
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performed as a "single cell" experiment ~ithout a reference cell containing blank SIC):, hence 

subtraction of the CO gas phase absorption bands was not aucmpted. 

In the presence of gas phase CO, a poorly resolved shoulder could be observed around 2070 

cm "l, becoming more distinct with time in synthesis gas. This low fTcquency shoulder on the 

gas phase CO doublet becomes the dominant band after cludon of synth~is gas with He. 

The position of the major CO band shifted to lower frequen.cies and the in~nsity decreased 

with time in flowing He. A weakly defined band around 1860 cm "~ appears afu~r prolonged 

exposure of the catalyst to He. The nature and origin of this band will bc discussed later' in 

this chapter. 

5.2.3.2. CO spectral region for 4.7% Co/$iOz: 
H2/CO = 2, PTo, = 6 bat, T = 473-573K 

Typical infrared specma of adsorbed species in the region normally expecred for molecularly 

adsol'bed CO obtained during CO hydrogenation over 4.7% ColSi02 at 473, 523 and 573K 

are shown in Fig. 5.2.3.2-1. The spectra at all three temperatures consists of  a rdativ¢ly 

broad, asymme~'ic band which does not return to the b~ l ine  at low frequencies in the 

1 

0.9" 

O.B" 

0.7- 

~ 0 . 5  

~oa.5 
~0.4'  

0.3' 

0,2' 

0 
0 

m/c0 m 

30 GO 
• , , , , , 

~0 ~20 +so s.o 2~0 240 270 

Fig. 5.2.3.2-2: The intensity of adsorbed CO (2072 
a n  "~) during CO hydrogenation (T=473K, PTo~--6 bar, 
H.JCO=2) and H- t rea tment  on 4.7% Co/SiO,. 

spectral region of current 

intcres~ The inrensity of the 

principle absorption band at a 

fixed temperature and pressure 

grows with time in synthesis 

gas until reaching a neatly 

c o n s t a n t  v a l u e  a f t g r  

approximately 15-30 rain. This 

is ilhistrated in Fig. 5.2.3.2-2, 

showing the development of the 

intensity of the dominating CO 

absorption baud. During this 

time period the frequency of the 

band remains essentially 

unaltered. Assuming that the 
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Infrared spectra of adsorbed CO on 4.7% Co/SiOz during CO 
hydro~nation and subsequent flushing with He at reaction 
conditions. 

A'. 
B :  
C: 

D "  

After 120 rain. in synthesis gas at 473K 
After 120 w.in. in synthesis gas at 525K 
After 60 rain. in He at 523K (foDowing CO hydrogenation) 
After 130 rain. in synthesis gas at $73K 

CO hydrogenation conditions: 
PT= = 6 bar, t lJCO = 2, 100 Nml/min. 
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intensity of the band is proportional to the coverage of CO, the constant value then 

corresponds to saturation coverage of CO. The assumption of a linear relationship between 

the intensity and coverage of  CO is valid as long as the band frequency is invariant with 

changes in coverage. The saturation coverage is reached at each temperature whe.n the rate 

of adsorption becomes equal to the rate of desorption. 

Both the position and the intensity of  the absorption bands were found to depend on the 

temperature. As the reaction terapemtttre was increased, Fig.. 5.2.3.2-1 shows that the peak 

maximum was shifted to lower frequencies and the intensity of the principal CO i~and 

decreased. 

Passage of He over. the catalyst at reaction temperature resulted in a decline in intensity and 

a conearrent downseale shift in its position, see Fig. 5.2.3.2-1 speetrura C. 

It seems reasonable to assume that the bands located at 2072 cm "~ (473K), 2058 era "z (523K) 

and 2045 era "1 (573K) can be attributed to linearly adsorbed carbon monoxide on metallic 

cobalt, since no similar bands axe observed over pure silica. This conclusion is based upon 

previous investigations of CO adsorption on supported eobak catalysts 149,50,55,69,70,73,74, 

85,86/. 

Also, the low frequency shoulder on the gas phase CO bands observed in the spectra of  th.: 

0.82% Co/SiO 2 catalyst (Fig. 5.2.3. l - I )  is assigned to CO adsorbed in a linear mode. 

No bands in the 2200-2100 era': range were observed in the spectra of  either catalysts, except 

in some spectra, where the "negative" absorpuon appearing around 2140 cm "1 was due to 

imperfect cancelling of the gas phase CO bands. Infrared bands appearing in this region have 

generally been assigned to CO linearly adsorbed on cationic cobalt/49,55,70,73/, which would 

imply incomplete (partial) reduction of the supported catalyst. 

5.2.3.3. CO spectral region for 4.7% Co/SiO:: 
H.JCO = 2, Pr ,  = 11 bar, T = 473-573K 

Increasing the total pressure to I 1 bar, bat applying otherwise similar r~acdon conditions as 

outlined in Fig. 5.2.3.2-1. resulted in the same temperature dependent bchaviour of the 
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Infrared spectra of adsorbed CO on 4.7% Co~iO z during CO 
hydrogenation followed by flushing with He and flten I~, or 
direedy by H,. 

