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Abstract

The surfaces of pure and potassium promoted cobalt-manganese oxide as well as

iron-based catalysis have been characterised before and after various treatments.

The effects of reduction and carburisation of cobalt-mangancse oxide catalyst
sarfaces is reported. CO-hydrogenation over pure and potassium-promoted cobalt-
manganese oxide was also undertaken. Yinally, various aspect: of hydrogen sulphide
poisoning of an industrial iron-besed catalyst during CO-hydrogenation were investi-

gated.

A miniature high pressure reactor (15 bar) interfaced to the UHY chamber and a
gas chromatogram enabled "in situ” surface analysis by XFS and AES to be carried
out betwzen successive catalyst treatments, as well as monitoring of CO-hydrogenation

product distributions.

The surface composition of the cobalt-manganese oxide catalysts was shown to
differ considerably with respect to the bulk. There was significant depiction of surface
cobalt, especially after reduction, and there was evidence to indicate thai reduction of
the cobalt was bulk initiated. Potassium segregated to the surface and inhibited efficient
reduction of the surface cobalt in the Co/MnO catalyst. Pure CO re-oxidised the surface
cobalt, reduced all the manganese to MnO, gave rise to graphite deposition, CO23 (4. at
the surface and bulk carbide formation. Large quantities of light hydrogenated carbon
or "C.H,” species were observed at the surface after CO-hydrogenation treatments,
and a small ameunt of bulk-carbon was only detected with the potassium promoted
Co/MnO. Both these factors serve as testimony to the higher hydrogenation activity
and can also contribute to explaining the longer catalyst lifetimes shown by Co/MnO
compared to Fe/Mn . and industrial iron-based CO-hydrogenation catalysts. Smali
amounts of oxygenated carhon were also observed, and this was more pronounced over

the potassium promoted catalyst.

H,8 selectively attacked the potassium when sulphur poisoning treatments were
admiristered to an industrial iron-based catalyst between CO-hydrogenation treat-
ments. Correlations between hydrocarbon selectivities, sulphur dosages and treatment
conditions, as well as surface studies, enabled a theory on the possible mechanism of

H-8 interacticn with the catalyst to be proposed.
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1. General Introduction

1.1. The CO-hydrogenation reaction (Fischer-Tropsch process)

In 1902 the first carbon monoxide - hydrogenation reaction was reported. Sabatier
and Senderens passed carbon monoxide (CO) and snod hydrogen (H, ) gas over cobalt
and nickel and produced methane {1, BASF later used high pressures of CO and H,
along with cobalt catalysts vo prodnce liquid products in 1913 12].

It was not until the early 1920’s when further work into CO-hydrogen ition was
undertaken by two Gesmans, Franz Fischer and Hans Tropsch, and irterest in the
subject was rekindled resulting in the Fischer-Tropsch (F-T) process. This well known
and well reported process involves the reaction of steam and cocal to produce synthesi.
158 (CO and H, ) and the subsequent catalysed reaction of this gas to form hydrocarbons.
The tecunology was discovered in Germany and is named after the two scientists
respensible for pioneering work in this field. Fischer and Tropsch’s initial work reported
the production of hydrocarbons and oxygenated derivatives using alkali treated iron
shavings at high pressures {3]. Bacause these catalysts exhibited rapid deactivation,
and a high tenden.y towards oxygenate production, further research in order to find
a more viable catalyst was pursued. Zinc oxide was added to Fischer and Tropsch’s
original catalyst (4], and the use of lower reaction pressures was found to lower the
oxygenated hydrocarben selectivity, but short catalyst lifetimes were still a problem.
This led to the use of the more expensive cobalt type catalysts which consisted maialy of
Co,ThO,; MgO and Kieseighur {5, (with relative mass units in the order of 160:5:8:200
respectively). Industrialisation of the process followed in 1936 and found large scale
application in Germany during World War I1. The discovery by Pichler in 1926 that the
lifetime cf iron catalysts is largely improved by the use of higher pressures [6; was not
followed up by German firme during Worid War II. It was not until after the war that

iron catalysts ware used in commercial synthetic fuel plants.

Today the only commercial synthetic fuel plants in operation which are based on
the F-T reaction are those owned by the SASOL company in South Africa, as the low oil
price in the 1950's led to the closure of mosi of the then commercially operated plants
in Europe and the United States. As was the case in Germany prior to World War II,



South Africa is inclined to pursue she syntheiic fuels path for strategic and political

Teasens.

This is a very brief account of the development of the F-T procass, there are however
nurmerous vocks and reviews available on the topic which contain a substantial arount
of information [6-8]. Other facets of the F-T procsss, including the industriai operation
of F-T plants, as well as reactor types and operations, hav+ been reviewed by Dry [5].

1.2. CG-hydrogenation mechanisms

Product distributions in F.T. synthesis are ronveniently explained using the Schulz-
Flory poiymerisstion model. The Schulz-Flory distribution is a combination of Schulz’s
equation for radical polymerisution of vinyl monomers [10], and Flory’s linear conden-
sation pnlymerisation expression [11]. The resuiting equation is widely used in ¥-T
catalysis for predicting hydrocarbon preduct distribution models. There are however
cases where these models do not work, and looking at possible reaction mechanisms is

then of value.

The F-T reaction mechanism, (or mechanisms) has been a topic of considerable
debate with a nomber of different sosals being put forward. The most well
known being the carbide, the hydroxy-carbenz and the CO insertion mechanisme.
Other mechanisms, including variations and combinations of the above have also been
proposed.

The carbide mechanism involves C7 dissociation prior to interaction with Hp
followed by insertion of a CH, group from a M-CH, unit so formed into the M-C
bond, as was first proposed by Fischer and Tropsch [4]. They proposed a mechanism
procesaing via hydrogenation of a metal carbide followed by polymerisation of these

metai methylene complexes te {orm hydrocarbons. iroduct formation is via beta-

4

tion or hydrog ion resulting in cleavage of the M-C bond. This mechanism

may be sl tically repr ed ay follows:

(‘, - CHy—> (ITH2—~R— - hydvocarhons
™ M M




This mechanism has been extensively reviewed by Muetterties and Stein (12}, Brady
and Petit [13] [14], Hermann |15}, Henrici-Olivé and Olivé {18}, Roder and Werner
{17} and others. Although there is considevable proof for the validity of the carbide
mechanism, it does not fully explain a!l the products observed during F-T syrthesis,
especially oxygenated hydrocarbons.

The hydroxy-carbene mechanism involves CO adsorption onto tue metal te form
an M=C=0 species which interacts with two M-E units to form the M-CHOH (or
hydroxycarbene) intermediate. C-C bond formation then takes placc via a condeusation
reaction inv ‘ving two M-CHOH and two M-I units to produce M=CCH;0H and H,0.
This process continues and results in formation of an M=C{R)OH species. F-T product
formation is facilitated by dehydration, along with hydrogenation, resulting in the
formation of a hydrocarbon. Alternatively, desorption of the products is facilitated by
hydrogenation of the intermediate to form an alcohol. The hyAroxy-carbene mechanism

may be schematically represented as follows:

O WQ M HO CHy HO R

™ M M

) hydrocarbons » OxXygenates

This mechanism was first developed and proposed by Storch, Golumbic and Ander-
son (7]. Kevmmer and Eimmet (18], provided evidence that was shown to more success-
fully explain the observed F-T products. Variations of this mechanism where carbene
or M=CH,, intermediates also play a role have beer proposed by Voevodski et ai. [19],
Hamai (20, and Ekstroom et al. [21].

The CO inseriion mechanism involves CO insertion into the M-H bond of a
MH(CO), unit derived from the interactior of M{CO), and Hy. The CO insertion is
coupled to hydrogenation and results in a MCH3{CO}. - ; unit. MCH3{CO), is formed
when another carbonyl is attached to the metal site. Hydrocarbon chain propagation
then proceeds via further CO insertion into the M-C bond, resulting in MCOR(CO), .,
which can unde-go a number of desorption reactions to form various oxygenates and

hyArocarbons. The mechanistn may schematically be represented as follows:

o R
H >  CHy =  CHy— € = hydracarbors + oxygenites
MICO),  MICO),_, WOl  MICO)_,
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This mechanism was first put forward by Pichler and Schulz {22 and was derived
from analogous homogenevus co-ordination chemistry. A common variation of this
mechanism is the formyl mechanism whereby CO groups do not necessarily have to be
oil vhe sauie metal atom. This mechanism has been extensively reviewed by Muetteriies
and Stein {12}, Rofer-De Poorter (23] and Henrici-Olivé and Olivé {16}{24].

The three mechanisms thus far mentioned all discuss the type of C, species present,
and not one can be discounted completely. T» date the carbide mechanism has received
the most support; however, the fact that the wide range of products observed during F-T
synthesis differs with changing reaction conditions and diflerent catalyst types, indicates
that the process is far more complex. Thermodynamic and kinetic considerations
must be taken into account and indeed more than one mechanism may be operating.
Numerous other mechanisms have been proposed some of which combire more than one
of the above general schemes and of special significance here are those reviewed by Dry
(5]

1.3 Catalyst supports and promoters

Promoters and supports are added to catalysts in order to modify their activiies
by increasing the active surface area and/or changing the electronic properties of the

catalyst so as to obtain a desired product distribution.

For an iron catalyst supported on alumina, the alumina has been termed a
structural promoter [25], meaning that the role of the alumina is to enlarge the active
iron surface area by inhibition of iron crystal growth [26]. An analagous effect can be
expected with other non-reducable metal oxides, and according to Dry et al. (27}, the

effectiveness sequence of metal oxides in increasing the BET area is:
Aly Oy > TiOg > Cra0a » MgO » MnO = Ca0 > S104 = BeO

It is also well known that the stronger bases of the Group I metals, such as K0, are
key promoter compouents in iron based catalysts in that they markedly effect both
the catalyst activity and {especially) the selectivity. Such promcters that have a high
"basicity” resuit in the catalyst surface raving a higher electron density, which in turn
modifies the catalyst’s surface chemistry, and this has important consequences on the
product distributions.

e




Promoters that are employed to modify the catalyst selectivity are termed "chemi-
cal” promoters. In most cases however, chemical promoters have a dual functionality in
that they also contribute to increasing the active surface area, because most promoters
employed in F-T synthesis catalysts are less readily reduced than the active metal cen-
tres. Basic alkalis readily form compounds with many of the commonly used supports

such as silica and alumina [5].

In contrast to iron, the F-T synthesis performance of cobalt and ruthenium catalysts
has been shown to be independent of the presence of chemical promoters when operating
at high pressures (5], but when operating at atmospheric pressures, promotion with alkali
and thoria increases wax production {5]. The main reason for incorporating supports
with the earily industrial cobalt and ruthenium F.T catalysts was therefore to increase

catalyst activities by ensuring higher active surface areas {5.

1.4. Catalyst deactivation

Fischer-Tropsch catalysts may lose their activity as a result of a number of faciors,
These include; conversion of the active phase (metal) to an inert phase (oxide); loss
of surface area due to crystallite growth (or sintering); loss of active surface area due
to excessive build-up ol carbenaceous material (or "fouling”); and finally, chemical

poisoning of the surface (for example, by sulphur) [3].

The mechanism of deactivation by oxidation and sintering is well established, and
both processes arc facilitated by the presence of water vapour in ¥-T reactors. Oxidation
and sintering of the catalyst are shown to occur due to prolonged use under normal F-T

process conditions.

The effect of excessive carbon build-up or "fouling” also becomes critical with
prolonged use of the catalyst in the F-T reactors. This fouling occurs due to wax build-
up over the catalyst which in turn slows down the rate of diffusion of reactants, thereby

slowing down the rate of reaction and hydrocarbon product formation.

Catalyst poisoning usually results from the presence of sulphur and sulphur con-
taining compounds (for example, HzS, COS and C,H8H) in the F-T reactors. Due
to the high sulphur content in South African coal, sulphur breakthroughs pose a prob-

lem at Sasol [28]. Sulphur has to be removed from the synthesis gas in a Rectisol or

5




scrubbing plant prior to being sent to the F-T reactors. Although it has long been

known that sulphur compounds rapidly deactivate iron, nickel and cobalt catalysts. the
effect that aliali har on the mechanism by which this takes place is poorly understood.
Since electronegative sulphur and sulphur compounds readily react with iron (to form
FeS), and strong alkalis (for example, potaisium and potassium compounds), cne would
expect that all elecironegative species would act as poisons. This bowever is not the
case, since fluoride ions do not have an adverse ~ffect o.. the ziavity of iron catalysts,

whereas bromide and chloride ions deactivate iron [5].

1.5. Surface characterisation and catslysis

In heterogeneous catalysis knowledge of the caiaiyst surface composition is essential
in providing an informed picture of how the catalyst operates. This is especially true
for F-T catalysis, as the surface is the region where feed gas is converted into useful
hydrocarbon product. Furthermore, scrface compositions often vary cunsiderably with
respect to bulk compositions. Surface segregition of different elements or molecules from
the bulk phase occurs in most heterogeneous solids, particularly wheu they are subjected
to elevated temperaiures and pres. uod (as is the case in F-T catalysis). The surface
is also the region where reaction intermediates can be observed, and this aliows scope
for mechanistic interpretations. It is also the region that must undergo changes during
reduction since this activates the c.talyst, and as well as during CO-hydrogenation,
since the F-T product spectrum is known to change with reaction time over a given
catalyst. The catalyst eventually 'oses activity, indicating that the catalyst surface

composivion must undergo changes as the F-T reaction proceeds.

It was not until the begining of the 1970’s that scientists developed efficient ways for
analysing surfaces at atomic levels. Nume:cus techniques exist today for the analysis of
surfaces and there are a number of textbcoks which review these {29-31]. Two of these
techniques are relevant to the work in this dissertation, namely, X-ray photoelectron

spectroscopy (XPS) and Auger electron spoctroscopy (AES).

Xray Photoelectron Spectroscopy

The XPS technique, also sometimes referred to as "ESCA™ {or Electron Spec-
troscopy for Chemical Analysis) was pioneered by Siegbahn and his co-workers [32]

6
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culminating in his winning a Nobel prize for physics in 1981, The principle underlying
the XPS t¢ hminue is simple. Briefly, monochromatic X-rays irradiate a solid surface
causing photoelectrons to be liberated from their bound states. (See Figure 1.1}. The
kinetic energy {KE) of an emitted electron is directly proportiozal to it's core level

binding ¢nergy (BE) when exposed to radiation of energy hv by the relationship
BE = hv — KE ~ ¢ (1)
where ¢ is the photoelectron specirometer work function.

Although X-rays ar- known to penetrate solids to appreciable depths it is the depth
from which the photoelectrons are emitted without loss of energy that allows XPS to
be used as a surface sensitive technique. The photoelectron escape depth is in the range
of 10 to 20 A° [33] and is dependent on the electron kinetic energy [34/. The XPS
signai can be shown to be comprised of approximately 30% from the outermost atomic
layer with 60% coming from about the next tbree layers [33], when using normal X-
ray sources. The XPS technique exploits chemical shift data 1o characterise surfaces.
The “chemical shift” is the difference in binding energy of core level electrons due to
atoms of the same element being chemically non-equivalent. Non-equivalence of atoms
can arise in several ways namely, by differences in formai oxidation state, differences in
molecular environment, differences in lattice site and 80 on. An important chemical shift
consideration is the fact that the core level binding energy of electrons in a specific atom
investigated increases as the electronegativity of the attached atom or groups increase.
Along with chemical shift information, XPS also gives information as to the the ra.ios

of atomic species at the surface. (See experimental ¢ \pter).

