CHAPTER Il

THEORY

In the previous chapter, a review was given of recent research on alumina
synthesis by solvothermal method, mixed-phase of alumina supports for supported
cobalt catalysts, and alumina supports containing promoters or modifiers for
supported iron catalysts. It provides knowledge and understanding of influencing
parameters of alumina supports on the performance of Co and Fe catalysts for CO
hydrogenation and FTS system. This chapter focuses on the fundamental theory of the
Fischer-Tropsch Synthesis (FTS) which is well known as one type of carbon
monoxide (CO) hydrogenation using Co and Fe catalysts. The chapter consists of
eight main sections. Basic details of Fischer-Tropsch Synthesis (FTS) are discussed in
section 3.1. Alumina which is Used as the support is explained in section 32, Details
of the solvothermal method are described in section 3.3, Cobalt and cobalt catalysts
are discussed in section 34 and 3.5, respectively. Iron and iron catalysts are detailed
In section 3.6 and 3.7, respectively. Details of Cu promoters for FTS are discussed in
the last section 38,

3.1 Fischer-Tropsch synthesis (FTS)

Fischer-Tropsch synthesis (FTS), first developed in Germany in 1923, is an
alternate process in the production of liquid fuels and chemicals from synthesis gas
(H./CO) derived from coal, natural gas, and other carbon-containing materials stich as
peat, and hiomass (Zhang et ar., 2006). Normally, the FTS product consists of a
complex multicomponent mixture of linear and branched hydrocarbons and
oxygenated products. Main products are lingar paraffins and a-olefins (Van der faan
and Beenackers, 1999). Fuels produced with the FTS compared to crude oil as a
feeastock for fuel production are of a high quality due to a very low aromaticity and
zero sulfur content. The kerosene/jet fuel produced has good combustion properties
and high smoke points and the diesel fuel with its high cetane number can be used to
Upgrade lower quality blend stocks produced from crude oil. Linear olefing required



2

In the chemical industry can be produced either directly in the FTS process
(Steynberg and Dry, 2004). During the past decaces, FTS has been developed
continuously by many researchers, although the rise and fall in research intensity on
this process has been highly related to the demands for liquid fuels and relative
ECONOMICS.

This synthesis is basically the reductive polymerization (oligomerization) of
carbon monoxide by hydrogen to form organic products containing mainly
hydrocarbons and some oxygenated products in lesser amounts.  The main reactions
of FTS are;

CO+Ir1+%1jH§_> I (1)
CO+ 3H2., CHa+HZ (2)
CO+HA -+CO2+H?2 (3)
Ico.. C.co2 A

Equations (1) is the formation of hydrocarbons higher than CI, and the
equation (2) is methanation. The water-gas shift reaction, which is uncesirable for
natural gas conversion, is shown in equation (3). The Boudouard reaction, which
results in carbon deposition on the catalyst surface, is shown in equation (4).

The mechanism consists of surface steps in five categories: (1) the adsorption
of reactants (H2and CQ); (2) chain initiation; (3) chain propagation; (4) chain
termination and desorption of prodicts; (5) readsorption and secondary reaction of
olefins. Depending upon the type of catalyst used, promoters, reaction conditions
(pressure, temperature and HACO ratios), and type of reactors, the distribution of the
molecular weight of the hydrocarbon products can be noticeably varied. The
following set of mechanism below described the reaction mechanism of methanation.2

(1) CO + * CO*
(2) CO* + * C* o*
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JH. + 2 ¥ M
ot 1 ke
(5) CH* + H* = CHX+*
(s) CHZ* + H - CH¥+*
(NCH+H = CH{g) +.*
(s) 0% + H¥ = OH*+
(9) OH* + H = HO(g) +Z

Normally, catalysts used for FTS are group VIII metals. By nature, the
hyarogenation activity increases in order of Fe < Co <Ni <Ru. Ru is the most active.
Ni forms predominantly methane, while Co yields much higher ratios of paraffins to
olefins and much less oxygenated products such as alcohols and aldehydes than Fe
dloes.