A: After 120 rain. in synthesis gas at 473K 
B :  After 120 rain. in synthesis gas at $23K (50 Nnd/mia.) 
C: After 60 min, in He at 523K (fellowing CO hydrogenation) 
D: After 120 rain. in synthesis gas at 573K (30 Nml/min.) 
E: After 60 min. in He at 573K (following CO hydrogenation) 

CO hydrogenation conditions: 
Pz., = 11 bar, HJCO = 2, 100 Nml/min. unle~ otherwise stated. 



-106: 

absorption band cor~sponding to linearly adsorbed CO, as shown in Fig. 5.2.3.3-1. The 

frequency of the linear CO band shifted from 2066 cm "~ at 473K to 2043 cm" at 573K. 

The. effect of flushing with inert gas (He) on the specwa of adsorbed CO was similar to that 

observed in Fig. 5.2.3.2-1, viz. decreasing intensity and a downscale shift in frequency with 

thuc ~u He. 

However, the overall band absorbances arc higher at II bar at all the investigated 

temperatures compared to the CO band izltensitics obtained with a total pressure of 5 bar. This 

is illustrated more clearly by looking at the spectra presented in Fig. 5.2.3.3-2, which are 

obtained at the same temperature (473K) but at different reaction prcsstaes. The frequency 

of the band designated as molecularly adsorbed CO in The linear form is regarded to be 

constant within analytical significance (which is ± 4 cm "2, the applied resolution) with 

increasing total pressure. This indicates that the band'fzequency is apparently independent of 

the partial pressure of CO, while the opposite is the case for the intensity of the CO 

absorption band. 

The depcndenc~ of the CO band intensity on the partial pressm-e of CO in the gas pha.~ can 

be explained by an incxcasing coverage of CO, governed by the adsorption-dcsorption 

equilibrium. It is generatIy beIieved that increasing coverage (f.ex. by an increase in p~ssure) 

induces a upward shift (blue shift) in the frequency of the linear CO band/I1,66,91/. The 

upward shift in frequency has been" auributcd to the reduced extent of back-donating from 

metal d-orbitals into the 2~ ° antibonding orbital of CO, as a result of compc~tition for metal 

d-elec~ons with increasing coverage of carbon monoxide. A weakening of the M-C bond and 

a strengthening of the C-O bond is explained to give an increase in the CO suetching 

frequency. These ldnds of effec[s are usually mrmed "chemical" effects (~ansfer of electrons 

through the metal). 

Secondly, dipole-dipole coupling interactions between adsorbed CO molecules arc expected 

to increase with increasing coverage of CO. 

The obser;ed, apparent ab~ncs of any frequency shift to higher wavenumbers with increasing 

C O  coverage on the 4.7% ColSiOz catalyst can be discussed in mrms of the two effects 

described above. 

Upon adsorption of carbon monoxide, adjacent CO molecules may repel each other, leading 
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Effect or total reaction pressure on linearly adsorbed CO on 4.7% 
Ce/SiOz during CO hydrogenation. 

A: After 120 w.ln. in synthesis gas at 2.5 bar total pressure 
B: After 120 rain. in synthe~s gas at 6 bar total pressure 
C: After 120 rain. in synthesis gas at 11 bar total pressure 

CO hydrogena~on ¢ondi6ons: 
T = 473K, Hz/CO --- 2, 100 Nml/w~n. 
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to ~t maximization of the distances between them, or attract each other, which would minimize 

the intermolccular distance resulting in the formation of groups of CO, or clusters of adsorbed 

CO molecules, that is, CO island formation. In both cases, the'coupling' forces will be 

essentially the same, while there will be'differences in the physical forces. In the former case, 

the "repulsive" model, an increase in the coverage of CO would result in a change in the CO 

stretching frequency. It would be expected that the frequency progressively increases from 

that of the singleton frequency to a value determined, by the magnitude of the coupling 

interactions/43/. 

The second case, the formation of islands of CO is of interest in view of  the results shown 

earlier in this section. In a strongly coupled system, the absorption band arises from islands 

or domains of adsorbat~ vibrating in phase, and the CO molecules can not be individually 

considered to contribute to the band/167/. A very rapid change in the frequency with 

coverage to a value representing saturation coverage would be expected. Under such 

conditions, and given the special sensitivity, the absorption frequency for a single CO 

molecule unpertubed by nearest CO neighbour may be difficult to observe, hence it would 

seem that the detected frequency remains constant with coverage/11/. Crossley ct el./168/ 

suggested that a lack of any frequency shift upon an increase in coverage could imply CO 

island formation. The molecular environment experienced by a CO molecule in a large island 

of CO molecules (interior molecule) will not be severely influenced by changes in the 

coverage and the frequency can therefore be regarded as constant. 

CO molecules located on the edges of the island may give rise to additional bands in the 

infrared specn'um. Since edge and comer CO molecules have fewer neighboars compared to 

an in.terior molecule, the dipole field they experience is different. This will be even more 

pronounced when the ratio of edge molecules to interior muleeules is low, as it will be with 

increasing dimensions oftbe CO island. The additional infrared mode due to edge effects will, 

when the molecules in the island are of  the same type, give rise to a low frequency 

band/shoulder on the main absorption band wldch represents CO island molecules vibrating 

in-phas~/169/. Thus, CO molecules at the edge of the islands may account for the asymmetric 

shape of the principal CO band observed in the 2100-1900 cm 4 region. 