Shake-up satellites

Shake-up satellites are of particular relevence to the work n this dissertation, especially
in the interpretation of various XPS spectra recorded. Basically, these structures are
formed because valence electrons of atoms associate loss of a core electron with an
increase in nuclear charge. This gives rise to a re-organisation of the valence electrons
(referred to as relaxation) which may involve the electrons being excited to a higher
valence level. (This process is known as a "shake-up”). The energy required for this
{ransition is not available to the primary photoelectron and this leads to a discreet
structure on the los - KE side {or high BE) of the main photoelectron peak {31].




. A

‘The AES technique is based on the detection of secondary electrons emitted trom
solid samples which are irradiated with an electron berm. These secondary (or Auger)
electrons are asmed after the man who discovered them 11 1925 [35]. An Auger electron

thich is emitted from an outer level of an aiom with the same energy as that
be the filling of a core hole. The ability to scan small areas facilitated by
the small electron beam width allows AES to be used as a microscopic surface tool.
Although the technique does not impart as much chemical information as XPS, it is
very WM studying amorphous and inhomogeneous surfaces, especially when used
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1.6. Aims of this dissertation
The aim of the work undertaken was twofold:

1: To provide further inmight imto the functioning of cob .c-manganese oxide F-T
catalysts.

Cobalt-manganese oxide catalysts have been developed and tested by the University
of the Witwatersrand’s catalysis research programme [36]. Cobalt-manganese oxide
{Co/MnO) catalysts consisting originally of mixed oxides of cobalt and manganese are
known to give rise to high short chain olefin yields when operating undur certain F-T
conditions [36]. The promotion of cobalt catalysts with MnO at low cobalt loadings, for
example 5%, gives rise to nigh Cs hydrocarbon selectivities [37]. Optimisation studies
have shown that these catalysts can have high activity coupled to long lifetimes with
respect, to both industrial iron and iron-manganese oxide (Fe/MnO) ¢ valysts, as well
as g{vlng high propene and low Cy and Cz hydrocarboun yields [36].

2: To investigate the interaction of sulphur (from hydrogen sulphide} with an iron-based
industrial ¥-T catalyst.

Mor= specifically, catalyst surfaces were studied by XPS and AES. The equipment
used (see experimental section) enabled the surface to be characterized after successive
reactions over the catalyst, or between successive treatments without the catalyst being
exposed to ambient atmosphere. Products of reactions were determined by standard
gas chromatography (or GC) techniques in order to facilitate correlations between

hydrocarbon distributions and the surface composition of the catalysts.




Chapter 2. Experimental

2.1 Introduction

As mentioned in Chapter 1, photoelectron spectrorcopy provides valuable informa-
tion as to the chemical composition of the first few surface atomic layers of a solid.
There are however probleras associated with studying the surfaces of "working” het-
erogeneous catalysts. To give a good reflection of the catalyst’s state under reacticn
conditions, the sample should be prepared under conditions as close as possible to "real”
catalytic ones. This includes the period during which the sample is transferred from
the catalytic reactor to the surface analysis chamber. In particular, the catalyst surface
should nnt be expcsed to any atmosphere other than that similar to the one under
which the reaction was performed. This usually poses a problem since photoelectron
spectroscopic tachniques, including XPS and AES, requite ultra high vacuum (UHV)
conditions so as not to inhibit the mean free path of photoelectrous between the sample
and electron analyser. Real in situ testing of the catalyst surface is thus not possible
since the mean free path of electrons would be too small for them to be detecled. T e
best approxiruation is to quench the state of the reacting surface by rapidly exposing
the working catalyst to UHV [38]. This may be achieved by installing a high pressure
catalytic reactor either inside {39}, or outside [40-42] the UHV analysis chamber. For
the purpose of studying heterogeneous catalysis the latter option seems to be the more
favourable one since it is technically less complicated and working atinospheres would
1ot be as restricted {38]. The work described here was carried out using an external
high pressure reactor linked to a UHV surface analysis chamber, via a sample trans-
fer system, incorporating suitable pumping and valving arrangements. This enabled
sequential reaction and surface analysis experiments to be carried cut over the F.T
catalysts. Coupled to the reactor is an on-line gas chromatograph for tie detection and
analysis of hydrocarbon products. Correlations between observed rroducts as well as

product distributions and the catalyst surface composition are thus facilitated.

2.2. Equipment

The equipmaent used has been extensively reviewed {42]|43].



o

2.2.1. The combined high pressure reactor - surface anaiysis system

A “azuum Generators (VG) "Solar 300" surface analysis UHV chamber constructed
chiefly of mu-nietal is the central feature. This is pumped by an Edwards EO4 oil
diffusion pump and liquid nitrogen cold trap both with water cooled baffles. Additional
pumping is provided by a VG titanium sublimation pump and Varian ior purap which
separately pumps the X-ray source. A base pressure of approximately 4 x 10~!° mbar
iz obtainable. A VG "CLAM 100" systern consisting of an X-ray source with Mg/Al
dual anode for XPS, as well as an LEGS61 electron gun for AES, is attached to the
UHV chamber. (See Figure 2.1). Also attached to the UHV chamber is a VG AG2 ion
gun. The x-ray and electron sources share the same aetector which is a 150° spherical
sector electron analyser with a channeltron detector. The sample for photoelectron
spectroscopic analysis is vertically mounted to a high precision {(manually operzted)
manipulato. or translator. The translator has XY Z raovement along with a full 360°
rotation about the Z direction. In addition to this the manipulator has an azimuthal
rotation of 180° arcund the centre of the sample along with a tilt m.chanism which

moves away from Z.

The external H?Z 10 high pressure reaction chamber, capable of withstanding
pressures up to about 15 bar is linked to the U1V chamber via a Leybold-Heraeus VLP
10,63 introduction chamber. (See Figure 2.2). This chamber is in turn pumped by a
turbomolecular pump attached to the roof of the chamber and base pressures of 5 x 107°
1 bar are obtainable. The introduction chamber is separated from the UHV chamber by
a viton-sealed gate valve. A cylindrical rod with a cavity in which the sample is held is
driven horizontally by o mechanized rod drive. Movement of the catalyst sample from
the reaction chamber to the introduction chamber is via a short section of differentially

pumped viton O-.ings which seal directly onto the sample rod.

Catalyst discs were mounted ontc a specially designed sample holder consisting of
a rectangular molybdenum metal sheet witl: an area of 12 x 17 mm. The metal sheet
is bent to form a U-ghaped girder and relatively large end pieces are attached to it in
order to provide mechanical strength. Gold or molybdenum clips fastened by means of
screws were used to secure the catalyst discs to the front of the sample holder. {See
Figure 2.3).
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Figure 2.1. Schematic of the "CLAM 100" system attached to the "Solar 300" UHV
chamber.

The sample and holder fits "face down” into the recess in the sample transfer
rod and is held there by means of three copper conductors of which one can move
2mm along the axis of the rod vie a manually operated spring loaded cam drive.
Treatments are administered with the catalyst "face down” within the rod’s recess
in the reaction chamber. Tempera‘ures for the various treatments are controlled und
administered by means of passing AC current through the sample via the copper
conductors in the rod. The treatment temperature is monitored by a chromel-alumel

thermocouple which is screwed vertically down through a valve (see Fig

w 2.4) into
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Figire 2.2. Schematic of the high pressure reactor (or HPR) - UHV system.

the reaction chamber to touch the buck of the samnple holder (now the molybdenum

To easnre that temperature measurements could be made without making

heater).

electrical contact between the *hermocouple and szmple holder, a diamond (hecause of
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Figure 2.3. The transferable sample holder (viewed "face up”).

diamond’s excellent heat conduction and very high electrical resistance), was attached
to the tip of the thermocouple [44] as in Figure 2.4. With prolonged use however, the

reaction es a flat diamond

q

diamond became dislodged, and so for
with a large surface area was attached to the back of the sample holder {45]. In both
cases, the diamond was attached by means of orazing to the metal using a gold-based
eutectic brazing alloy.

(N +
4

Te ) Jeviati

Measured temperatures have been shown to be dependant on the degree of contact
bet the ple and le holder. After certain treatments, the change in surface

L

charucteristics could only be explained if it was assumed that the actual treatment
temperature was lower than the one measured experimentally. On examination of the
current and voltage values across the sample holder, where such cases occurred, it was
found that the zpplied currents and voltages were lower than for the other treaiments
where the "same” temperature was d. Since the thermocouple in effect measures
the temperature of the le holder, this implies that thermal contact between the
sample and sample holder was not as efficient as for the other treatments.

2.2.32. The gas handling system

The gas handiing systerr. which incorporates purification traps, pressure regula. 1,
fiow meter control as weil as an on line gas chromatograph (or GC), is directly linked
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Figure 2.4. Schematic of the thermoco ple used to monitor sample treatment
temperatures in the HPR.

to the high pressure reactor. (See Figure 2.5). The arrangement of this equipment has
been discuss.J in much detail {43].

A Shimadzu 14A gas chromatograph with FID and TCD detectois was used to
analyse hydrocarbon-containing gases that had passed over the catalyst in the reactor.
2 m! voluines of product containing gas (tail gas) from the reactor were injected directly
into the FID column of the GC for hydrocarbon separation via a sample loop. The
stainless steel tubing between the reactor and GC, through which the tail gas flows.
was heated to approximately 120 °C by nichrome resistance wire 50 as to prevent
condensation of the gaseous hydrocarbon products.

P Fi 2.5, (On followi )
1, 2, 3. Gas lines.

4. Needle valve.
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5. 1wo-way shut off valve. 4
6. Right angle valve. f
7. Two-way valves.

8. Four-way valve.

9. Rotameter (for measuring high flowrates, typically 1350 mi/min.}.

10. Mass fiow meter {measures slow flowrates, typically less than 10 ml/min ).

11. Pressure guages.

12. Sample loop to gas chromatograph.

13. Hydrocarton trap (not nsed).

14. Sample ("face down”) in sample holder.
15. Rotary pamnp.

16. GC detector output integrater.

17. Pressure release valve.

18. "Go” pressure regulator.

19. Removable septum for injection of gases during catalyst poisoning experiments. r

20. Quick-connects to gas cylinders and the high pressure reactor.

2.3. Experimental conditions 1
i

3

Variations in experimental treatment pr and specific treatment . equences .

are outlined at the beginning of each of the subsequent chapters where Its are given
and discussed.
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2.3.1 Sample preparation

Cobalt-manganese oxide catalysts with a Co/(Co + Mn) atomic ratio of between
0.45 and 0.50 were used. The catalyst preparation has beea reported elsewhere [46]
[47] and involves co-precipitation from cobalt and manganese nitrates at 70°C and a
constant pH of 8.3 (according to guidlines first laid down by Maiti et al. [48]). Potassium
promrotion of the cobalt manganese oxide was achieved using the incipient wetness
technique and co-precipitation of the cobslt and manganese salts in the presence of
potassium carbonate {49]. Precipitation was followed by washing of the samples (with
distilled water), irying and calcining at 500°C for 24 hours. Uncalcined catalyst samples

give variable activities, and calcining has been sh to o this problem [50].
Calcining was followed by pressing a fixed mass of the catalyst powder into discs with
a diameter of 8 mm which were 2 mm thick using a standard 15 ton press.

Preparation of the industrial iron catalyst samples is reporied elsewhere [43] [51].
Briefly, samples were cut from fused lumps of magnetite to which a number of promoters
had been added (see Chapter 5). A hollow diamond tipped drill was used to cut cylinders
out of the fused material, from which discs (of the same size as the Co/MnO discs)
where cut using a slow speed diamond saw. Polishing of the discs with water paper and
alumina powder then followed before cleaning in an ulr ic bath with AR acetore.

All samples were attached to the molybdenum sample holder {see Figure 2.3) before
being loaded into the sample rod and transfered to the combined HPR-UHV system for
treatments and analyses.

2.3.2. Sample treatment conditions

For all the experiments, high purity gases were used. (Argon (99.999%), H, (Afrox
UHP 99.909%), CO (99.9), in Hy /CO mixtures UHP H; was used along with 99.9%
pure CO).

Apait from the reduction experiments perfcimed on pure Co/MnO, ali subsequent.
H; treatments were administered using a measured temperavure of 400°C and a pressure
of 500 kPa.

i




For the CO-hydrogenation studies over Co/MnO with and without poiassium
promotion, the CO-hydrogenation treatments were administered using a measured
temperature of 190°C and a pressure of 500 kPa. These conditions were selected using
kinetic and reactor study data generated by van der Riet et al. [47]. The F-T or CO
hydrogenation reactions were carried out using synthesis gas with a H; :CO ratio of
20:1, along with high flowrates {in the order ~f 500 ml.min"!) over the sample.

TkLe conditions for monitoring the effect of H,8 poisoning on the synthesis activity
of the industrial iren catalyst were the same as those employed in previous F-T studies
on the catalyst [43]. It was also decided that sulphur injection or poisoning at low
temperaturc would be a good starting point in the event of such poisoning studies
being followed through more extensively [52]. CO-hydrogenation reactions over the
iron catalyst were thus performed at 240°C using a pressure of 600 kPa, a flowrate of
600 mi.min™! and synthesis gas with a Hy :CO ratio of 20:1. Between F-T treatments,
2 mi Ha8 injections were admirisiered at room temperature and with the pressure in
the reactor being 100 kPa whilst the catalyst was in a pure H; atmosphere. In order
to administer the H,8, an air tight septum was fitted near the reactor inlet (see Figure
2.5).

With both catalysts, the high flowrates and high Hj :CO ratios were used to
prevent excessive build up of carbonaceous material on the catalysts which in turn
would make surface analysis difficult in the sense that carbon would mask the other
elements thereby making it difficult to analyse them using XPS, but more importently,
to prevent excessive outgassing in UHV,

2.3.3. Data collection conditions

Beactor products

The jsa8 chromatograph’s FID detector was used to analyse the hydrocarbons
produced by the CO-hvdrogenation treatments.

A Porapak N (50/80) mesh column of length 2.2 m with helium carrier gas flowing
through at a rate of 35 ml.min~! was used. The column temperature was programmed
to increase as follows:
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Initial temperature : 38°C .

Final temperature 1 : 120°C .

Final temperature 2 : 140°C .

Rate of temperature increase : 10°C .min™?.
Injection port temperature : 190°C .
Detector port temperature : 190°C .

Operating under these conditions, the GC could separate C, to Cgs hydrocarbons.
Figure 2.6 shows a typical GC trace recorded at 6 hours F-T synthesis over a potassium
promoted Co/MnO sample.

Connected to the GC was a Spectra Physics SP 4290 integrator which allowed
quantification of output peak areas. (An integrator attenuation of 1 was used for all
the experiments).

Surface analyses

An Al (Ka) X-ray source (hv = 1486.6 eVT) was used for XPS. X-ray photoelectrons
were generated using a positive potential of 11 keV, an emission rurrent of 20 mA and

analyser pass energies of between 20 and 100 eV.

Hardcopies of X-ray photoelectron spectra were obtained by means of a standard
X-Y plotter directly attached to the spectrometer control unit. Data could be displayed
as a function of kinetic energy on an IBM XT microcomputer screen and stored for
further analysis.