With regaras to the operating conditions, usually higher pressures will result in
higher rates. There are basically three reactor types used for FTS: (1) fixed bed, (2)
fluid bed, and (3) slurry bed. Because of the high exathermicity of the reaction (142
kJ mol.. of reacted carbon), all three reactor types are carefully designed for rapid
heat removal using a combination of various technigues including heat exchangg,
recycle, fluidized and slurry beds, and stage systems. The attributes, advantages and
limitations of each of these reactors IS different as summarized below.

Fixed-bed reactor: IN @ typical fixed bed reactor heat is removed by heat
exchangers or by production of steam. To facilitate temperature control while
maximizing conversion and linear gas velocity, a portion of the tail gas is recycled,
typically with a recycle: fresh volume ratio of about 2. Since the heat exchanger
design favors lower temperatures of operation (220-250°C), predominantly higher
hydrocarbons including gasoline, diesel fuel and waxes are produced. riuid-bed
reactors: FIUId beds are of generally two types, fixed and circulating. This reactor has
etter heat removal (near isothermal operation), higher reaction temperature (exit
temperature of 340°C) and hence higher selectivities for lighter products, alkenes,
branched products and aromatics, and higher throughput per volume of reactor
relative to the fixed bed. With on-line catalyst removal and addition, process runs are
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much longer than for the fixed bed. Nevertheless, the fluid-bed reactor is a more
complex system requiring an attrition-resistant catalyst and grater system
maintenance. Moreover, process conditions and temperature must be acjusted to limit
production of heavy hyarocarbons which would condense on the catalyst and
defluiclize the bed. siurry-bed reactor, Slurry-bed reactor, in which a finely divided
catalyst is suspended in a heavy oil by gas bubbling up through the slurry, have been
Investigated fairly for FTS by Koelber, Sasol and Rheinpreussen-Koppers. This
reactor type has the advantages of (1) capability of operating at low H2CO ratios
without problems with carbon deposition, () very efficient heat transfer and uniform
temperature, (3) high catalyst efficiency/performance, and (4) simple construction.
Although some of the operating problems in using slurry bed reactor FTS are
daunting, such as high slurry viscosities, particle settling, catalyst liquic-separation
and possible gas-liquid mass transport limitations. Slurry-bed reactors are better than
fixed-bed reactors for FTS since they can remove heat from this exothermic synthesis,
allowing better temperature control,

The current main goal in FTS is to obtain high molecular weight, straight
chain hyarocarbons. Flowever, methane and other light hydrocarbons are always
present as less desirable products from the synthesis. According to the Anderson-
Schulz-Hory (ASF) product distribution, typically 10 to 20% of products from the
synthesis are usually light hyarocarbon (ci-ca). These light alkanes have low boiling
points and exist in the gas phase at room temperature, which is inconvenient for
transportation. Many attempts have been made to minimize these by-products and
Increase the Yield of long chain liquid hydrocarbons by improving chain growth
probability. It would be more efficient to be able to convert these less desirable
products into more useful forms, rather than re-reforming them into syngas and
recycling them (Farrauto and Bartholomew, 1997). Depending upon the type of
catalyst used, promoters, reaction conditions (pressure, temperature and Hesco
ratios), and type of reactors, the distribution of the molecular weight of the
hyarocarbon products can be noticeably varied.



3.2 Alumina (AL.0s)

Study of alumina has been a subject of great interest for many cecades.
Alumina is a very interesting crystalline material with broad applicability as
adsorbents, coatings, soft abrasives, ceramic tools, fillers, wear-resistant ceramics,
catalysts, and catalyst supports (Pajonk and Teichner, 1986; Church et a1, 1993).
Because of their fing particle size, high surface area, high melting point (above
2000°C), high purity, good adsorbent, and high catalytic activity, they have been
employed in a wide range of large-scale technological processes (Misra, 1986). The
basic knowledge of alumina including the structure and phase transformation
sequences of transition alumina is shown in this part.