Even though the dispersion of  the 4.7% Co/SiO~ catalyst is not known, it is likely to assume 

that a value of 7% provides a reasonable estimate. Then, applying the relationship between 
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dispersion and particle size given by Boudan et aL/170/, D--O.9]dp a particle diameter of 13 

nm would correspond to an 782 CO molecule island. This will of course bc the maximum 

number of CO molecules which can b~ adsorbed on an Co particle of the given size. This 

number does not represent the actual size of the island, since adsorption stoichiometry, heat 

of adsorption etc. is not included in the calculations. 

Thus, a possible explanation for the lack of any significant shift in frequency with increasing 

coverage could mean that the adsorption proceeds by CO island formation, indicative of a 

coverage independent CO molecular environment. 

On the other hand, the constant frequency with increasing coverage of CO could point to the 

fact that intcradsorbatc vibrational coupling is absent, or at least very weak. The consequence 

is that the observed CO fre..qucncy at reaction conditions then possibly can be regarded as that 

belonging to an isolated CO molecule. Since the linear CO band develops at a constant Yco, 

this would imply that the CO molecule.s arc far apart (spatially isolated) from each other, 

whom each contribute as independent singletons to the infrared absorption band. 

Changes in the electronic environment of the molecules ("chvmicaI effects") must also be 

taken into account when considering the relatively high and constant peak frequency. Th~ two 

m~chanisms opexating arc, as earlier mentioned, donation of lone pair clectl'ons of the carbon 

atom into vacant metal d-orbitals (55-bonding) and back-donating, electrons from fiUed metal 

d-orbitals into vacant antibonding CO orbitals (2n-bonding). It is generally believed that the 

positive (upward) shift arising from the 58/metal bonding is overcome by the stronger 

nrgative mctal/27r contribution. In the deduction of the molecular orbital model, Blyholdcr 

/66/assumed constant o-bonds when considering CO adsorption. However, it is possible that 

contributions from the Sea/metal component must be included when trying to c,xplain the lack 

of any frequency shift with increasing coverage. Hollins et al. /171/ suggested that there could 

be a change in th~ balance of the 5c7/2x bonding components in such a way that no 

competition for d-electrons develop as the coverage of CO incrc~scs. It was rcpormd that the 

approximately invariant CO frequency on Cu upon an iucmasc in the coverage of CO was due 

to a cancelling of lira dipole-dipole interactions by a chemical shift in the opposim direction. 

This may seem reasonable for Group IB mmals like Cu, which is charactcfizad by negative 

work function changes and the metal/CO 2 ~  back-donation is stzongly reduced. Increasing 

8co would r~sult in reduced donation from the 5o orbi",al, hence a negative shift in frequency 
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would be expected 1172/. The direction of the chemical shift will depend on the applied 

transition metal. For example, from CO adsorption on Pd(100), a upscale shift in frequency 

was reported 1173L Thus, one can envisage a shift to higher as well as lower frequencies, or 

none at all, depending on the extent of electron donation and/or back-donation. 

The constant frequency with increasing coverage can then possibly be related to a coverage 

dependent, bonding induced shift (chemical) acting in the opposite direction of the dipole- 

dipole interactions, as proposed by Crossley et al. 11681. A similar explanation wax given by 

Hardeveld et al./174/to account for the constant frequency of Nz on nickel. 

In the present case, this would imply an increa~d o~cnpaney of the d-r~ orbital, eonnm-y to 

the predictions from the molecular orbital model, which suggests a reduction in the degree 

of electron back-donation resulting from increased competition for metal d-electrons with 

increasing CO coverage. 

However, the presence of eleetrun-donatin.g adspeeies may change the situation. One could 

then envision a case where the "loss, of electronYeharge (rcducti~m in back-bonding due to 

increased competition) is compensated for by donation of electrons from eoadsorbed species, 

thus maintaining the relative orbital electron density, despite an increase in the coverage of 

CO. It  is not unlikely that hydrogen or atomic carbon (from the dissociation of  carbon 

mOnoxide) may act as electron donor ligands. The influence of the donation of eleetro~Ls from 

f.ex. hydrogen can be extended to not only include "compensating" donation, but also 

donation of electrons through the metal, which probably would have the effect of reducing 

the CO frequency to lower wavenumbers. Thus. it can he speculated if the magnitude of the 

downscale shift is of such an order that it could counteract the dipole-dipole coupling shift 

towards higher frequencies. Thus, it is possible that the presence of coadsorbams influence 

th~ d~t ron  density in the proximity of the metal and enhances the back-donation of ehctrons 

into the 2g" antibonding orbital of CO. The two interacting effects, dipole-dipole coupling 

interactions through space, and the electron-donating through the metal, could then on Co be 

proposed to be of approximately the same magnitude. The slight variations in the observed 

CO frequency with the dh~ferent reaction conditions can then be attributed to the imperfect 

cancelling, either regarding the 58/2~ constellation and/or that of the dipele-dipole/ehemical 

intm~tion'. 
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CO spectral region for 4.7% Co/SiO~: 
H~JCO = 3, Pz~ = 6 bar, T = 473-573K 

Since the band intensity was found to be influenced by the partial pressttre of CO, it was of 

interest to investigate a possible relationship between the CO band intensity and/or frequency 

and ths HJCO ratio. Y.-ectra recorded with a H~/CO ratio of 3 at the reaction temperatures 

473, 523 and 573K are shown in Fig. 5.2.3.4-I. Prominent absorption bands assigned to 

linearly adsorbed CO were observed with peak maxima located at 2068 cm "~ (473K), 2058 

cm "~ (523K) and 2045 cm "~ (573K). The frequency of the linear CO band shifted downscalc 

with increasing temperature. The frequency shift at each temperature was of approximately 

the same order of magnitude as with He/CO=2. The intensities dccrea~d with h). creasing 

reaction temperature; the absorbancc at 573K declined to approximately 44% of that at 473K. 