AES spot analyses were performed b hemical treatments over the iron

catalyst. Anger photoelectron spectra were collected using an accsleration voltage of
2.5 keV, a filament current of 2.5 A, a beam current of 10 uA, a pass energy of 200 =V
and a spatial resolution of around 30 um. {(AES spectra are quoted in the conventional
differentiated form).

Yihroughout this dissertation : 1 eV = 1.6 x 10~!° Joules.
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Figure 2.6. A typical GC trace after 6 hours F-T synthesis over a potassium-
promoted Co/MnO catalyst.

The base pressure in the UHV chamber during XPS and AES analyses was always

between 5 x 10~% and 1 x 10~ mbar.

2.4. Handling of data

Gas chromatograph data

Quantitative GC data was generated from the integrated FID responses. The area
count of each component detected was multiplied by a correction factor that took the
varying detector response for each component into account [53]. This allowed each
hydrocarbon p t's ¢ tration to be calculated in terms of mass percent. All

GC data has been quoted in terms of mass/mass percent ratios {or M/M %).

The identification of various hydrocarbe n components was facilitated by comparing
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peak positions with those generated after injection of standards using the same column

conditions.

Photoelectron data

During surface anaiyses of the cobalt-manganese oxide catalysts, significant "chasg-
ing” of the sample was observed even though the sample being ana’y'sed was earthed.
This resulted in the . e XPS spectra being recorded at a higher binding nergy (or
lower kiuetic energ;). Copperthwaite et al. {54 have observed substantial temperature
dependant kinetic energy shifts {of around 5 eV) when recording XPS spectra collected
from an iron-manganese oxide catelyst using the same equipment as that used in these
studies. Such charging can be said to be due to the " p-type” semiconductor behaviour
of MnO [54], which causes an increase in electical conductivity at high temperatures
i85]. The same can be said of the Co/MnO catalysts studied in that increasing the
temperature at which the XPS spectra were recorded was shown to increase the ki-
rietic energy at which the various peaks were detected. Recording the spectra at Lizher
temperatures was however not undertaken since doing so may have caused changes at
the catalyst surfaces. For these reasons, catalyst charging was corrected for using an
oxygen or O (1s) photoelectron signal with a binding energy (or BE) of 530.0 eV as
a reference [54]. The reason for choosing the O (1s) sigral as a reference is that this
signal remained fairly constant under all conditions, and the oxide 0>~ was always the
most abundant component at the surface. Charging of the iron catalyst was corrected
for using the potassium K (2ps/z) signal with 2 binding energy of 293.6 eV + 0.3 eV
|56

Computer fitting of up to three Gausss - 1 peaks to the raw data using a micromin
least squares fitting routine facilitated the determir ation of peak areas and subsequent
quantification of the XPS data. A more detailed d .cussion of the computer simulated
peak fitting procedures is outlined elsewhere [43].

Due to the fact that Co/MnO catalysts were used in the form of compressed discs
of powder, it is difficult to apply XPS quantification procedures with a great deal of
accuracy. A knowledge of the sample density and it’s exact chemical composition is
required before photoelectron escape depths can be calculated, and quantification can
be performed. This is true for the well known Madey - Yates [57] equation and its’
adapiations {58], as well as for the formulae published by Seah et al. in 1979 {59]. These
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formulae all include monolayer calculations which wou!d be irrelevant to the Co/MnO
study since the catalyst surfaces were unpol'shed and presurnably highly amorphous as
well as porous.

Calculation of photoelectron escape depths for these catalysts are further compli-
cated by the segrogation of various cornponents in the solid during treatments. This
results in compositional changes, including density changes that could not be measuicd

using our equipment.

Penn [f0] has shown :hat relative surface concentrations of different atoms in an

alloy, say for simplicity, type 1 and type 2 atoms can be given by the equation

m _ 11 02 D(ea) Mr(ea)

2 loy Die) dr(e)

ey

where 11 /nq is the relative concentration of type 1 and type 2 atoras, 7, /I, is the relative
signal strength observed by XPS measurements, ¢ is the photoionization probability (as
calculated by Schofield [61]), D is the fraction of electrons detecied by the analyser and
Ar(e2)/Ar () is the ratio of the mean free paths of photoelectrons with energy ¢, and
£ coming from type 1 and type 2 atoms in the alloy. This electron escape depth ratio
can be shown to be approximated by equaticn (2).

Ar(ez)
Ar(sg)

= (Z—j)mn £ — 2.3)/(In &2 ~ 2.3)] (2)

This expression can be used directly in equation (1}, which in turn can easily be mod-
ified to facilitate relative surface atomic percentage (herewith abbreviated as rs.a.p.)

calculations for more than two elements.

Furthermore, Penn states that to a fairly good approximation there is a material
independant behavior of Ar(e2)/Ar(e;) as a function of 5 and ¢; for €1,£5 > 200 eV
{62]. The use of equation (2) for the calculation of photoelectron pe depihs can be
shown t2 result in at most, an error of 14% but more typically, one in the region of 5%
is incurred.

For the purposes of this study, relative atomic percentages of elements at the surface
or near surface werc calculated. These vaiues were obtained using Penn’s formulae as a

basis.




In instruments where the analyser energy is fixed, such as the one used in this study,
the transmission is inversely proportional to the kinetic energy of the electrons, hence
the D’s in equation {1} can be replaced by values of 1/Ex. Since the photoionization
pybability is directly proportional to the core level photoionization cross section (PIC)
of an efement, a PIC for each element can be substitited in‘o equation (1) as that
elerenta’ o value. A value of Ar{c) for each element was calculated using equation (3).
(See Table 2.1).

£
Ar(e)) = m; {3)

Where €y = Ei for photociectrons from element 1. Surface concentration ~alues for
each element were then obtained from the equation (4).

A5\ E)
n = 1518k

e (4\
o1dr(Exy)

A; is the integrated XPS signal area/s and §; is the detector sensitivity setting for an
element. (In this case, element 1).

Arbitrary values for the total surface concentrations were gbtained by adding the
n values of detected elements,

Neotal =N+ N2+ %+ 0o (5)

and the relative surface atomic percentage (r.s.6.p) of each element {for example,
element 1) calcnlated using equation (6).

rsa.py = - 00% (6}
Diotal

The AES di 1 collecied from the industrial iron catalyst was analysed qualitively.
Quantification of the AES data was difficult since signal sensitivities chianged according
tc changes in the sample/beam geometries and the amorphous and rough catalyst
surface {especiaily after the various ireatments). For these reasons, comparisons of
peak heights of different elements in the same scan were made.
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Element = Ar_

Carbon 250.9

Potassium 204.4

Oxygen 210.0

Manganese 190.3

Cobalt 164.0
Table 2.1. A values calculated for carbon, potassi oxygen, maiig; and cobalt.
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Chapter 3. Reduction and carburisation of cobalt-manganese

oxide

3.1. Experimental route

The catalyst preparation has been reported elsewere [47]. A calcined Co/MLO
catalyst with a Co/{Co + Mn) ratio = 0.455 was used. The catalyst surface was

analysed by XFS between treatments in the high pressure reactor (HPR) in the following

sequence:

1.

Before treatment.

. After H; at 260°C (12 howurs).

. After Hy at 360°C (6 hours).

. After i, at 400-C (6 hours).

. After CO at 220°C (25 minutes).
. After CO at 280°C (18 minutes)

. After Ar* bombardment (8 kV beam energy for 10 minutes)

All the reactions were ~arried out using using flowrates of + 20 cc per minute and at

500 kPa using high purity gases (see experimental chapter). The finai ireatment, which

involves bombarding the sample with argon icns, was performed in order to remove

surface layers ard facil:tate examination of the sub-surface or bulk composition. This

was perfornied using a VG AG2 ion gun.

3.2. Results and discussion

The text refers to the © (1s), O (1s), Mn (2ps/2) and Co (2ps;2) XPS spectra
recorded between the various treatments. Thase figures, as well as talles and graphs
which illustrate the quantified data are shown at the end of this chapter. The rs.a.p’s
of the elements detected at the surface between the various treatments are quoted in
Table 3.1.

vy,




2.2.1 Untreated catalyst

Before the catayst was treated in the HPR, the T (1s) peak is seen to have a
BE of 285.1 eV, and this is assigned to hydmcarbon contamination. C (1s) signals
around 285.0 eV are commonly refered to as "adventitious® carbon and are often used

as references tu correct for sample charging [54](62].

The quantified data shows that there is significantly more manganese at the surface
with respect to cobalt, ir that the Co/Mu ratio is 0.50 compared with a bulk Co/Mn
ratio of approx:mately 1. Baerns et al. [62] have studied the surfaces of calcined and
reduced Fe/MnO catalysts by XPS, using catalyst samples prepared similarly to the
Co/MnO catalysts used for this study. Although calcination of their Fe/MnO samples
was carried out under zn argor atmosphere (also at 509°C for 24 hours}, their results
also show tha" for catalysts with similar iron loadings to the cobalt loadings used in this
work, there i4 significant enrichment of manganese at the surface with respect to iron.
X-ray diffraction studies of Co/* 1nO catalysts [50] show that calcination increases the
degree of substitution of cobalt and manganese into octahedral and tetrahedral sites
in the Co/MnO catalyst which, before caicination, is comprised of a range of cobalt-
inels. These ist of a range of Co.MnO, and CoMnyO4 type spinels

where cobalt ard manganese jons occupy e:  sively either octahedral or tetrahedral
sites, as well as a imixed cpinel phase in . hichb cobalt and manganase ions occupy
aciahedral and tetrahedral sites non exclusively.

The Mn (2ps/3) signal hes a BE of 642.0 eV and may be assigned to Mn®* by virtue
of the fact that no shake-up satellite i.. shserved, since high spin eleciron cofigurations
are expected to give rise to shake-up vate'lites, but Mn®* has a low spin d* configuration.
The high BE (642.C eV) of the signal may however be indicative of Mn**. Allen et al.
{63] have undertaken a XPS study of a number of mixed transition metal oxide spinels
and show Mn (2pss3) photoelectron spectra of pure MnO;, MngOy and Muy O3 with
LB of 6422, 641.7 and 641.8 eV respectively, none of which show any evidence of
shake-up satellites. Included in their work is 2 Mn (3p} spectra of pure MnO in which
no shake-up sutellite is observed. They have also shown that the Mn (2py/2) lineshape
changes when manganese is included in spinel structures in that t' :re are shake-up
satellites when this is the case. Spectra of pure M) supports which have been covered
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with ‘roa show a definite shake-up satellite at the high BE side of the main Mn (2ps/2)
photoelect-on peak {54].

The Co (2ps ) signal with a BE of 730.7 +V is assigned to Co®™ from CoyO4 and/or
Co0. This is confirmed by the weak shake-up satellite at the high BE side of the main
peak ‘ndicating that a high spin d” configuration for the cobalt is most likely. Larkins
¢t al. [64] have studied the surface of pure Co;0, using XF3 and found an asymmetric
Co (2pa/2) peak with a maximum at 779.5 eV. 'Those workers showed that heating their
sample gave rise to a larger signal at 781.0 eV associated with paramagnetic Co?*. The
Co (2pasz} BE of Co®* was shown to be higher than that of Co®* which is opposite
to the result normally expected. This is belicv.d to be due to the fact that the Co®*
ionc occupy tetrahedral sites in a high spin configuration, with a larger number of close
neighbours than Co®* in the octahedral sites.

The large proportion of oxygen at the surface is associated with O?~ ions from the
cobalt and mangancse oxides at the expected O (1s) BE sf 530.0 eV [54].

3.2.3. Reduction (or H; ) treatments

After the reduction treatments at 260°C and 360°C, the C (1s) signals shift to
& lower BE of 284.3 eV, and this is assigned to carbon being primarily of a graphitic
nature, with a large portion being carbide. This is illustrated by the shoulders on the
\.w BE sides of the main C (1s) signals. BE’s for the XPS determination of graphite and
carbide are most commonly quoted as being at 284.. and 283.3 eV respectively {65].
After the Hy tréatment administered at 260°C .he rs.a]. of carbon increases from
T.7% to 11.3%, indicating that there is surface segregation of carbon impurities from
ihe catalyat bulk. Reduction at 360°C shows that further segregation of carbon takes
place since the ri.a.p. of the carbon is seen to increase to 13.2%. By increasing the
reduction temaperature to 400°C , the surface carbon is hydroge.iated away, presumab’s
as methane.

During reduction treatments, the Mn (2ps/2) peaks are seen 1o shift to a lower BE of
640.6 eV, and there are discernable though smali changes with regard to the appeararce
of ﬁhlb-ﬂp mmm at 647.1 V. The Mn (2ps2) signals do however become broadet,
md this may be due to the manganese having more ‘han one oxidation state. This
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broadening could also contribute to obscuring of the shakeup satellites one would expect
to be associated with BE’s for Mn (2ps/2) signals at 640.6 eV.

The surface cobalt is seemingly unzffected by the Hj treatment administered at
260°C , but becomes reduced at 360°C and remains so at 400°C . This is illustrated
by the chemical shift of the Co (2ps/2) peax from 780.3 to 778.1 eV after reduction at
360°C . The Co {2p3/2) peak at 778.1 eV is in agreement with reported values for clean
Co metal [66-68]. The observed transition to metallic cobalt is further higl-tighted by
the disappearance of the shake-up satellite associated with high =pin d7 Co®* . Th. i,
treatment at 260°C leads to a decrease in the Co/Mn ratio from 0.5 to 0.44. This
difference may however not e significant, since an error of up to 14% (but more
commonly one of 5%) has been allowed for in calculations of the various element
concentrations at the surface. On reduction at 360°C and 400°C , there is a very
significant decrease in the Co/Mn surface 1atio (from 0.44 to 0.12), indicating high
pect to cobalt at the surface.

enzich t of ma with

Baerns et al. have shown that there is sigrificant enrichment of manganese with
respect to iron after reduction of Fe/MnO catalysts, and have put forward a theory on
how this takes place based on comprehensive bulk and surface studies of the catalyst, all
performed under similar conditions [62]{69-72|, as well as results obtained from Engell
et al. {T3){74] and Schmalzried [75] who investigated the reduction of mixed Fe;Oy-
Mny Oy oxides., These workers claim evidence for reduction starting in the bulk and not
at the oxide surfaces, and that reduction of FeO-MnO results in the depletion of iron at
the surface because metallic jron diffuses to the nearsst precipitation point. Vacancies
are then filled with manganese which was stated to have a very high diffusivity in MnO
and could therefore diffuse over large distances.

X-ray diffraction studies of calcined Co/MnO samples (50| after they hLad been
reduced indicated thzt the mixed spinel (Co,Mn)(Co,Mu)a0, is the dominant phase.
These bulk studies have also shown that t!: reduced catalyst contains significant
quantities of Co metal and MnO.

The fact that the r.s.a.p. of oxygen decreases after the 360°C Hj treatment inay be
ascribed to the large decrease in the cobalt which was shown to be in the form of CoO
or CoaOy4 pricr to i ing the reduction temperature. The decrease in oxygen at the
surface is therefore linked to an increase in as well as reduction to metallic cobalt. (Later
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studies show that there is a relatinnship between carbon and oxygen a¢ the surface, and
that when the concentration of one increases, the concentration of the other decreases).
A “roadening of the O (1s} signal at the low BE side is seen to be brought about by
the H; treatments and this may be associated v ith the the broader Mn (2p;/2} signals,

which indicate the presence of more than one oxidation state for manganese.