3.2.1 Thestructure of alumina

1) Structure of aizos polymorphs based on face-centered cubic packing of
0Xygen anions

aizo3 polymorphs based on fee packing of oxygen are represented by eight X-
ray powder diffraction files, which are based on the experiments performed 30-40
years ago. These files described structures denoted y-, -, G, and O-phase with a few
additional files in which the same phase notation is used for similar but not identical
profiles.

a) Cubic, spinel-type alumina: y-and -aizos

V- and  -aizos have been described as defect spinel structure (Perego and
Villa, 1994). The ideal spinel structure ae204 I represented by 2x2x2 array of an fee
closet packing, with A and B cations occupying the ea (of the 64 available)
tetrahedrally and the 16 (of 32) octahedrally coordinated interstitial sites (Fig 3.1).
The symmetry of the spinel structure is described by the ras m Space group (Hahn,
1995). The packing of the {111} oxygen layers forms an ascasc Sequence,
whereas the packing of aluminum cations can be described by two type of alternating
layers: either (i) layer containing only octahedrally coordinated cations or (if) “mixed”
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layer containing hoth octahedrally and tetrahedrally coordinated cations. There are
two types of tetranearally coordinated sites: upward and downward.

Figure 3.1 Three dimensional view of the spinel structure: White balls represent
oxygen ions located at 32e Wyckoff positions. Large dark balls represent oxygen ions
located at 164, the smaller one represent

The commonly accepted structure model of Y-ALO. is related to that of iceal
spinel and it Is assumed to contain oxygen ions at 328 Wiyckoff positions, which are
approximately close packed, while 643 aluminum cations (to satisfy Al.O:
stoichiometry) are distributed over 16 octahedral and -a tetrahearal sites (Hahn,
1995). In Y-ALQ 8/3 aluminum vacancies have been assumed in random distribution
over the tetrahedral sites (Wilson, 1979). Therefore the cation sublattice is partially
disorcered, comparing with the ideal spinel. Despite this disorder, the symmetry

relations hetween the equivalent cation positions remain v d3 m.

Shirastka et al. (Shirasuka et 1., 1976) proposed that 62% of aluminum ions
occupy 16-fold (16¢ and 161) octahedral sites and assumed that the remaining
alunynum ions distributed equally over the eightfold and the 48-fold tetranedral sites.
These results were confirmed by John et al. (John et a1, 1983), who deduced that 62%
of aluminum ions were in octahedral sites in ri-ALCh according to the restits from
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solid-state nuclear magnetic resonance (NMR). Recently, Zhou and Snyder (Zhou and
Synder, 1991) have applied Rietveld analysis of neutron diffraction profiles for the
structure refinement of both y- and T)- structures. They have suggested that the
presence of aluminum is in abnormally coordinated s2e Sites in the surface layers of
the both phases, but with no aluminum cations on the eight fold, tetrahedral
coordinated sites in rpAbCh, in contradiiction to the result by Shirasuka et al.
However, the Zhou and Snyder interpretation seems reasonable, because it is
consistent with molecule dynamic simulations of Y-AL.O. surface (Emst et a1, 1991)
However, it is not clear how these results which are associated with the influence of
surface ions are related to the bulk structure.

v-Al.0. 0btained from thermal oxidation of aluminum containing alloys, by
annealing of amorphous anodic at.o- films, or by plasma spraying shows preferred
orientation (crystalline texture), with both <100-y and <1105y direction preferentially
oriented parallel to the surface normal (Blonski and Garofalini, 1993). Recent
molecular dynamic simulations of the surface structure of v-ar.o., which have
Incluced the non-integer number of cations in the unit cell, result in the following
relation between the surface energies: Vfe:} < viuisy < Yo} (EMSt et a1, 1991). These
results are consistent with a {100} preferential orientation. These calculations indicate
that the surface energies of v-ar.o. are much lower than those for cc-ar.o. Which Is
consistent with high specific Surface area of v-ar.o..

v-aiz0s (Bveloped by crystallization of anodic » 1205 films or by thermal
oxidation of aluminum and NIAl, contains a high density of {111} growth twins.
These twins have been related to the platelike morphology of oxide scales (Doychak
et al, 1989) developed on the surface of NIAI during transient stages of thermal
oxication,

b) AI203 structures with tetragonal-orthorhombic symmetry: O-Al203

o-s20 Nas been described as a superlattice of the spinel structure with
orcered cation vacancies. The Osupercell has been confirmed to be a tripled unit cell
of spinel with 160 ions per cell. Two possible unit cells have been suggested based on
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X-ray and SAD: either tetragond witha§= bs=ar andCs= 3ar (Androffet al, 1997)
or athorhonbic with as= iy, bs= 1.5ar andCs= 2ar (Bonevich and Marks, 1990).