Furthermore, introduction of He at r~cdon temperature following CO hydrogenation resulted 

in a broadening and red shift in frequency with time in He. 

From a comparison of the spectra in Fig. 5.2.3.2-I and Fig. 5.2.3.4-I, it is seen that tl~re are 

no significant differences in the peak positions of the linear CO band with increasing Hz/CO 

ratio. Conceraing the intensities, these wets higher at 473K and a He/CO ratio of 2 than at 

the sarae temperature but with H2/CO=3. However, at reaction temperatures of 523 and 573K, 

the intensities of the CO band were almost identical. It should further be noted that the flow 

of synthesis gas was varied during the experiments conducted at 523K and 573K, as described 

in the figure text (Fig. 5.2.3.4-1). 

At lear. two possible effects of adsorbed hydrogen on the spectra of adsorbed CO can be 

en~dsaged: 

Electronic effect, where hydrogen may act as ~u~ electron donor increasing the electron 

density on the metal and conscqucndy additional donation of electrons into the 2~:- 

antibsnding CO orbital may take place. This lead to a stronger metal-carbon bond 

s~ngth and a weakened C-O bonding, hence a downscale shift (red shift) in the 

vibrational frequency of CO is often observed. 
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;Infrared bands due to linearly adsorbed CO observed during CO 
hydrogenation and subsequent flmhing with He at reaction 
conditions over 4.7% C~SiO2. 

A: After 120 rain. in synthesis gas at 473K 
B: After 90 min. in synthesis gas at 523K (50 Nml/min.) 
C: After 60 min. in He at 523K (following CO hydrogenation) 
D: After 120 min. in synthesis gas at $73K (200 Nml/min.) 
E: After 60 rain. in He at 573K (following CO hydrogenation) 

CO hydrogenation conditions: 
PT~= 6 bar, H2/CO = 3, 100 Nml/min. unless otherwise stated 
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Dilution effect, a geometrical effect which can be explnincd by a reduction of the CO 

dipole-dipole interactions in coadsorbed layers. Hydrogen is in this case believed to 

i%mction as a spacer, decoupling the adsorbam inmraction resulting in a downscalc 

shift in frequency. 

If one acknowledges the structural geometric behaviour of CO, viz. the formation of CO 

islands, it would be of inmmst to investigate the adsorption of CO in the absence of hydrogen. 

Fig. 5.2.3.4-2 shows the infi'arcd spectra of adsorbed CO obtained over 4.7% Co/SiO2 upon 

exposure to a pr~mixed blend of He and CO at 473K and a total pressure of 6 bar. The linear 

CO bznd at these r~action c6ndidons was located at 2072 cm "I. Subse.qucnt treatment with He 

resulted in decreasing band intcnsit/es accompanied by a downscale ,shift in frequency with 

time. After prolonged exposure to He at reaction temperamr~ (90 min.), the tempcrattrre was 

raised to 598K in flowing He. The resulting spectra at sclccmd mmperamrcs are shown in Fig. 

5.2.3.4-3. 

The frequency of the band assigned to linearly adsorbed CO is the'same both in the presence 

and absenc~ of hydrogen, se~ f.cx. Fig. 5.2.3.2-I, 5.2.3.3-2 and Fig. S,2.3.4-2. This may 

suggest that the adsorption of hydrogen does not influence CO adsorpuon, i.e. that 

coadsorption of hydrogen and carbon monoxide with different ratios apparently do~s not 

affect the formation of islands of CO. Since the frequencies can bc considered to be constant, 

it can be suggested that the mutual distanc~ between adsorbed CO molecules are unchanged. 

If coadsorbams influenced the formation of CO islands, a change in the frequency of the 

linear CO band should have bccn observed. Within the confines of the limited available data, 

it can be suggested that only small amounts of hydrogen is adsorbed on cobalt. The heat of 

adsorption of CO and hydrogen has been reported to 197 and 101 Id/mole, respectively/237/. 

Thcs~ values imply a low coverage of hydrogen. Thus, it may appear as the adsorption of 

hydrogen is inhibited in the presence of carbon monoxide, and it does seem that the presence 

of hydrogen has little or no influence on the strcnght of th~ C-O bond in surface Co-CO. 

If significant I-I, adsorption does occur, there is liRle interaction with. or displac~-m~nt of, 

adsorbed carbon monoxide. The retention of the 2072 cm "x band shows that a major part of 
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~afrared spectra of adsorbed CO on 4.7% Co/SiO~ 
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Fig. 5.2.3.4-3: 

2tOO 2eBB lgOB 168B 17Be IEOll 1590 
ILRVEHIJHBER CH-I 

The effect of temperature on the absorption bands in the spectral 
region 2150-1500 cm "1 of 4.7% Co/SiO 2 and Si02. 