3.2.3. Carburisation {or CO) treatments

After pure CO is administered to the Co/MnO catalyst, there are two types of
carbop species left at the surface. These species give rise to T (1s} signals with
BE’s of 284.3 and 289.6 ¢V. These two peaks have been assigned to graphitic and
chemisorbed CO; respectively. A car™on (1s) peak with a BE of + 290 eV assigned to a
carbonate species has been detected . reduced industrial iron catalyst after exposure
to atmosphere {43]. Upon ircreasing the temperature at which the catalyst i= exposed
to CO, the area of the peak with the higher BE is seen tn decrease, whilst the C {1s)
peak assigned to graphite increases. The fac hat the graphitic signal increases whilst
the signal at 289.6 eV decreases, may be taken as evidence that the high BE signal
is due to a COgz(ads) Species, since these species are known to desorb with increasing
temperatire. Furthermore, graphite is known to be stable over cobalt surfaces [15].

Carbon deposited at the surface increases from 12.5% to 20.1% when the CO
treatment t¢ perature is increased from 220°C to 280°C . An increase in the r.s.a.p.
of carhon {or more specifically, graphite) would be expected if a chemisorbed CO or
carbonyl was dissociating. CO adsorption studies of iron supported on MnO {54] report
a C (1s) BE of 287.0 eV (£ 0.3 eV} as COy,4,) which has a significantly lower C (1s)
BE compared with the vajae of 289.6 eV obtained with the Co/MnO catalyst. This
may be taken as negative evidence for the the observation of adsorbed carbonyl species
over cobalt-manganese oxide in this study.

Bonzel <t al. have however asrigned a C (1s) BE of 285.7 eV to molecular CO on
cobalt {76] (The experiments, using pure CO over a metailic cobalt film were performed
at 325°C ). Theae workers claim that by increising the temuerature, molecular CO forms
exclusively carbide (C (is) DE at 283.4 ¢V Similar studies to those discussed in this
chapter using pure CO over reduced industria! . talysts |43] show that a high build-
up of carbon occurs at around 130°C ana Liet wror: carbide is converted to graphitic
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carbon which would result in the catalyst having a lower F-T or CO-hydrogenation
activity. Graphitic carbon build-up is known to reduce the rate of hydrocarbon synthesis
and act as a partial poison over metallic iron surfaces {77]. Carbon build-up over
the industrial iron catalysts was far more pronounced after the pure CO .. catments
compared with the cobalt-manganese oxide used in this study, and this may contribute
towards explaining the longer lifetimes obtained with the Co/MnO catalysts observed
under F-T conditions.

The Mn (2ps/;) signals sharpen considerably when pure CO is passed over the
catalyst at 220°C ard 280°C , indicating that probably only one form of manganese
is at the surface. The BE’s are seen t3 move to a slightly higher salue for both CO
treatments {although this shift may not L: significant since an error of + 0.3 eV is
allowed for). Furthermore, shake-up satellites appear. The combinatiun of these factors
indicate that Mn®* is the predomir:nt form of at the surface. The apparent
increase in the Mn (2pa/2) BE associated with a transition from Mn®* to Mn** may

be explained by the previously rientioned argument put forward by Larkins et al. for
interpretation of Co (2ps;,) peaks, if the Mn®* and Min®* occupy tetr=hedral and
octahedral sites respectively.

The O (1s) spectra after CO treatments are also scen to become narrower, and this
corresponds to what is observed with the Mn (2p33) spectra after the CO treatments.

Furthermore, the reduction of manganese at the surface to MnO may be linked
to the appearance of the COy (ads) Species after the CO treatments by the following
reactions:

CO(V) + 02(:) — C0Oq (ads) +2¢7
2Mn7Y) + 2¢7 -— 2Mn%Y,
0%;) + CO + 2Mn) -— COsoan) + 2MnTY)

Re-oxidation of the cobalt is seen to take place when pure CO is passed over the
sample at 220 and 280°C . This is indicated hy the BE shift from 778.1 to 780.5 ¢V and
the appearaice of shake-up satellites, szain associated with high spin (d’} Co?*. Re-
oxidation of the cobalt is associated with an increase in the Co/Mn ratio at th. surface
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from .12 after the Hy treatment at 400°C | to 0.31 and 0.30 after pure CO treatments
at 220 and 280°C respectively. This re-oxidation phenomenon was not observed when
synthesis gas was passed over reduced Co/MnO catalysts in later st:-2i=s (although it
should be noted that 5% CO in H; gas mixtures were used).

The re-oxidation of the cobait during the CO treatments may be linked to the
reduction of the manganese which could result in the liberation of oxygen or oxide ions
over the catalyst. It is however, more likely that cobalt re-oxidation is associated with
the observed buildup of "inert” carbon (with a C (1s) BE of 284.3 eV) caused by the
pure CO treatments. This may be facilitated by the following reactions at the surface:

COy +267 — 7 C"y) + 07,
Cog,) — Coz(':) +2e”
Coy,) + COyy — CoOy,) + C(y)

The apparently cpposing effects of H; and CO treatmer.ts with respect to reduction
and oxidation of cobalt and manganese suggests that electronic effects may have some
influence on the mechanism of hydrocarbon formation over these catalysts. The increase
in the Co/Mn ratio ai the surface after the CO treatments may be linked to the re-
oxidation of the cobalt if the previously discussed reduction model [73-75], can be
extrapolated to Co/Mn catalyst systems. The idea being that since cobalt was being
oxidised, metallic cobalt would no longer diffuse to the nearest precipitation point.

3.2.4. Argon ion bombardment

Argon jon (Ar*) hombardment or sputtering was performed in order to ascertain

pos-ible diferences between the sample surface and buik.

This treatment reveals that the catalyst bulk contains carbon, which by virtue of
the C (1s) BE at 283.3 eV is assigned to carbide. The fact thet carbide is chscrved
after spu. uring mav indicate that a bulk carbide phase ic stable for these catalyst
eystams, howover tho possible effect of ion beam modification of the surface should

not be discounted. Bulk carbide phases in Fe/MnO catalyst= have beer. reported
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[69]{78]. The carbon peak observed after the Ar* treatment may indicate that there
was diffusion of carbon into the bulk during the CO treatments, or that there was bulk

carhon cont

during ple preparaticn. The laiter option is uniikely since
the samples were prepared under rigid conditions and further studies on these catalyst
systems show that surface segregation of bulk carbon takes place during reduction at
temperatures around 400°C , and that - further carbon is observed after subsequent
Ar* sputtering. Furthermore, no further segregation of carbon was observed when the
reduction temperature was increased to 400°C . The r.s.a.p. of carbon after sputtering
is 15.5% as compared to 20.1% after the final CO treatment, indicating that a large
portion of .he su” e carbon migrates to the bulk of the catalyst, or that there is
diffusion of CO intc ihe catalyst bulk. It may 2lso be expected that one, cr both of
these processss would occur since the Co/MnO samples were comprised of pressed discs
of powder, and were therefore porous.

Art sputtering of the catalyst surface after treatment with CO at 280°C resultsin a
d d oxygen ¢ tration (47.2% to 32.9%). This is associated with a manganese
rs.a.p. of 30.2%. Neither the O (1s) and Mn (2p3;3) lineshapes are seen to change
after Av* bombardment. This, coupled to the similarity in the r.s.a.p.’s of oxygen

ard i u _ganese, gives a good indication that the new surface’s nxygen and ranganese
is viriually entirely comprised of MnO, since the Mn/O atomic ratin -losely
approximates a value of 1. Asssuming minimal differential sputtering of ti. .rent
elements, as well as minimal jon beam modification of the catalyst surface, 1t may be
assumed tlat MnO is the predominant form of in the bulk after the varinus
treatments. The observed transitior to metaliic cobalt further explains the decrease in
the amount of oxygen observed after Ar* bombardment.

The cobalt is metaliic as indicated by the sharp Co (2pa/2) peak with a BE of +
7787 eV. The shoulder around 780.6 eV is indicative of a small amount of oxidised
cabalt, but it is tempting to associate this shoulder with a zobali carbide species.
Although the Co/Mn ratic of 0.32 is virtually unchanged with respect to the Co/Mn
ratio after the CO treatmen’ at 280°C | there is significantiy more cobalt after sputiering
(12.4% as compared with 7.1% before sputtering}. This corresponds well with the

ption that reduce:d cobalt inay migrate to the bulk, and/or thay bulk reduction of
cobalt occurs. Art bombardment of an untreated Co/MnO catalysts in the following
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chapter using similar conditions shows that the employed sputtering conditions do not
bring about reduction of the cobalt.

3.3. Conclusions

From the resuits, cobait is shown to become reduced more easily with H, than is
manganese, and both the calcined anc reduced catalysts have a cobait to manganese
surface compositiou which is different from that of the buik. There is a very significant
depletion of cobalt at the surface afier reduction, and metallic cobalt is observed after
argon ion bombardment or surface etchung. Thase observations may be explained by
the model of "inner reduction” as suggested by Engell and Schmalzried. Treatments
with pure CO have the effect of re-oxidising the metallic cobalt to CrO and reducing
all the manganese te MnU,

There is evidence for a carbon species with a high binding energy C (1s) XPS signal
assigned to COg (a4,) on MnO. The stability of this species (as expected ) is sensitive
to changes in temperature, in that there is more adsorbed CO, when pure CO was

Frrieint,

d at lower temp This COg (ads) SPecies may, or may not take part
in the hydrocarbon chain formation prior to desorbing and/or dissociating, and these
possibilities will be discussed in the following chapter.

Graphite formation is observed at ‘the surface, and carbide formation takes place in
the catalysi bulk. Carb~o build-up however, is less marked over the Co/MnO system
when compared with Fe/MnO and industrial iron catalysts.

3.4. Data collected for the reduction and carburisation study over a cobalt-
mangaunese uide catalyst

See following pages.
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Figure 3.1, XPS spectra recorded in the C (1s) region between various treatments,
for the reduction aad carburisation study with Co/MnO.
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Figure 34. XPS spectra recorded in the Co (2ps/z) region between various
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R.S.A.P's OF ELEMENTS BETWEEN TREATMENTS
- f—
TREATMENT C [+] n Co
1 77 582 227 1.3
2 1.7 .21 227 10.1
3 13.2 50.1 ze 3.9
4 0.0 8717 arr 4.6
5 125 £2.4 2688 83
[} 20.1 47.2 287 7.1 )
7 16.6 a9 3.2 12.4 O
Table 3.1. Relative surface ic pe-centages of ol ts bet treatments, for
the reduction and carburisation study with Co/MnO.
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Figure 3.5. Graphic illustration of relative surface atomic percentages of elements
between | eatments for uhe reduction and carburisation study with Co/MnO.




Chapter 4. CO-nydrogenation over cobalt-manganese oxide

catalysts

4.1. Experimental route

Calcined Co/MnO catalysts with a Co/(Co + M: i .atio of 0.48 were used.

Catalyst A was analysed b’ XS in the following seyuence:

1.

9.

Before treatment.

. After Ar* (5 kV beam energy {or 15 minutes).
. After 6 hours Hy at 400°C .

. After 5 min. F-T synthesis.

. After 15 min. F-T synthesis.

. After 30 min. F-T synthesia.

. After 1 hour F-T synthesis.

. After 3 hours T-T synthesis.

After 6 hours F-T synthesis.

10. After 12 hours F-T synthesis,

11. After 24 hours F-T synthesis.

12. After Ar* bombardment (4.6 kV beam energy for 15 minutes).
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The initial Ar* treatment was performed in order to "clean” the sample, whilst

the final Ar* tr (treat ber 12) was undertaken so as to ascertain

possible differences between the zatalyst surface and bulk characteristics {for catalyst
A). The above treatment sequence was repeated on a Co/MnO catalyst (catalyst B)
witk exactly the same composition so as to establish reproducibility of results. In the
second study the catalyst underwent a re-reduction with Hy for 12 hours at 406°C after
it had undergone a total of 24 hours F-T synthesis. This step was performed instead of
Ar* bombardment.

4.2, R:sults and Discussion

The text refers to the C (is), O (1s), Mn {2pas2) and Co (2paj2) XPS spectra
recorded during the reaction sequence, and compares the results with those discussed in
the previous chapter. The spectra, as well as tables and graphs, are shown at the end
of this chapter. The r.s.a.p.’s of elements detected at the surface between the various
treatments are quoted in Table 4.1

4.2.1. Untreated catalyst

Before treatments the catalyst surface was differeat to the sample used for the
reduction and carburisation study in that there is significantly more carbon contamina-
tion on the catalyst to be used for the F-T synthesis study. (Compare Table 5.1 with
Tables 3.1 and 4.1).

The O (1s) signal has a shoulder on the high BE side of the main photoelectron
peak, and this is presumably due to the various metal oxides present at the surface
before tr ts-are d. The Mn (2p3/,) signal has it’s major component at
642.2 eV. This is indicative of Mn** or MnO;, as manganese in the 4+ oxidation state

has a high spin d* electron configuration thereby giving rise to a shake-up satellite at
a higher BE. This indeed is witnessed by the "hump” between the two photoelectron
peaks.

The Co (2pasa) peak has a BE of 780.6 eV and their is a onake-up sateliite between
the main coba * seaks, indicating the presence of Co®* and not Co*? (or a d® electron

configuration).
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4.2.2. Argon iron hombardment

As mentioned previously, Ar* bombardment was performed in order to ensure that
the sample surface was "clean”, and more specifically, to facilitate removal of the large

amount of surface carbon contamination present.

After Ar* bombardment all the carbon is removed. This indicates that there was
little or no bulk contamination of carbon in this catalyst. (Please refer to th evious
discussion of reduction and carburization of a Co/MnO catalyst with respect to bulk
carbide formation by CO treatments).

There is significant surface enrichment of manganese with respect to cobalt after
the Art treatment. The Co/Mn surface ratio is 0.3 compared with a bulk ratio of
approximately 1. The large increase in the r.s.a.p. of oxygen (50.6% to 74%) can
be partially ascribed to the increase in manganese oxide(s). The increase in oxygen
is however not proportional to the increase in manganese. The Mn/O ratio before
treatment is 0.19 and this changes to 0.27 after argon ion bombardment. The reason
for this may be expained by a number of factors.

Firstly, removal of the surface carbon, (of which a large portion was oxygenated)
would contribute to a lower Mn/O ratio after bombardment.

Secondly, manganese is shown to ‘e more reduced in the bulk, as illustrated by the
Mn(2ps/2) photoelectron peak shifting to a lower BE of 610.8 eV. This binding energy
is usually associated with Mn2" . The absence of a clear shake-up appears to be an
anomaly. However, as mentioned previously, other researchers (63] have not observed
shake-up satellites using XPS to study pure MnO samples, and this is presumably due
io the presence of surface Mn;Os. The signal observed is probably caused by mixed
oxides of manganése, including Mn3O,, and this would obscure a shake-up satellite.