4.7% Co'iOn: B, D, F, H, J 
SiO, : A, C, E, G, I 

Spectra were recorded in He at the following temperatures atter 
exposure of the pressed disks to He:CO (9:1) for 140 mln.: 

A, B: 488K 
C, D: 50SK 
E, F: 523K 
G. H: 563K 
I. J: $731{ 

Heating rate: 2Wmi~ 
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the Co surface r¢lains lineaxly adsorbed CO in a molecular environment which is essentially 

unaffected by the presence of adsorbed hydrogen. Upon an increase in the temperature, the 

linear CO band in Hz/CO decreased in intensity and shifted to lower wavenumbcrs. If the 

catalyst had been heated in CO alone, and a similar behaviour was to be observed, these 

observations taken together could indicat~ a passive role of hydrogen. 

Of further notice is that the above observali0ns exclude the possibility of spatially isolated 

CO mulccules, since in this case one or perhaps both of the possibRitics above would be 

expected. Furthermore, the adsorption of CO has been found to be stronger and faster than 

that of hydrogen 1175,176/. The fact that high surface coverages of COexists under reaction 

conditions is in agreement with the partial pressure dependencies, which arc n,ar z.cro or 

negative for CO and approximately unity for i',ydrogcn (scc page 55). 

The speclza in section 5.2.3.1-5.2.3.4 indicate that flushing with He following CO 

hydrogenation at reaction conditions results in a ~mmon bchaviour of the linear CO band: 

a downward shift in frequency of the linearly CO band accompanied by a weakening and 

broadening of the band as a function of He purge time. as illustrated in Fig. 5.2.3.4-4. The 

width of the principal CO peak is of such a magnitude that it could possibly incorporate 

several different CO bonding energies, suggesting that the removal of CO molecules occurs 

m,urc randomly than upon adsorption. It is believed that the general bchaviour of the CO band 

in He can b= e~plained by a reduction in the dipole-dipole coupling interactions, as a result 

of a decrease ha the coverage of CO. The observed shift in frequency is of such a size that 

tY, is expianation can be considered r~asonable. 

The downscale shift in freq|Jency can also reasonably wall bc rationalized in terms of the 

chemical effect. Decreasing surface coverage of CO would reset in an increase in metal d- 

electrons available for backbonding (diminishing competition). This strengthens the Co-C 

bond and weakens the C-O bond for carbon monoxide chemisorbed on the catalyst surface. 

The net effect won]d be a decrease in the vibrational frequency of carbon monoxide. 

Ir has b~n  shown in Fig. 5.2.3.2-2 that the intensity of the principal CO peak remains 

approximately constant during prolonged exposure to synthesis gas. Such a behaviour was 

found to bv typical at each of the investigated reaction conditions. Since dipole-dipole 

intcrdctions between adsorbed CO molecules also are accommondated during CO 
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Effect of !Be-flushing at reaction conditions on the intensit~ and 
frequency of linearly adsorbed CO on 4.7% Co/SiO2. 

Spectra were taken alter various times in He after 1.5 hr. of 
exposure to synthesis gas (T=S23K, PT.--6 bar, H2/C0=3). 
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hydrogenation, the possible influence of carbon or carbonaceo.us deposits with increasing 

reaction temperature on the vibrational coupling states becomes important. If deposition of 

such materials are regarded as probable, their likely cffcct on the dipole-dipole vibrational 

coupling would rhight be to reduce (uncouple) the CO dipole-dipole interactions, which would 

result in a decreasing intensity of the major CO band with time in HJCO. in addition, the 

linear CO band frequency would be affected. Why the intensity of the CO band remains 

unaltered is not completely "known in detail. However, it could be suggested that if the 

dipole-dipole coupling has a sufficient long range through space character (extending "over" 

a site covered by carbon/carbonaceous materials), then one could possibly expect a behaviour 

similar to that observed. 

A careful.examination of the spectra in Fig. 5.2.3.1-1 to 5.2.3.4-4 reveals the occasional 

presence of weak feamres in the 1950-1800 cm" region during CO hydrogenation and 

subsequent flushing with He. Bands in this spectral range have generaUy'bcen amibured to 

bridgebonded CO/50,73,74,78,85-87/. However, a number of observations disagree with such 

an assignment for the bands observed in this region in the present study. It will be shown that 

these bands are not due m bridgcbonded (multicoordinated) CO, but that they could rather be 

associated with changes in one of the Si-O overtone bands of  the silica support during 

reaction. Support for this assumption can be expressed as renews: 

It has already been shown that the infrared spectra of SiOz alone consists of at least two peaks 

in the 2000-1800 cm" frequency range, of which the 1813 cm" band is by far themost 

intense. The corresponding band for the silica supported Co-catalysts is' located near 1870- 

1860 cm "1. Fig. 5.2.3.4-5 shows the single beam spectra of a 4.7% Co/$iO, catalyst and pure 

SiO., immediately before introduction of synthesis gas, Absorption bands due to silica 

overtone are evident in the spectra at 1997 and 1871 cm "~. The presence of these bands is due 

to imperfect cancelling upon dividing the sample spectra on the reference spectra. 

During CO hydrogenation as well as in He or H,, infrared bands in similar positions can be 

observed in the absorbance spectra of both the sample and reference. Subtracting the reference 

absnrbance spectra from the sample absorbance specu'a yielded in most cases a fiat baseline, 

as can be seen in the difference spectra presented in Fig. 5.2.312-1, spectrum A. Occasionally, 

however, weak absorption bands were observed in the difference spectra but their peak 

positions differed from one spectrum to another. The location of these peaks was found to 
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Single beam spectra of 4.7% Co/SiOz and SiO z done. 

A,B: Single beam spectra of 4.7% Co/SiO,. 
C,D: Single beam spectra of SiO2 

Spectra were recorded at 473K and 11 bar total pressure in flowing 

Pretrealment conditions: 
Reduction for 16 hours at 673K in flowing hydrogen followed by 
cooling (in Hz) to 473K. 

Bottom spectrum in figure insert: 100% line of 4.7% Co/SiO z 
Upper spectrum in figure insert: 100% line of Si02 
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dcpond on the quality of the reference spectra recorded during the course of an experiment. 

Especially at high total reaction pressures, two ill-defined spikes for COl~ I could be detected 

ins,:,ad of the usual, distinct doublet. Typical for these spectra were irregular; high 

absorbances, often accompanied by a shift in the frequency of the bands in the region below 

2000 em "t. Fig. 5.2.3.4-6 illustrates some of the above effects and their influence on the 

difference spectra. 

Using rZ-,se reference absorbanee spectra in the subtracting process resulted in weak peaks 

ape, earing at different locations in the 2000-1800 cm "~ region, where the peak positions of the 

bands in this frequency range is directly dependent on the quality of the recorded reference 

absorbance spectrum. However, if a reference absorbance spectrum exhibiting the earlier 

described irregularities was substituted with a spectrum containing none of the above features, 

no absorption bands were detected in the spectral range of current interest. 

The appearance of these peaks in the spectra at random times in synthesis gas is shown in 

Fig. 5.2.3.4-7. It" these peaks were due to new adsorbed species, it should be possible to 

recognize them as new bands appearing at least in the single beam spectra, with a 

characteristic frequency. Scrutinizing the single beam spectra revealed that this was not the 

case. Fig. 5.2.3.4-8 shows that it is not possible to reeogniz~ new bands, which would imply 

the formation of bridgebonded carbon monoxide. It is belie,,ed that changes in the Si-O 

vibrations of the support may explain the appearance/disappearance of this band. Furthermore, 

these peaks were often present already in the 100% line, that is, the specmam obtained by 

ratioing two single beam spectra of the catalysts, obtained either in H2 9r He, before the 

introduction of reactant gases, see Fig. 5.2.3.4-5. 

If these bands belong to bridgebonded CO, one should also expect that the growth should 

match the development of the band for linear CO during CO hydrogenation. The intensity of 

these bands increased with temperature when the catalyst was heated to 59gK in flowing He 

following CO adsorption at 473K (He:CO=9:I), as can be seen from Fig. 5.2.3.4-3. Such a 

behaviour is analogous to the situation described in Fig. 5.2.2-1 for the temperature 

dependence of the silica overtone bands. Plots of the c.hanges in absorbance with mmperature 

are shown in Fig. 5.2.3.4-9 and 5.2.3.4-10, illustrating in a convincing manner the increase 

in the intnnsity of these bands with incl'easing temperature. 

Even if tb, e frequency occasionally coincides with that of bridgebended CO, the shape, 

intensity and half height width of the peaks in the present study differ from peaks in the 
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Fig. 5.2.3.4-6: Effect of the quality of the reference absorbance spectra on the CO 

difference spectra. 

A) Sample (4.7% Co/SiO2) absorbance and reference (SiO,) 

absorbance spectra after 100 lain. in synthesis gas. 

Figure insert: Difference spectrum in the spectra] 

region 2100-1500 cm "~. 

B) Sample (4.7% Co/SiO2) absorbance and reference (SiO:) 

absorlmnce spectra after 110 min. in synthesis gas. 

Figure insert: Difference spectrum in the spectral 

region 2100.1500 em 4. 

CO hydrogenation conditions: 

PTol = 11 bar, HJCO = 2, T = 473K 
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Fig. 52.3.4-7: Appearance of bands in the CO spectral region of 4.7% Co/Si02 at 
different times in synthesis gas. 

A: After 30 mln. in synthesis gas 
B: After 40 min. in synthesis gas 
C: After 60 rain. in synthesis gas 
D: After 70 rain. in synthesis gas 

CO hydrogenation cenditions: 
PT,, = 6 bar, T = 573K, H~ICO = 2, 100 Nml/min. 
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Fig. 5.2.3.4.8: Single beam spectra of 4.7% Co/~iO,. obtained at different times 

during CO hydrogenation. 