Thirdly, the cobalt may have a slightiy increased metallic character as indica ad
by the lower BE of 780.C eV, and the broadrned Co (2pa/2) photoelectron peak, but as
mentioned in the previous study, this peak may also be due to CosOy4.
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Although ion beam modification of the surface may result in these changes, it is
more likely that the catalyst bulk is not as oxidised as the surface. The removal of carbon
contamination would be expected to result in an increase in the rs.a.p.'s of the other
elements. The fact that the Co/Mn ratic is lowered from 0.7 to 0.3 (approximately)
after Ar* bombardment (and carbon temovai) is again indicative that the amc int of
surface carbon plays = role in the Co/Mn ratio at the surface.

The changes between the surfaze and bulk cobalt and manganese are shown up in
the O (1s) specirum after the Ar* bombardment. The O (1s) signal is cousiderably
broader with a shoulder at the low BE side of the main photoelectron signal, and
sputtering with Ar* illustrates that the untreated catalyst bulk iz less oxidisc. han

the surface.

4.2.3. Reduction with H,

After reduction of the catalyst for 6 hours with Hy 8t 400°C | surface segregation
of trace amouuts of carbon from the bulk takes place. BE assignment (o the C (1s)
signal is difficult due to the broad photoelestron peak and the large signal to noise ratio
because of the high sensitivity at which the spectrum was collected. In the previous
reduction study, surface segregation of carbon was observed at 260°C and 380°C . This
carbon was shown to be mainly graphitic in character with a considerable portion being
carbide. (See Chapter 3, page 35).

Reduction of the catalyst has the effect of lowering the Co/Mn racic from 0.3 1o
0.16. The Co/Mn ratio of 0.16 corresponds well with values of 0.13 obtained after
similar reduction treatm:nts with the previous study and a mechanism by which this

surface segregation takes has been discussed in the previous chapter.

The Mn (2ps;2) signal is again a broad peak, and the BE is seen tc shift to a
slightly iower value. Although this shift is probably insignificant, it mnay be indicative
thai further reduction of some manganese has taken piace. An excess of O ions is
known to be present in p-type MnO [55], and uhis is presumably responsible for the
observed O/Mn atomic ratio value of approximate.’ 2. As was the case in the previous
study, the cobalt becomes reduced. This is shown by tn> shift in the Co {2pa/z) signal
from 780.0 eV to 778.3 eV [76]. A combination of the behavio.r of the manganese as well
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as the cobalt can explain the observed r.2.a.p. of 68% for the oxygen after reduction.
The shape of the O (1s) signal is simila: to that observed before reduction (or after Ar*
bombardment) and aiter reduction in the previous study.

The catalyst surfnce after reduction in this study is in a similar state to the reduced
catalyst in the previcis study where no prior Art treatment was performed. (See
Chapter 3, page 23). This allows une to assume with a yood deal of confidence that
Ar* cleaning will have little or no effect on the subsequent experiments using pure (or
unpromoied) Co/MnO catalyst samples.

4.2.4. CO-hydrogenation

After 5 minutes of F-T syrthesia the XP$ spectrum collected in the C (1s) region
indicates there is a slight incrcase in carbon at the surface (albeit very small). Carbon
build-up at the surface increases as the catalyst is exposed to the synthesis gas for longer
pericds of tir - up to a total of 8 hours. After a total of 6 heirs synthesis, the rs.a.p.
of carbon is as hir h as 47.7%. With longer exposures of the tatalyst to the syithesis
gas the r.s.a.p. of carbon is seen to decrease. (This phenomeron was also noted in the
F-T study with catalyst B ). The subsequent r.s.a.p.’s caleulated for carbon are 32.5%
and 17.7% for 12 and 24 Luuis F-T synthesis over the catalyst, respectively.

The carbon deposited during F-T synthesis is seen to be comrprised primarily of
two different types or forms. The mein C {1s) signal has a BE cf 285.2 eV (£ 0.3 e¥)
with a minor component at approximately 289.5 eV. The main signal is assigned io
adsorbed alkyl species. Steinbach et al. {79) found evidence for CHj (aa,) and CHz (ads)
species at 255.8 eV and 284.9 eV over cobalt {albeit using low temperatures and CH,3Cl
as a source of CH,). Baeins ef al. (8C] found XP$ evidence for carbidic and grephitic
carben formation after F-T synthesis over Fe/MrO catalysts, and the amount of carbidic
carbon was shown to be linked to the activity of the catalysts. Although bulk carbides
are also known to form in Fe/MnO catalysis under F-T conditions, no evidence for
their formation was found in this study with the Co/MnO catalysts. Bonzel et ol
[76] observed a carbon species with a C (1s) BE of between 284 and 286 eV during
Cf-hydrogenation over crystalline cobalt using a 20:1 Hy to CO ratio at 100 kPa and
275°C . They claim difficulty in identification of this peak, but state that i may be
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a hydrogerated species, possibly mix»d with graphitic carbon and/or some molecular .
CO. No evidence of a T (is) peak near 200 eV was found in their study. §

The possibility zrises that the carbon signal observed in this study with a BE of

285.2 eV could be due to an oxygenated species. The negligible oxygenate yields in tre
Liydrocarbon product spectrum (see Table 4.2.) however, seem to limit this possibility;
one would also expect an oxygenated carbon species to have a higher C (1s) BE. We
therefore suggest u more likely assignment of the main type of carbon present during
F-T synthesis to be due adsorbed hyrdrocarbons or "C,H,” species. The possibility of
a short lived CHp (ad0) intermediate should, however not be ruled out. This is high-
lighted by the high methane yield observed during the F-T reactions. {See Table 4.2).
These methane yields are significantly higher than those observed with industrial iron-

based catalysts studied using similar equiptnent (43} {also see Chapter 6 concerning H,S

drrnt

poisoning over an ial iron catalyst).

The d carbon species app as a shoulder on the main C (Is) signal and
has a C (1s) BE of between 289.0 and 290.0 V. This binding energy is assigned to
COg (ads) species which was observed in the previous study after pure CO was passed
over a reduced Co/MnO catalyst. It was shown that COg (44,) was relatively stable 5,
at 220°C but desorbed when the temperature was increased 1o 260°C . The possibility
of anothe- carbon species with C (1s) BE of ~ 287 eV cannot be discounted, and this
could either be due to an oxygenated hydrocarbon species and/or a carbony! species.

{he resuits fromw. the F-T study indicate that that the chemisorbed "C,H,”
dissoci vtes to form nydrocarbons in the presence of large quantities of H, instead of
forming graphite as was the case with the pure CO experiments. (See Figure 4.7).
Recently, there has been reported evidence for an oxygenated C; intermediate during
F-T synthesis ovef cobalt using kinetic studies [81]. This may explain trace amounts of
low molecufar weight alcchols observed in the GC spectra recorded during the various F-
T reactions. Furthermore, a significantly higher portion of alcohols are produced during
F-T synthesis using Co/MnO catalysts compared with iron based catalysts [46]. Also
there has been nv evidence for carbon at a C (is) BE of around 287 eV over industrial
iron based catalysts unde: F-T conditions (cr during pure CO treatments ) studied using
the same equipment as that used for this ctudy {43]. Kinetic and reactor F-T studies on
Co/MnO mhlymthow that these catalysts give a slightly enhanced yield of oxygenated
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products when compared to pure cobalt catalysts, and at low carbon numbers, alcohols
were shown to be observed only as trace products, but at higher carbon numbers (greater
than Cg) alcohols were shown to become significant products [47]. This is a reversal
of the trend usually observed for alcohol yields in the F-T reaction, as methanol and
ethanol are usually the most abundant alcohols [5]. Copperthwaite et ¢/. furthermore
claim that XPS evidence for adsorbed molecular CO over cobalt doped manganese
oxide could result in the formation of alcohols via CO insertion involving the growing
hydrocarbon chain, the effect of which would be more pronounced for the higher carbon
numbers {82},

After one hour of F-T synthesis over ihe catalyst in this study, the C {1s) XPS
signal is seen to shift to - higher BE of 286.4 eV and the intensity of the peak at
289.2 eV is seen to increase considerably. The peak with the C (1s) BE of 286.4 eV
is assigned to oxygenated hydrocarbon species and the possibility of a CO(,,,) species
between the peaks at 2856.4 and 289.2 eV, should again not be ruled out. GC data
collected after one hour of F-T synthesis and prior to the sample transfer into UHV
indicate that the production of iow molecular weight alcohols is siill negligible {see
Table 4.2). The hydrocarbon product data is within reasonable agreement with that

obtained for the previous ard subsequent GC samplings up to the Cy hydrocarbons.

The Cg value obtained differs considerably in that the yield is much lower. This may
be explained by the presence of adsorbed CO which couid, as mentioned previously,
via insertion into the M-C bond lead to the formation of heavier oxygenates thereby
in effect causing a considerable reduction in the amount of "heavier” hydrocarbons
produced. Unfortunately, the GC equipment used was unable to detect hydrocarbons
that were heavier than Cs. A point of interest is that the catalyst disc was seen to have
cracked during the one hour F-T reactior, and the actual reaction temperature has been
shown to be lower than the exyperimentally measured one!. The observed deviation in
the C (1s) XPS ubectmm after 1 hour of F-T synthesis can therefore satisfactorily be
explained, since adsorbed CO and CO; would be expected to be more stable at lower
temperatures.

During I-T treatments the cobalt rs.a.p changes but is seen to reach a stable
value after 12 hours of CO-hydrogenation (See later discussion of oxygen, manganese

1See Chapter 2, page 14.
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and cobalt behaviour during F-T synthesis). This cobalt "steady state” may limit the
amount of CO adsorption {which, coupled to the presence of Hj } couid lead to hydro-
carbon remove. from the surface, since adsorbed alkyl groups would be hydrogenated
away. This mey explain the obs..ved lowering of the r.s.a.p. of carbon which occurs

when ihe C~/Mn surface atomic ratio stabilizes.

An increase in the amount of carbon at the surface is again associated with a
decrease in the r.s.a.p. of oxygen and vice-versa. (See Figure 4.6). Thic correlation
hetween the carbon and oxygen snould however be < zen in the context of the behaviour of
the cobalt and manranese. The cobalt and manganese increase (as one would expect), is
approximately proportional to that of oxygen. This fact indicates that carbon coverage
cccurs over the whole caialyst and not just at certain centres. Most of the carbon is
unlikely to be in the form of a single chemisorbed or aasorbed specier, but is more
likely to be present as hydrocarbons. These hydrocarbons are shown by the GC data
to have low carbon numbers (not heavier than Ce) as well as low olefin to paraffin
ratios. (See Table 4.2). These factors are most probably a direct result of the high
H; to CO ratio used in the feed gas and the high fiowiates utilised. {The reasons why
such conditions were employed have beca discussed in Chapter 2). Comparisons of GC
data obtained using the same equipment and similar reaction conditions witk alkali-
promoted industrial iron catalysts indicate that higher yields of methane are observed
over Co/MnO catalysts. In addition, less carbon build-up is observed over Co/MnO
catalysts. Bonzel ¢t al. performed F-T reactions over metallic cobalt {76] and iron foils
[83]{84]. Employing the same conditions over both foils, these workers found that only
after increasing the CO:H, ratio from 1:20 to 1.1 did the amount of carbon on cobalt
approach thnt deposited on iron using a ratio of 1:20. In addition, hydrocarbon product
distributions for the two surfeces showed the most similarity near ratios of 1:1 on cobalt
and 20:1 on iron. This higher hydrogenation activity may also be used to explain th~
longer catalyst lifetimes observed during F-T reactor studies using Co/MnO catalysts.
The al of alkali promoters in the Co/MnO samples tudied, must however be taken
into zccount when comparing the obsesved hydrogenativn characteristics of Co/MnO

and industrial iron catalysis. [his consideration will be discussed in the following
chapter.

After the first 5 minutes of F.T synthesis, there is a large increase in the surface
cnbalt. The Co/Mn ratio increases from 0.16 after reduction to 6.65. This increase i:
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significantly larger than the increase observed after pure CO was passed over a reduced
sample (0.12 to 0.31). Furthermore, the cobalt is sesn to .emain reduced during CO-
hydrogenation as is witnessed by the sharp metallic Co (2ps/2) peak st a BE of 778.2
eV, Indeed the sharpening up of the Cc (2ps;z) XPS signal coupled to the BE of 778.2
eV indicates that the cobalt becomes completely reduced during the initial stages of
CO-hydrogenation.

The Co/Mn ratio fuctuates as the F-T reaction proceeds but i- seen to have a stable
value after 12 and 24 hours of ©O-hydrogenation. This stabilised value of approximately
0.29 is close to the value of 0,30 obtained d-iring pure CO treatirents, and corresponds
to a decrease in th> r.s.a.p. of carbon. A possible reason for this has been cited in the
discussion of the results obtained in the C (1s) regica. These result- lead one to the
assumption that during the initial stages of F-T synthesis, the reduced cobalt is mobile.

The behaviour of the Mn {2ps/q) signal is similar to that observed after the pure
CO treatments. During F-T synthesis the Mn (2pa/2) peak is seen to shift to a slightly
higher BE of 641.0 eV and becomes narrower. There is also an indication that a shuke-
up satellite starts to appear, indicating the presence of MnO at the surface.

The shape of the O (1s) signal changes when the catalyst is subjected Lo synthesis
gas, and becomes norrower. This was al:n observed during catalyst treatments with
pure CO. Again, these changes may be explained by the cbserved changes in the Mn
(2paj2) and Co (2pg/s) peaks during CO-hydrogenation. The narrowing of the O (1s)
signal may be related primar.ly to the narrowing of the Mn (2py/2" signal, and to a

lesser extent to the narrower Co (2ps/2) ‘gnal.

After a total of 30 minutes of F-3' synthesis, the O (1s) signal is seen to be
consideraoly lower compared with subsequent sigrals. This phenomenon should be seen
in the context of the large Co/Mn ratio of 0.83 after 30 minutes F-T syntl.esis, compared
with a rato of 0.22 after 1 hour synthesis. Obviously, the relatively high concentration
of cobalt (metal} with respect to manganese (oxide) leads to a decrease in the oxygen
signal.

As the F.T reaction proceeds, the Mn {2ps/s) signals do not change significantly
except for the fact that they become stronger as the Co/Mn ratio decreases. When
this occurs the appearance of a shake-up sateliit: becomes more evident between the
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Mn (2ps/3) and Mn (2p1/2) peaks. This fact, ccupled to a Mn (2ps/2) BE of 640.6 eV
{which does not change significantly during the CO-1.ydrogenation experiments}), may
be taken as evidence that MnO is the predominant form of manganese duiing the F-T
treatments.

As mentioned previcusly, virtually all the cobalt is metallic during the first 12 houre
of F-T synthesis. This is in contrast with the pure CO study, where cobait metal was
re-oxidised. The high partial pressure of Hy in the reactor during the CO-hydrogenation
reactions riay play a role in ensuring that oxidatior: of the cobalt is inhibited. After 21
hours of F-T synthesis over the sample, a shoulder at the high-BE side of the metallic
Co (2ps,2) peak is seen to appear. This indicates that some re-oxidation of the cobalt
has taken place, possibly by H;O produced during the F-T reaction.

I general, the resuits prior to and durine che F-T treatments obtained with catalyst
B resemble those obtained with catalyst A. This illustrates that reproducable resuits

are obtainable with the instrumentation used for these studies. (See Figure 4.8).