A: After 30 rain. in synthesis gas 

B: After 40 mln. in synthesis gas 

C: After 60 rain. in synthesis gas 

D: After 70 n~n. in synthesis gas 

E: Reference speca'um 4.7% Co/SiOz obtained in hydrogen at 

573K 

Figure insert: Single beam spectrum of SiO,, alone" at  573K 

CO hydrogenation conditions: 

PT,4 = 6 bar, T = ~73K, H•/CO = 2, I00 Nml/min. 
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literature assigned to bridged carbon monoxide. Based on the previous argumentation, bands 

observed in the 2000-1800 cm "J range for silica supported Co-catalysts in this study arc 

believed not t~ represent bddgebonded CO, but belong to silica overtone vibrations. Thus, one 

may conclude f~hat lincarty adsorbed CO appears to be the d°minant species present on the 

catalyst surface. The lack of any distinct bands attributable to bridgebonded CO can either be 

due to a poor dispersion of the 4.7% Co/SiOz catalyst, or that its concentration is below the 

de, tection limits under the present circumstances. 

The reason for the sporadic, poor quality of the reference absorbance spectra could possibly 

be explained by the procedure applied during collection of the sample and reference spectra. 

which took advantage of the mLrror switching capabilities of the FTIR-instrumenL Spectra 

were in most cases recorded at 5-10 minutes intervals. During this hold time, the IR-beam 

was always directed through the sample chamber containing the cell with the catalyst disk. 

After sampling these interferogra_~zs, the mirrors were switched over, directing the IR-bcam 

through the reference cell, in which a disk of the pure support was placed. Spectra were taken 

immediately after the mirror switch without allowing ample time for stabilization of the beam. 

After the reference spectra had been collected, the mirrors were once again switched back to 

the sample chamber. 

The observation of spikes for gas phase CO ins~ad of the usual distinct doublet can possibly 

be related to the design of the infrared reactors and the experimental setup. The reacting gases. 

flowed over the pressed disks while the IR. beam passed perpendicular tl~ough the wafers. 

Thus, stagnant films of carbon monoxide created by local low-velocity flows,pm'a]]el to the 
+ 

catalyst surface may be the reason for the periodically detected gaseous CO band spikes. 
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5.2.3.5. Estimation of the h~ t  of adsorption of CO on 4.7% 

Co/SiO, 

By considering the intensities of the adsorption band due to linearly adsorbed CO, one would 

expect that plotting the absorbanccs as a function of the CO partial pressure would result in 

data points falling along s~aight lines, independent of the partial pre.ssurc of hydrogen. Using 

th~ Langmnir isotherm approach, i.e. 

0c ° = Kco" Pco 5.2 
I ~- Kco- Pco 

where ecofAJA., (3co is the coverage of linearly adsorbed CO under reaction conditions, A. 

the actual absorbancc at the applied re.action conditions. A= is the absorbance (at infinite CO 

pressure corresponding to) complete monolayer coverage of carbon monoxide, Pro the partial 

pressure of CO and Kco the effective equilibrium constant for CO adsorption. Modifying the 

above equation by multiplying both sides with I/A=.Kco and rearranging leads to the 

expressions: 

Aa A a 
+ - - "  Kco" Pco = Kco" Pco "~. A 

5.3 

Pc___~o = (.~__) + I 
A. Pro " " Kco 'A .  5.4 

P l o ~ g  Pro/A, as a function of the partial pressure of CO would then be expecmd to giv~ a 

straight line. The slope of the line corresponds to 1/A., while the inmrcept with the y-axis 

rcpw, scnm the value of 1/(A .Kco ). Typical EcsulLs are shown in Fig. 5.2.3.5-] for the infrared 

data coiie¢~d at 473, 523 and 573K over 4.7% Co/$iOz (H2/CO:2). The absorbancc values 

m-~ co,.rr-,,c,~cd for" the diffe~nccs in disk weights, allowing direct comparison between the 

catalyst samplc~. It.is s ~ n  from the figure that, at least in the case of the reaction carded out 
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CO adsorption data plotted according to equation 5.4 for 4.7% 
co/sio~. 

at 473K, the adsorption of carbon monoxide fai~Iy well folJows the Langmuir isotherm. The 

adsorption ¢onsmm Kco can now be estimated using the following pmcedme. From the slope 

of each line in Fig. 5.2.3.5.I. l /A.  is determined. The equilibrium constant Kco can then be 

caJcula~d applyh~g A.. and intcrccp~ from Fig. 5.2.3.5-1. Graphical solution of the van't 

Hoff equation ~suhs in a straight line with a slope corresponding to -AH/R. From Fig. 

5.2.3.5-2, a heat of adsorption of about 40 ± 30 PJ/mole can be estimated. The value obtained 

in this way is relatively small with respect m CO adsorption on cobalt single crystals, where 

vai.ucs up to 126 ]d/mole has been suggested/120/. The estimated heat of adsorption agrees 

rather ,veil with that reported in the kinetic study of Huff et al. 1177/, 25 k3/mole. Vannice 

/120/assum¢d that the value for the heat of adsorption of CO on Co was between those of 
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Fe and Hi, and assigned a ~ value of 126 k.l/mole for CO on cobalt single crystals. 

Kamaa~dage et al. 11781 mpor~d the heat of adsorption of CO on Co-films to 75-84 kJ/molc 

at 303K, while on Co/T-ALO3, a value of 70 "k.l/mole was found (524-573K)/179/. 

The a~sumpfion.~ invoked when deriving the Langmuir-Hinschetwood expression is i) 

immobile adsorption, ii) each sit~ accommoda~s one molecule, iii) same adsorption energy 

m~ all si~s, :..e. energeldcally uniform, and iiii) the adsorption energy is unaffected by 

adsorption on ncighbouring sites, it could bc surmised if point iii) and iiii) correspond to a 

constant heat of adsorption. Somorjai /180/ mpor~d a decrease in AH with increasing 

coverage (>0=0.5). Th~ heat of adsorption per molecule at near monoiaycr coverage is about 

one-third of that at Wow coverage, 46-54 kJ/molv versus 105-134 "kJ/molc, due to repulsive 
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CO-CO interactions between adsorbed CO molecules. 

Generally, the present obtained value of the heat of adsorption of CO appears to be somewhat 

low compared to those reported in the literature. It could be suggesmd that the differences 

relates to the inherent difficulties in reliable measurements of the heat of adsorption. Factors 

like temperature, coverage and surface heterogeneity must be taken into consideration. 

Changes in the bonding or coverage of CO with inei'easing temperature, or the presence of 

defect sites, steps and kinks, which adsorb CO with higher heats of adsorption, may influence 

the determination of AHco. 

Appendix A6 outlines the procedure and gives examples of the applied calculation method. 

5.2.3.6. Estimations of the amount of adsorbed CO on 4.7% 
Co/SiO2 at reaction conditions 

The relation generally used to m]a~ the surface concentration of carbon monoxide to infrared 

peak am~ is tim Beer-Lambert equation, given by equation 5.5. Applying this equauon makes 

i ~. possible to estimate the amount of adsorbed CO on the catalyst surface during CO 

hydrogenation at different reaction conditions in the present study: 

¥2 

Ac ° I f Io See = loglo(__)d ¥ = - -  5.5 
L'Cco ~, I L'Cco 

where 

Ace = molar inmgrat~d infrared intensity (cm/mol) 

See = ~log,o ([o/I)dy = area under the absorption band ascribed to linearly adsorbed CO (cm "l) 

Cco= concentration of CO (mol/cm ~) 

L = sample thickness or path length (cm) 
: 

The ten~. L.Cco is not a convenient notation to use when it comes to the study of gases 

adsorbing on a catalyst surface. However. the number of moles of surface species in the wafer 

can be expressed as: 
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Ac.Cco-L = m.nco 5.6 

where rico = molar uptak~ of CO (moVg) 

m = weight of the prossed catalyst disk (g) 

A c = cro~-secdonal area of the pressed wafer (cfiQ z) 

Solving for L-C.~ and substituting the result into equation 5.5 gives: 

r i c o  - 
Sco "A c 

m -Aco 
5.7 

The parameter A~ for a species i (for example CO) is rcprescmsd by the integral of the 

extinction coefficient, % for a given frequency over the frequency range T~ to 72 of the 

infrared band for the species i: 

"f| 

A i = f~ dy 
"G 

5.8 

Equation 5.g may be regarded as averaging the extinction coefficient over the i (CO) 

absorbancc peak. The area under the linear CO absorption band was determined following the 

procedure given by Rasband et al./181L further described in Appendix AT. This method was 

used to provide the upper and lower integration limits, which was subsequently appfied in the 

determination of the int, gratcd absorbance area of the linear CO peak. Thus, the problem is 

reduced to obtaining values for Aco, the intcgratod absorption intensity. Duncan I182/used 

t~C-NMR and IR measurements to estirnam the molar integrated infrared intensity, which was 

reported to 26.10 ~ cm/mol for linearly adsorbed CO. Using this value, and assuming that Aco 

is independent of the coverage of CO and of the temperature, the amounts of adsorbed carbon 

monoxide as indicated by infrared spectroscopy can be estimated. Selected results for the 

silica supported Co catalysts art presented in Table 5.2.3.6-I. 
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Estimates of the amount of adsorbed C O on 4.7% Co/SiO2 during 
CO hydrogenation (H~/CO=2). 

Temperature (K) Ira (bar) Amount of adsorbed CO 
( pmole/g catalysO 

473 2.5 41 

473 63 

523 

573 

43 

30 

Further details of  these calculations are, as ahcady mentioned, provided in Appendix A7, 

The amount of  adsorbed CO decreases with increasing .te.mperature. Possible reasons for this 

is discugsed later in this chapter. 

At a f'Lxed temperature (473K), the lower amount of linearly adsorbed carbon monoxide can 

be aserilmd to the lower partial pressure of CO. 

As already mentioned, the disl~rsion of the 4,7% Co/SiO 2 catalyst is not known. However, 

in section 5.2.3.3, a dispersion of 7% was assumed and applied in the calculations of the 

approximate number of CO molecules in islands of carbon monoxide. 

Tim amount of adsorbed CO as determined from the infrared measurements (Table 5.2.3.6-I) 

can be used m estimam a dispersion for the 4.7% Cof$iO2 catalyst, assuming an adsorption 

stoichiometry of 1:1 (linear med¢ of CO bonding). Applying an ave.rage value of 45 gmole 

COlg catalyst, the CO:Co ratio on 4.7% Co/SiO, can be estimated to 0.056. "that is, a 

dispersion of approximamly 6%. 