4.2.5. Argon ion btombardment: Catalyst A

Argon icn bombardment was perforiaed on catalyst A after it had been subjected
to a total of 24 hours F-T synthesis. This treatment has the effect of removing all the
surface carbon. This may be taken as evidence that no carbon build-up took place
in the catalyst bulk during the CO-hydrogenation experiments. This is in contrast to
findings with Fe/MnQ catalysts where buik carbide formation readiiy takes place during
F-T synthesis [69}[73]. Evidence for bulk carbide formation was however found after
treatments witk. pure CO in the carburisation study with a Co/MnO catalyst. This
finding once again illustrates the high hydrogenation activity of the Co/MnO catalyst
under the conditions employed.

As was the case in the Art ireatment prior to the reduction with H; | the Co/Mn
ratio decreases on bombardment. In this instance the ratio decreases from 0.27 after
24 hour F-T synthesis to approximately 0.1 after sputtering. Reasons for this decrease
are the samc as those given for the previous Art bombardment. The only difference
being that after the second sputtering treatment, the cobalt in the bulk is slightly
more oxidised than at the surface, as is wit d by the broadened Co (2ps/2) signal
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with a sigailcanily larger oxide component (at a BE of 797.0 eV)}. This is in contrast
to the result obtuined after the previous Ar* treatment where bulk cobalt was more
reduced than the surface cobalt. The low r.s.a.p.’s of cobali in both instances (6.0
and 2.2% respectively) do however, not really influence the O (1s) signal shape. Also,
the cobalt afier the second Ar* bombardment is iderably more reduced than after
the first sputtering treatment. The fact that there is still a large portion of metallic

cobalt present in the bulk is again indicaiive that reduction of the sample may start
from the bulk (as mentioned in the discussion of the reduction study), and/or that the
metallic cobalt is mobile in the Co/MnO system. Coliley et al. have recently shown that

, a previously unreported (bulk) body centered cubic (bee) phase of cobalt appears when
F-T synthesis is performed over a similar Co/MnO catalyst [85].

The Mn (2ps/2) spectrum is not changed by sputtering with A. , thereby indicating
that MnO is the predominant form of in the bulk.

4.2.6. Re-reduction with H; : Cataivst B

Re-reduction of catalyst B after it had been subjected to a total of 24 hours F-T
synthesis has the effect of removing all the carbon at the surface. This indicates that

1,542

no grap carbon for ion was likely to have taken place during F-T syntuesis since

graphitic carbon cannot be easily kydrogonated {86]. Graphitic carbun formation was
however observed alier pure CO was administered to the catalyst. (There was also no
evidence for carbidic carbon formation, as witnessed by the high BE of the C (1s) signal
during CO-hydrogenation). A GC sample was taken 10 minutes after the start of the
12 hour re-reduction. This indicated that virtually only mevhane was desorbing from
the catalyst surface. (Compare Figures 4.9 and 4.10). The above findings all indicate
that the assignments of the C (1s) BE’s during the - 'uious treatments are realistic.

Re-reduction of catalyst B has little effect on the XPS signal shapes of the O
(1s), Mn (2ps/2) and Co (2ps/a) spectra. The Co/Mn ratio was however again shown
to decrease after this H, treatment {0.38 to 0.12 ), and possible reasons for this have
already been discussed.
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4.3. Conclusions

Various carbon species are deposited over the catalyst during CO-hyd n
One being assigned to li;ht hydrocarbons, possibly "CH,” and/or "C,d,” adsorbed on
cobalt, and the othe. being chemisorbed CO,. The C,H, species desorb to form light
hydrocarbons in the presence of Hy instead of graphite, as is the case when pure CO gas
is used. There is 2iso scme evidence for COy,4,), and this species may be inserted into
the growing hydrocarbon chains, thereby explaining higher alcohol vields observed when
using these zatalysts (compared to iron F-T catalysts}, and the traces ¢f low molecular
weight alcohols observed in this study.

h

The build-up of carbonaceous maierial is less marked during CO-hydrogenation
over Co/MnO catalysts compared to Fe/MnO and indnstrial iron based catalysts treated
under similar conditions. There is also no build-up of carbonaceous materiai in the
catalyst bulk, and this further highlights the higher hydrogenation activity observed
with Co/MnO.

During CO-hydrogenation, the cobalt remains reduced, whilst MnO is the pre-

d t form of at the surface. The cobalt concentration at the surface

fluctuates befure stabilising during C'O-hydrogenation, and this behaviour is li ked to
the amount of surface carbon present.

4.4. Data collected for the CO-hydrogenation study with pure cobalt-
manganese oxide cataiysts

See following pages.
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Chapter 5. CO-hydrogenation over a potassium-
promoted cobalt-manganese sxide catalyst

'5.1 Experimental route

Conditions similar to those employed with the unpromoted Co/MnO catalyst were
used. A 0.25% potassium-promoted Co/MnO catalyst with a Co/(Co + Mn) bulk
ratio of 0.47 was studied both under reduci..g as well as CO-Lydrogenation conditions.
Preparation of the Co/MnO catalyst has been reporied elsewhere [47][48]. Promotion
of the catalyst was achieved using the incipient wet technique before subsequently
calcining the catalyst in air. Colley et al. [87) have performed bulk (using XRD) and
reactor studies on potass.um-promoted Co/MnO catalysts, the results of which are
compared with those obtained in ihis study. These reactor studies have shown that
K3CO04 loadings of around 0.25% gives rise to the highest C; and Cj ¢ efin selectivities

coupled to low methane production.
‘The catalyst was analysed by XPS in the following sequence:
1. Before treatment.
2. After 12 hours H, [400°C ).
3. After 15 minutes F-T synthesis.
4. After 1 hour F-T synthesis.
5. After 3 hours F-T synthesis.
6. After 6 hours F-T synthesia.
7. After 12 hours F-T synthesis,
8. After 12 hours Hy (400°C ).

9. After Ar* bomburdment (5 kV beam energy for 5 minutes).
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5.2. Resuits and discussion

The text refers to the C (is), K (2p), O (1s}, Ma (2ps/2) and Co (2p3;2) XPS
spectra recorded between the various treatments, and compares the results with those
discussed in the previous two chapters. The spectra, as well as various tables and
graphs, are shown at the end of this chapter. The r.s.a.p.’s of the elements detected at
the surface between the various treatments are quoted in Table 5.1.

§.2.1. Untreated catalyst

Before treatment, the carbon C(1s) peak has a pronounced shoulder with a
BE of 289.6 eV. As mentioned for the previous studies, this again is assigned to
a COg (a¢y) species, but in this case is also due to surface carbonate from K,CQj3.
Thermogravimetric analysis during heating of samples of pure K2CO3 in both ambient
(oxidising) and H; atmospheres have shown that K;COj is thermally stable up to 850°C
[88].

The main C (1s) signal has a2 BE of 286.0 eV and is assigned to oxygena‘-d
hydrocarbon ccntamination.

The r.s.a.p. of potassium of 6%, pared with a bulk concentration of 0.25%, is
indicative thn)t cakeining the catalyst fa-ilitates seg. egation of potassium to the surface.
The K (2p) signal at a BE of 293.6 eV is broad and does not have a clear doublet
structure, as does K20 and KOH [511[85{90] (observed on iron catalysts with potassium
promotion) or pure K as studied on cobalt by Bonzel et al. [76]. The peak shape may

be attributed to the fact that a relatively low concentration of potassium was added to
the catalyst (0.25%), and not that the potassium is 2dded in the form of K2COs. C
(1s) and K (2p) spectra of pure, untreated K,CO3 show that the K (2p) peak is in the
form of a 2:1 doublet aud there is a C (1s) signal at 290.0 eV presumably from CO5?".
(See Figure 5.2)

There is some difficulty in the identification of the broad signal at the high BE side
of the K (2ps/3) and K (2p,/3) peaks. After considering all the various options (XPS
and AES transitions of all elements expected to be in the sample, as well as possible
impurities and incorrect sample position), we believe it could either be a Ta (MNN) or

an *u (MNN) Auger transition arising from the sample holdsr. Morecver, this signal is
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not present i pure K;CO3 which was measured vsing a different sample kolder. (See
Figure 5.2).

Prior to ireatments, the Co/Mn surface ratio is 0.45. Taki.« the r.s.a.p. of 18.1%
for carbon into account, this value is in line with Co/Mn ratios before treatments in
the previous twe studies namely, reduction, carburisation and CO-hydrogenation of
unpromoted Co/MnO. The Mn (2p/s) signal has a maximum at 640.0 eV, and there
is no clear evidence of a shake-up satellite. This is in contrast with the unpromoted
Co/MnO, where the surface manganess was shown to be more oxidised prior to
treatments with the Mn (2ps/2) peak being at 642.0 eV. (Presence of shake-up satellites
is shown more clearly for the Mn (2pa/3) and Mn (2py/z) spectra recorded at higher
sensitivities in Figure 5.6). The fact that this peak is slightly broader than the
subsequent Mn (2pa/s) signals may obscure a shake-up satellite. The observed shape
of the peuk may be explained by the p of MngO4 coupled to the presence of
alkali promoter at the surface. The surface manganese of the calcined catalyst is not as

oxidised as was the case with pure Co/MnO samples, indicating that COa?~ ions may
be in lattice sit- « previously occupied by excess O~ ions, with K* being in the cation

vacarncies.

The Co (2ps/2) signal is clearly due to Co?* as indicated by the BE of the peak at
780.3 eV and the shake-up satellite associated with a high-apin (d7) configuration.

The fact that the cobalt peak BE is consistent with Co (2ps;2) signal BE's for
calcined ples before treatments in the previous studies, coupled to the fact that

the sucface manganese is less oxidised, may be indicative that the alkali promoter is
localised and associated with the manganese oxide lattice.

The O (1s) signal is asymmetric in that it is broader on the high BE side of tie
peak. The shape of the signal is similar to the O (1s) signal observed for the unpromoted
catalyst F-T study prior to treatments. The asymmetric oxygen signal may be due to
various oxides of manganese and cobalt, but is most probably due to oxygenated carbor,
specifically carbonate from K;CO3. The r.8.a.p.’s of oxygen and potassium are 56.8 and
6% respectively. If all the potassium is in the form of K3COs, this implies that 9/56 x
100% {or approximately 16%) of the O (is) signal is caused by the high BE shoulder.
The fitted data shows that a larger portion than 16% constitutes the high BE shoulder
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on the O (1s) signal. and this is probably due to oxygen from CO2 (ade) Species which
have also been observed over untreated Co/MnQ without potassium prometion.

5.2.2. Reduction with Hy

Reduction with H; for 12 hours has the effect of removirg all the carbon with a BY
of 286.0 eV, * 1t there iz still carbon present with a BE of 290.6 V. ‘This is in contrast to
reductions performed in the previous studies with unpromoted Co/MnO where all the
carbon is seen to be removed by reduction at 400°C . Reduction and CO-hydrogenation
of industrial iron catalysts with K,O loadings of approximately 0.2, 0.4 and 0.6%, have
been studied {43]. (Also see Chapter 6). These studies show that reduction of untreated
samples gives rise to graphitic carbon formation {from the original hydrocarbon «urface
contamination}, and this process is seen to be more easily facilitated on the iron catalysts
with higher K>O loadings.

The fact that a C (1s) BE of around 290 ¢V has been associated with an adsorbed
CO, species (which are known to desorb with increased temperature), may be taken as
evidence that the peak at 200.6 ¢V is now associated with the carbona*e of the K2CO,
promoter. This also gives credibility to the argument that adsorbes CO; on Co/MnO
has a C (1s) BE arcund 29C eV. The r.s.a.p.’s of carbon (5.1%) -.nd potassium {10.1%)
indicate that most, if not all of the potassium is in the form ¢/ K;TOj after reduction.
This finding is in contrast to reported evidence by Bonze! et al. who suggest the presence
of KOH aiter the reduction of KNO,, K, CO3 and KOH promoted iron and platinum
surfaces (91]. These workers however, ~mployed different conditions in that samples
were annealed in UHV using temperatures of up to 690 K. This wac performed prior to
reduction with Hy at 570 K in a reactor interfaced to the UHV chamber. After heating
of their samples in UHV, the KNG3 and K3C0O3 were shown 1o be in various states of

decomposition.

The rs.a.p. of potassium after reduction increases from 6.1% to 10.1% and is
associated with a change in shape of the K (2p) XPS signal which is seen to more closely
approach that of a doublet (albeit not a clear 2:1 doubiet associated with K30 and
KOH, observed over an industrial catalyst (see sulphur poisoning study) and potassiura
metal over ccbalt {76]). The high r.a.a.p. of potassium is indicative that *ae promotor




segregates to the surface. This is consistent with other ssudies thsi have observed
surface mobility of potassium promoters {43|[80].

Treatment with Hj lias the effect of lowering the Co/MnO ratio from 0.45 to 0.25.
The Co/Mn ratio 2™ - reduction is b iderably higrer than the ratios after
reduction over unpromuted Co/MnO, which was shown to give a ratio in the r:gion

of 0.15. This difference is obvicusly due to potassium promotion of the Co/MnO,
on ination of the cobalt and manganese XPS spectra, more
specifically, by differences between the cobalt and manganese spectra of the promoted
catalyst after reduciion with respect to unpromoted catalysts after the same treatment.

d

but can be explai

After reduction the Mn (2ps/2) signal becomes narrower and a shake-up satellite
becomes mo:= evident. (This is shown more clearly with the manganese spectri recorded
at higher sensitivities in Figure 5.6} The H; treatment therefore gives rise to Mn?D. This
behaviour for manganese was chserved with Hg t ts over unp ted Co/MnO,

but the concentration of MnO in the potassium promotcd sample is higher, as is
witnessed by the clearer shake-up satcilite.

The Co (2ps3) signal of the K-promoted sample after treatmen. with Hg differs
with those observed with pure Co/MnO after the same treatment. In the studies using
unpromoted Co/MnO catalysts, reduction of the cobalt at the surface was more easily
facilitated. and shown to be coaplete. In this study, reduction of the surface cobalt
is incomplete, as shown by the broader Co (2pg/s) signal with the metallic and oxide
comp ts. The presence of Co®*t is confirmed by .. shak.-up satellite, which is

still present (albeit supressed). The preceding studies have led to the assumption
that metallic cobalt may be mobile, and that reduction may start in the bulk, These
assumptions, as well az the incompletely reduced cobait at the surface may explain
the higher than expected Co/Mn ratio after reductior. Obviously potassium inhibits
reduction of the catalyst surface and this is cleariy shown by the behaviour of the cobalt.
The presence of K;CO4 would lower the number of cation vacancies in the MnO lattice,

resulting in the metallic cobalt having o lower diffusion capability.

If one considers the Co (2ps/s) signal after Art bombardment at the end of the
study, it is clear that the cobalt 'n the catalyst balk is iderably more reduced than at
the surface, as is shown by the sharp peak at a BE of 778.3 ¢V and the disappearance
of the shake-up satellite associated with Co®>*. The fact that there is no potassium
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after the final Ar™ treatment gives credibility tc she abs -+ arguments concel iing the
mechanism of reduction coupled tc the behaviour of the covelt and the effect alkali may
have on these.

The r.s.a.p.’s calculated for carbon and potassium after the H, treatment indicate
that all the surface carbon (5.1%) originates from K;CO,;. The K:C:O ratio for
potassium carbonate is 2:1:3, this implies that O?~ from the carborate constitutes
approximately 15% of the atoms at the surface, or 15/60.9 x 100% of the area of the O
(1s) signal. Indeed, a high BE shoulder on the G {1s) peak ccastituting approximately
25% of the O (1s) peak area is observed after the Hy treatmen..

The shape of the O (1s) signal after reduction also differs from that observed after
the same treatment over unpromoted Co/MnO in that there is no broad shoulder at the
{ow BE side of the main peak at 530.0 eV. The reasons for this are not clear, but may
lie in the difference between the Mn (2pss2) specira of the unpremotec and promoted
samples after reduction. The most obvious difference being that the Mn (2pa/2) signal
of the promoted catalyst is slightly narrower and and the shake-up satellite is more
obvious after treatment with Hy . The cobalt spectrum in the promoted sample is
also different, in that the cobalt is not completely reduced. Furthermore, the cobalt
remains incompletcly reduced during subsequent CO-hydrogenation treatments, and the
O (1s) spectra more closcly approximate those of an unpromoted sample during these
treatments. This leads to the deduction that the differences in the O (1s) spectra after

Arseti

b

of unpr ted and pr ted Co/MnO are in fact, largely due to differences
in the Mn (2p) spectra.

5.2.3. CO-hydrogenation

After 15 minﬁt.ea F-T synthesis over the potassium promoted Co/MnO catalyst,
carbon with a BE a C (1s) of 285.1 eV is seen to appear and this is once again assigned
to hydrogenated carbon species. The peak with a BE of 289.5 =V is seen to increase
relative to the K (2p) signal .vhich retains it’s doublet shape. This high BE C (1s) signal
can therefore be attributed to sdsorbed CO; and carbonate from K3;COg. As is the
case with unpromoted Co/MnO, there is uc evidence for graphitic or carbidic carbon
after expost -2 to synthesis gas.
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The Mn (2ps/a) signal ins virtually unch d during the F-T creatments,
indicating that the manganuse at the surface remains in the form of MnO.

The Co (2ps/z) signal indicates that the oxide component at a BE of 780.5 ¢V
incresses, and this is highlighted by the appearance of & more prominent shake-up
satellite. The Co/Mn ratio increases from 0.25 to .36 which is approximately the same
value »s was observed after pure CO tr of unp ted Co/MnO, which had
the effect of oxidizing the cobalt io CoO.

The O (1s) spectrum is seen to in virtually unch d during F-T synthesis,
and the continued presence of a high BE shoulder, can be attributed to a mixture of

oxygenated carbon species, namely COz (ads), COs?~ (from K2COs) and to a lesser
extent COuq,). It is interesting to note that in the previous CO/H; study with
unpromoted Co/MnO, that a high BE shoulder appeared on the O (is) signal when
oxygenated carbon species where observed at .he surface. (See Figures 4.1 and 4.2 with

respect to treatment 8).

The GC trace recorded at 15 r.inutes F-T synthesis indicates that the potassium
has a profound effect on the hydrocasbop distribution when compared to a GC spectrum
taken ut the same time (with the same reaction conditions employed) but using unpro-
moted Co/MnO. Pntassium has the effect of iowering methane production, increasing
the t} - olefin to parrafin ratio and increasing the average hydrocarbon chain-length.
{See Table 5.2 of M/M % hydrocarbens after the various ireatments). These findings
corresrond well to bulk rzactor studies performed with these catalysts {87], which show
that pctassiviu promotion increases the low molecular weight alkene/alkane ratios (Co
and Cg), and decreases methane selectivity. {See Table 5.3).

After 1 hour F-T synthesis the C (1s) peak at 285.1 eV is sec:2 to have increased
wlilst that from the adsorbed CO; and/or ca.bonate species is supressed. The K
(2p) signals are also lower. The increased intensity of the C (18) signal at 285.1 eV
is associated with a decrease in methane production and an increase in the average
hydrocarbon chain-iength. The Co/Mn ratio inc:sases marginally from 0.34 to €.38 and
the CoQ component in the Co (2ps;a) signal is slightly increased, whilst the Mn (2ps/2)
and O (1s) signals are unchanged.
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After 3 hours F-T synthesis the intensity of the C (1s) peak at a BE of 285.1
eV decreases considerably, whilst “he potassium and oxygenated carben signals are
enhanced. Overall, there is a large decrcase in the amount of carbon at the surface {the
r.s.2.p. is lowered from 12.7 to 6.2%). These changes are reinforced by the increases in
<he r.s.a.p.’s of all the other elements. The GC spectrum recorded at 3 hours synthesis
indicates a reversal in the hydrogenation activity of the catalyst when the surface is in
this condition. (See Trble 5.2). Methane production increases to approximately 84%
and the average hydrocarbon chain-length decreases. Again, as was the case in the
F.T study with an unpromoted catalyst, a convenient explanation for the deviation in
hydrogenation activity is forthcoming when one considers the experimenta! conditions
of the reaction. The actual temperature of the catalyst was shown to be lower than
the measured one. (See Chapter 2, page 14). This explains the siabilised CO;z (q4s)
peak, and the possible decreased propensity for CO dissociation would explain the
low intensity hydrocarbon C (1s) peak at 285.i eV, as well as the significant increase
in methane production, coupled to the smaller percentage of Cs to C¢ hydrocarbon
formation. Furthermore this "error” highiights the temycrature dependance of the
selectivity for this F-T reaction which in turn could have important consequences on
the catalyst lifetime. The fact that on removal of of a = ze portion of the carbon with
a C (18} BE at 285.1 eV exposes the potassium signal {and results in an increase in
the r.s.a.p.’s of the other elements) is again indicative that this carbon signal is due to

hydrogenated carboa or alkyl species.

F-T reactions over the catalyst were carried out up to a total of 12 hours. After
6 and 12 hours F-T synthesis, the hydrogenated carbon species iz seen to increase
and the r.s.a.p.’s of carbon are 28.6 and 32.3% respectivery. Thure is also evidence
suggesting a carbon species with a C {1s) BF of 288.0 ¢V, and this may be due to
21 oxygenated hydrocarbon or CO(,y,) species. This species is more obvious over
Co/MnO with potassium promotion compared to pure Co/MnC after 6 and 12 hours
F-T synthesis. (See Figure 5.3). This may explain the higher oxygenated hydrocarbon
production observed during CO-hydrogenation over potassium promoted Co/MnO with
bulk reactor studies. (See Table 5.3). These reactor studies show that potassium
promotion increases the production of heavier alcohols. This mav be linked to the
evidence for increased COy,4,) species on the catalyst, which could via CO insertion into
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the g rowing hydrocarboa chains, result in alcohol f tion. As tioned previously,
this effect would be more pronounced for higher carbon numbers [82].

The results from the present study show that an increase in the C (1s) signal with
a BE of 285.1 eV is associated with an incriase in the metallic component of the Co
(2p3/3) XPS signal, and these findings are consistent with those in the previous F-T
study using unpromoted Co/MnO.

CO adsorption studies over potassium (metal) p ted, and unp ted cobalt
foil undertaker by Bonzel et al. [76] claim evidence that alkali has the effect of decreasing
the C (1s) BE of molecular CO due to enhanced electron density on the CO molecule.
These workers showed that potassium enhances the the amount of CO adsorbed and
thermally stabilises the adsorbed molecule, resuiting in increased carbon deposition due
to the erhancement of the CO adsorption step. Indeed, numerous studies have shown
that potassium facilitates the decomposition of CO [92-95]. Bonzel et al. also showed
that the presence of potassium results in carbidic (and not graphitic) carbon formation,
and that the reactivity of this species is lowered by potassium, thereby helping to explain
the lower methanatiun rates observed with potassium- promoted F-T catalysts (76].

The amount of carbon deposited during F-T synthesis on the catalyst in the pre:ent
study doss not differ markedly with respect to unpromoted Co/MnO, aithough one
would expect to see enhanced carbon build-up due to potassium-promotion. One reason
why this is not observed may be due to the chosen operating conditiens, in that the
F-T reactions are seen to be perfermed in a critical temperature region. (See preceding
discussion on temperature monitoring). A more likely reason however, is that the
carbon (or more specificaily, hydrocarbon) cbserved at the surface has been shown to be
associated with metallic cobalt, and K;CO, promotion of the Co/MnO catalyst inhibits
reduction of the surface cobalt. A fact that can be used to further substantiate this
argument are reports of potassium delaying graphitication and carbon build-up on iron
ozide surfaces [96][97].

5.3.4. Re-reduction with Hp

The catalyst was re-reduced after 12 hours F-T synthesis, resulting in significant
changes in the C (1s), K (2p) and Co (2p) XPS spectra.
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Re-reduction has the effect of removing most, but not all the surface carbon. There
is still a C (18} peak at a BE of 285.1 eV associated with surface hydrocarbon species.
A slightly lower BE (around 284.4 eV) for this peak would be indicative of graphitic
carbon which is inert ic hydrogenation. Re-reductior of an vnpromoted Co/MnO
catalyst (in the preceding study) which had been subjected to 24 hours of F-T synthesis
was shown to remove all the surface carbon. The fact that not all the carbon at the
surface is removad by reduction confirms that most of the remaining carbon may have
graphitic characteristics. After the re-reduction there is some evidence for the presence
of carbonate as indicated by the siizht "hump” between the C (1s) peak at 285.1 eV
and the K {2p) signal. Reduction of the untreated catalyst showed a C (1s) signal at
289.6 eV which was assumed to be froin CO32~ in K;COs. There is 2lso no reason to
suspect that the signal (which ir not very clear) around 290 eV (after re-reduction) is
not due to K3CO,. {Also see Figure 5.2. showing the C (1s) and K (2p) spectra of pure
K2CO3). Removal of a large portion of the carbon exposes the potassium as shown by
the r.s.a.p. increase from 4.5 to 8.9% for potassium.

Re-reduction of the catalyst has no effect on the Co/Mn ratio which is seen to
remain unchanged at 0.32. The surface cobalt is largely re-oxidised as shown by the
sharp Co (2p3/2) signal at 779.7 eV which has a clear shake-up satellite indicating the
presence of Co®*. The behaviour of the cobalt aftcr this treatment is in contrast with
that observed for unpromoted catalyst. On re-reduction of the unpromoted catalyst the
Co/Ma ratio decreased to 0.12, and only metallic cobalt was observed at the surface.
The influence that the alkuii promoter has on facilitating these differences has been

discussed with the results for the reduction of the untreated sample in this study.

Re-reduction has no visible/marked effect on the U (1s) and Mn (2p) XPS signals.

5.2.5 Argon ion bombardment

Finally, a mild argon ion bombardment treatment was performed io ascertain the

possible differences between the surface a..d {'ie bulk catalyst. This treatment is shown
to result in the removal of all the potassium, as is wit d by the disapp
K (2p) signal. R i of the potassium is therefore indicative that it segregates to the
surface or near surface both before and during the various treatments. This correspond

ance of ihe
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with XRD findings which show that potassium promotion at the levels investigated here
does not in any way effect the bulk structure of Co/MnO catalysts [87].

A trace amount of carbon at C (1s) BE’s of 284.4 ¢V and 283.3 eV may be taken
a. weak evidence for graphitic and carbidic carbon, respectively, with a possibility of
some hydrogenated carbon due to the broad C (1s) signal(s) observed. The promoter is
expected to have a considerable influence on the catalyst sarface area and it is possible
that this increase may be associated with in ~cased porosity which would facilitate
some carbon build-up in the catalyst bulk. The presence of carbon after treatment
with Hy may also be linked tc the lower hydrogenation activity observed with promoted
Co/MnO.

Apart from increases in the r.s.a.p.’s, of oxygen and manganese, only the O (1s)
signal changes slightly after Ar* bombardment in that it is seen to become slightly
narrower. ‘This is presumably due to the removal of oxygen originating from K,COs.

Furthermore, Ar* bombardment indicates that that the sub-surface cobalt is
metallic as witnessed by the sharp Co (2pa/z) peak at 778.3 eV and the disappearance
of the shake-up satellite associated with Co®* or Co0. This reduced cobalt is associated
with I of the potassium and gives credibility to the assumptions that reduction
is initiated in the catalyst balk and that the metallic cobalt is mobile. This is coupled
to the idea that potassium inhibits reduction of cobalt at the surface.

5.3. Conclusions

Surface segregation of the potassium carbonate takes place before and during the

various treatments.

Before treatment, the manganese at the surface is less oxidised compared with
unpromoted Co/MnO. This indicates that CO3%~ may be present in lattice sites
previously occupied by excess 0%~ ions, along with K* in the cation vacancies. This
limits the diffusion of metallic cobalt (previously claimed to have become reduced in the
bulk) through the MnO lattice, and explains why cobalt in the catalyst bulk is more
reduced than at the surface.
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After Hg treatment, the carbonate componens ir K;COs remains intact. The
presence of alkali promoter inhibits efficient reduction of the surface cobali. This is
shown to effect the amount of carbon deposited over the catalyst during the subsequent
CO/H; treatments, since previous work with unpromoted Co/MnO has shown that the

amount of metallic cobalt influences the surface carbon concentration.

Te potassium promoter lowers the hydrogenation activity of the catalyst during
the CO/H; treatments when operating at 190°C . Evidence for small amounts of
adsorbed CO can be used to explain the increased tendency for alcohol production
over K,COg promoted Co/MnO.

5.4. Data collected for the CO-hy ' -sgenation study with potassium
promoted cobalt-manganese oxide catalysts

See following pages
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Table 5.1. Relative surface atomic percentages of elem=nts between various treat-
ments, for the CO-kydrugenation study with K-promoted Co/MnO.
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TREATMENT €1 Co= ce 3B c3 e (=3 ce KeCH EtOH
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Table 5.2. Mass/Mass % »f hydrocarbor components detected during various CO-

hydrogenation treatments over K-promoted Co/MnO.
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TOTAL

Towparature
Pressure

Perzcant CO conversion

Percent potsasium promotion

0.25 0.00
220°C 220°C
500 kPa 500 kPa
250 h- 250 h-
315 378
HYDBOCARBOK. SBLECTIVITY (X BY MASS)

¢t 47 8.3

c2= 27 23

c2 0.8 35

C3= 9.9 136

c3 18 3.7

c4 79 0.3

c8+ 478 38.2

ALCOHOL SELECTIVITY (% BY MASS)

c. 03 16.8

ce 08 o.e
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[~ 0.4 10
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for g 0.9 0.4

ca 17 0.4
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Table 5.3. Hydrocarbon product distributions obtained from bulk reactor studies

during CO-hydrogenation over pure and K-promoted Co/}nO catalysts.




Chapter 6. H,S poisoning over an industrial iron-based
CO-hydrogenation catalyst

6.1. Introduction

It is well known that sulphur corpounds rapidly deactivate Fischer-Tropsh cat-

alysts during CO-hydrogenation. Sulphur poisoning of a metal catalyst surface takes
place becanse the adsorption of reactant gases (ic this case, H; and CO) is prevented,
in that the strong metal sulphur bond inhibits co-adsorption of other molecules [08].
Sur.ace poisoning by sulphur is observed at ppb levels and total surface coverages are
reached at 250°C to 450°C with Py, 5 /Py, ratios between 107 and 10~'° for cobalt,
iron and nickel surfaces [99]. This is explained by the fact that each sulphur atom tends
to bord to 3 or 4 metal atoms.

Since electropositive atoms such as the alkali Group J metals are known to promote
the activity of metal catalysts, it may be expected that electronegative elemonts will act
as poisons [100]. Sulphur would therefore be exnected to lower the catalyst . ctivity by
removing electrons {101} whereas K0 would increase the activity by donating electrons
to the metal. This is said to expiain why iron-oxide is an inactive F-T :vnthesis
catalyst [5]. The mechaniem of sulphur interaction with alkali promoted iron ca alysts,

is however, poorly undersicod.

Andersor: et ol. showed that promotion with potassium increased the sulphur
resistance of F-T cataiysts tenfold {102]. In a review by Maddon and Shaw {103}, several
patents are mentioned which claim that K;0 promotica is effective for Jalaying or
preventing poisoning by sulphur. Synthesis tests performed by Sasol {5| have however,
shown that the amount of CO adsorbed decreases linearly with the amount of H,S
adsorbed. These workers argue that since CO is assumed to selectively chemisorb on
the exposed (reduced) ircn surface, the above result is said to indicate that H,S did not
combine with surface KO in preference to the metailic iron. It should, however, be
noted that CG adsorption is strongest at sites p ted by potassium, and 2 d
in the aumber of these sites due to sulphur poisoning could lead to a reduction in the
amount of CO adsorbed, thereby masking the "getter” effect of potassivm [43].
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Re-activation conditions for the catalysts poisoned by sulphur are determined by
the metal-sulphur bond characteristics. Re-oxidation has to be carried out at high
temperatures, since re-reduction alone leads to a re-distribution of sulphur and no re-
activation |104].

8.2. Experimental details

Circular discs of fused magnetite with the following bulk composition (determined
by XRF) were used. K20 (0.58%), CaO (1.13%), MgO (0.74%), Al2Os (1.1%) and SiO,
(6.74%).

Chapter 2 should be consulted for details of the sample preparation procedures.

The catalyst surface was characterised between various treatments administered in

the following sequence:
1. Before treatment
2. Reduction with Hy {12 hours).
3. 1 hour F-T synthesis. (A)
4. 1 ml Hy8 (ca room temperature).

5. 1 hour F-T synthesis. (B)
1 m! Ha$S {ca 100°C ).

6. 1 hour F-T synthesis. (€)

-3

. 2 ml Hy8 (ca room temperature).
1 hour F-T synthesis. (D)

8. Re-reduction with Hjy (12 hours).

Surface characterisation using XPS and AEf was carried out before and after
treatments (1 to 8, as shown above), which were administered in the high pressure
rractor interfaced to the UHV chamber. AES was used to differentiate between iron-
rich >reas and promoter-rich areas (or inclusinns), previously olserved on these cacalysts
[43).

89

et

i g




AARREA ek WA L Y tew

Reduction was performed at 400°C using a pressure of 600 kPa. CO-hydrogenation
was performed at 240°C , using a vressure of 600 kPa, up to a total of 4 hours.

1 and 2 mi pulses of 7 ppm H,8 in Hy were injected into the reactor under 100
kPa pressure without heating the sample. This was achieved using a gas syringe and
introducing the gas through a septum fitted to the gas inirt line of the reactor. (See
Figure 2.5). H;8 was adminisicred before and after the various stages of F-T synthesis
s0 as to monitor the poasible effect of changing the treatment sequence.

GC data were collected at the end of each F-T treatment (A, B, C, and D, as
indicate: ibove) so as to ascertain the effect of HyS on the catalyst hydrocarbon
selectivity.

6.3. Results and discusssion

The text refers to XPS and AES spectra recorded between the various treatments,
as well as tables illustrating the quantified hydrocarbon data, are shown at ke end of
this chapter.

6.3.1. Reduction and initial CO-hydrogenation

The surface haracteristics of these catalysts during veduction and
CO-hydrogenation have heen extensively studied {43].

Before any treat was administered to the catalyst, there was a significant
amount of carbon present at the surface. The C (1s) signal has a BE of 285.5 eV,
and this is assigned to "adventitious” and/or oxygenated hydrocarbon contamination,

presumably originating from the cleaning procedure with acetone [43]. The surface

ation of potassium is also high, as witnessed by the large K (2pass) signal at
a BE of 293.6 eV. {This BE can be associated with K*, since K20 is added to the
catalyst).

Prior to treatments, the iron at the surface is oxidised. This is shown by the broad
Fe (2py/q’ signal at 7115 eV and the shape of the G (1s) signal is piobably due to th-
presence of mixed iron oxides.
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After 12 hours of reduction with Hy at 400°C , the surface concentration of all the

p { pt potassium) increases, and this is consistent with previous findings
[51]. (See Figures 8.2, 6.4, and 6.5). The iron is almost pletely reduced as wit d
by the shift in the Fe (2ps;2) peak to a BE of 706.6 eV. This zlso results in a narrower
O (1s) signal, thereby reinforcing the previous assumption regarding the O (s} signal

shape. The reduction treaiment lowers the svrface concentration of potassium with
respect to carbon. Since potassium is known to be mobile over these catalysts, it may
be assumed that some »f the potassium has migrated intc the catalyst bulk. The C (1s)
peak shifts to a BE of 284.3 eV. indicating that the surfacs carbon becomes graphitic.

This explains the large amount of cacbon present at the surface after reduction, and is

t with reduction and F-T studies over similar catalysts [43], which show that
samples with Iigher levels of K;O promotion (0.56%, compared with say, 0.18%) tend
to facilitate graphite formation.

After 1 hour of subsequent F-T synthesis, an increase in carbon deposition coupled
with a lowering in the K (2p) signal intensity is observed. (See Figure 6.2). The
2:1 doublet of the K (2p) signal is less clear, and the broader K (2p) signal may be
ascribed to the formation of potassium hydroxide [41], due to the presence of H,0O

formed during the F-T reaction. The initial CO-hydrog=nation treatment does not
change the appearance of the XPS spectra obtained from the other elements (namely

iron, calciurn, silicon, aluminium, oxygen and magnesivm’.

6.3.2. H,S poisoning during CO-hydrogenation

The carbon deposited at the surface both before and after the administration of Ha&
is seen to have a C (1s) BE at 284.2 ¢V similar to that of graphite. This is consistent
with other studies on iron {40] and nickel {94], where potassium was found to accelerate

the transition to graphitic carbon.

The K (2p) doubiet lineshape is dependent on the order in whick the H,S is
introducad over the catulyst. Namely, directly before F-T synthesis over the catalyst,
or directly after. When the surface was analysed directly after the introduction of
Ha§ , the h {2p) doublet shape becomes more apparent (see Figure 6.2), and when
the surface is analysed directly cfter F-T synthesis, the K (2p) 2.1 doublet shape is

not as obvious. (Possible reasons for the behaviour of the potassium are cited below).
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The Fe (2pa2) signal at 706.8 eV remains unchanged after HzS treatments, indicating
tkat no noticeable oxidation of the iron (or iren sulphide formation) takes place under
the conditions employed. The XP£ signals of the remaini i ts do rot seem to
be affected by the introduction of Ho8 . Small amounts of sulphur are detected at a2 §
(2p) BE of + 162 eV, indicating that sulphur is indeed present at the surface after the
re'evant treatmenis. (See Figure 6.4). The assignment of the 8 (2p) siguals to specific

iph taini ies, is h difficult du= to the high sensitivity at which the

18 5P

spectra were recorded and the large amount of resultant noise.

Under the chosen operating conditions, and with the equiprient utilised, changes
in the catalyst activity could not be determiped accurately with GC. The product
selectivity changes of the catalyst after treatment with HyS were however, readily
observed.

Introduction of HgS has the effect of modifying the hydrocarbon distribution, in
that a general increase in the C; and Cz hydrocarben production is observed (see Table
6.1}, The C; and C; olefin to paraffin ratios are alsc lowered (see Table 6.2). These
values are seen to fluctnate according to the order in which the H2S is added {refer to
the vxperimental outline at tke beginning of this chapter). The HyS for treatment 5 was
introduced directly after F-T synthesis at 240°C was performed over the catalyst; whilst
the HaS for treatments 4 and 7 were sdminictered directly after surface analysis in the
UHYV chamber, The result of this is that H;8 for treatment 5 was administered whilst
the catalys" was at a bigher temperature compared to the other two HyS treatments.
The effect of introducing HnS at higher tempeiatvre is shown in the GC data, where

the methane production in the subsequent F-T reaction increases.

From the XPS and GC data, it is clear that when introduced at low ievels (and low
temperature), the HyS interacts with potassium (presumably in the form of KOH), and
this somehow inhibits, tut does not cancel, the role of the potassinm promoter. This is
shown by the increase in methane production, coupled to decreases in the low melectilar
weight hydrocarbon olefin/paraffin ratios and lower average hydrocarbon chain-lergths
(up to Cg). The fact that this is not a constantly increzsing trend, indicates that
the catalyst is capable of "recovering” some of it’s original selectivity during the F.T
reeciions. The observation thit the catalyst still produces hydrocarbons, even after the
final HyS treat t, coupled to the unchanging Fe (2p,/g) signal, is indicative that the
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treatment temperatures and sulphur levels are sufficiently low so as to exhibit selective
association v+ith, potassium centres. Moreover, this assumption is further reinforced by
findings that at very low levels of HyS (13 ppb) in the gas phase, the methanation
activity of pure transition metal catalysts decreases by about tenfold, and this is
accompanied by an increase in the average hydrocarbon chain-length (99]. This fact
is probably not due to electronic interactions, but rather because of geornetric tlocking
of the active sites, and this explaination is in agr t with a recent theoretical study
{100].

The changing K (2p) XPS signal, as well a3 the varving GC data may be correlated
with some of the AES data. Previous EDAX (or Energy Dispersive Analyeis of X-
rays) studies with these catalysts [43] show that the oxide promoters, Al;O3, SiOy,

Ca0, and X;0 associate to form promoter-rich inclusions over the catalyst, dispersed

between iron-rich centres. These p ter-rich inclusi contain potassium silicates.

AFS spot analyses performed in this study between the various treztments, show
that strong K (LLM) signals originating from a promoter-rich area are associated v:ith
lower 8 (LMM) signals, «~hen compared with iron-rich arees with strong K (LLM)
signals. Conversely, iron-rich areas with weak K (LLM) signals (relative to the = (KLL)
signal}, show very little sulphur deposition. (See Figure 6.7). Since the XPS data shows
that sulphur attacks the potassium, the AES data therefore shows that sulphur has a
higher ahinity towards potassium in the irun-rich areas, compared with the potassium
in the promoter-rich areas.

Since it has previously bLeen established that KOH derived from K,O, is mobile
over the entire catalyst surface {10%], and that the prowoter-rich inclusions contain
potassium silicates, the {sllowing explanation as to the observed characteristics of the

catalyst system between CO-hydrogenation and H,S treatments is put forwa. °

It is proposed that sulphur (from the H;S) interacts with potassium (from KOH)
to form a "K,S,” alkali-polysulphide complex {106] via an acid-base reaction whil=; the
p tuin gilicate r ins intact. This explains the apparent affinity of the sulphur for
the potassium associated with iron-rich areas. (As illustrated by the AEC 4ata). it is
farther proposed that wacer produced by the F-T reactions facilitates leaching of KOH
from potassi ilicate in the pr ter-rich inclusions, thereby couniering complete
deactivition of the catalyst {107]. (See Figure 6.1). This theory can also be used to
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Fignre 8.1. Schematic representation of the rroposed interaction of Ha8 with the
indusirizl iron catalyst.

exlain the variable bydrocarbon selectivities observed, in that the roi - of the putassium
is partialiy vestored.

6.3.3. Re-veduction with Hy

Reduction of the treated catalyst has the effect of removing a large portion of the
sarface carbon. (The C (1s) signal iviensity decreases relative ta the K (2p) signal).
Graphitic carbon with a C (1s) BE of 284.2 eV is left at the surface.

Annlysis of the surface after re-reduction {performed at 400 "L -hows that the
sulphur is 2t removed (see Figures 6.4 and 6.7). This is consistent with findings of other
warkers wlo claim that a fluidised iron catalyst which has been poisoned by suiphur is
not readily reactivated, and that high temperature reduction {np to 450°C ) with pure
Hz has 1o reactivating effect {5].




6.4. Conclusions

When H,8 is introduced over the catalyst under the experimenta! conditions
employed, it selectively attacks potassium centres in KOH, and ot the metallic iron
centres. This is shown to inhibit the role of the potassium during CO-hydrogenation in
that metha e selectivity inc , and low molecul ight olefin selectivity declines.
The extent of the hydrocarbon selectivity changes are determined by the temperature
of the catalyst when the Ha8 is injected, in that these changes are more marked when
the Hy8 is administered at higher temperature.

Based on the XP5, AES and GC results (and incorporating other EDAX findings),
& theory on the possible mechanism of Hy interaction with the catalyst wes proposed.

6.5. Data collected for the H,8 poisoning study over an industrial iron
catalyst

See following pages.
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Figure 6.2. XPS spectra recorded in the C (1) and K (2p) regions between varicus
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Figure 6.4, XPS spectra recorded in the Si (2¢) and S (2p) regions between varinus
treaiments, for the Ha8 poisoning study with an industrial iron catalyst.
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MASS/MASS % HYDROCARBON SELECTIVITY
TREATMENT 1 C2= c2 C3= €3 Ci Ccs c8
A 379 3.3 173 8.9 it 11.0 68 6.7 !
B 45.7 231 20.0 3.9 12.4 8.5 4.4 3 i
[of 83.2 3.0 185 27 6.7 03 1.2 24
D 51.5 19 20.6 2¢ 116 a8l a1 2.7 ‘
8 S J

Table 6.1. Mass/Mass % of hydrocarbon components detected during
CO-hydrogenation treatments, for the Hy8 poisoning study witi an industrial iron
catalyst.

OLEFIN TO PARAFFIN RATIO
TREATMENT ce 3 c4
A 0.20 0.63 0.99
B 0.10 0.3% c.27
Y o.18 0.41 036
D 0.10 625 oz

Table 6.2. Cletin to parafin ratios durirg CO hydrogenation treatments, for the
HzS poisoning siudy with an industrial iron catalyst.
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Conference proceedings and publications

During the course of this discertation, some of the work Las been presented at
symopsiums and conferences. Manuscripts for publication are presentty being compiled.

Conferences

P.M. Loggenberg, R.G. Copperthwaite, M.J. Betts and J.P.F. Sellschop, " A Surface
Study of the CO-hydrogenation Reaction”, Inorganic ‘88 Conference, Gordons Bay
(RSA); April 1988.

M.J. Betts and R.G. Copperthwaite, *Surface Studies of Co/MnO Catalysts”, Nasional
Physical Chemistry Symposium of the South African Chemical Institute, Dikhololo
Bushveld Villas (RSA), July 1988.

M.J. Betts and R.G. Coppertawzite, "Surface Studies on Co/Mn Fischer-Tropsch
Catalysts”, Annual Meeting: Catalysis and Catalytic Reactor Technology in the RSA,
Vereeniging (RSA), August 1968,

M.J. Betts, R.G. Copperthwaite and P.M. Loggenberg, "Sulphnr Piisoning Experiments
on Fischer-Tropsch Catalyets”, 30th Con-ention of the South African Chemical Insti-
tute, Johannesburg, Janvary 1989.
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