In all reparts of the tefragordl 8 unit cell, the strudiure hes been derived from
boehite, wheress the arthorhobic Ounit cell hes been dosenved for precursars
abtained by quenching the melt or by thermrdl oxidetion. It is not dear whether either
strudure exist or the tetragondl strudure is a misinterpretation of the experinenta
da The SAD resuts available on the athorhambic -A 1.0, Srudure provide
covindng evidence for the existence of this polymorph (Jayaram and Levi, 1989),
whereas X-ray data asaribed the tetragondl unit cell dso could have been derived
from athorhormbic unit cell (Kohnet al, 1967).

Jayeram and Levi (Jayaram and Levi, 1989) have studied orthorhonrbic 8 -
Al.0. by TEM GonvergeniHoeam eedron diffraction (CBED) hes been used to
determine the soece group andP2\2\2\ hes been sLgpested

©) AI203 srudures with monodinic synmetry: 0, 0°, X, ad 0 A1203

The most studied A1203  paymoph with monodinic symetry is 0-A1203.
This strudure hes the space group C2/m- and contains 20 ions, with the aluminum
cations equally distributes over odahedd and tetrahedrd Stes. In many reparts, -
A1203 hes leen reparted to ke muitiple twined, preliminary an the (001) pane (Kohn
et al, 1957). Although the true synTretry of 0-A1203 hes been detenmined to be
monodinic, this pese may dso gooear & atharhonic due to polysynthetic
twinning.

The existence of three additional monodinic Ai203 strudiure hes beenreported
(Levin ad Brandon, 1998). A-a1203 hes been dosarved in both plasma srayed A12o3
ad themelly oxidizied auminum 0'-AlGS hes lbeen found in anedled anodic A1203
films, and 0"-AkG hes been found in the dasmagrayed Al2os. Bassd on these
results, all four monodinic pese (0-,0*, X-, add ©-ALCL) are assued to evove
from v-a1203 by cation ordering an the interstitial Stes of the axygen subodll, which
remains approximetely undsturbed by these transforretions. The lattice peraneters
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and soece graups of these four monodinic ARG pheses, respedied on Y-ARGs ae
sumaizedin Tade 31

Table 3.1 Meastable Al2G strudures besed on fee padking axygen anions (Levin
ard Brandon, 1928,

Phase Lattice parameters Space group  Cations/  Orientation relationship
unitcell  with respect to Y-ARO3

[-A1203, a,~T79A Fdim 64/3

-AI203

e-AIm3  a~ 15a, Calm 8 (100)e]| (001),
b=a, v2I4 [010]e NI [110],
C=a, V22
p=104°

0-A1203 &~ 1.5a, A\21nV 64 (100)e-11 (001),
b=a, V2 C010Je + II [110],
C=ayv2
p = 104°

0-A1203 a~ayval2 C2/m 16 (010)e | (110),
b~ay™2 [100]e- Il [112],
c~ay 2
p~ 94°

X-ALO3  a~3V2a/2 P2\lc 64 [OI0KII [100],
6 :2a, (100)x 1(013),
¢ 5 1.5a,
p = 115°

8-A1203 a-a, P 2121\ 64 [100] 11 [001],
b~ 2a, (100)5 11 (100),
C-~ 1.5a,

$-A1203 a~ay P41 64 [001] -Il [001],

C- 3a, (100)s' Il (100),
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D) Structure of azos polymorphs based on hexagonal close packing of
0Xygen anions

The conmon netasiade A 1.0 aystal strudures besed on hep dase paddng
of the axygen aom ae K- ad X-Al.0.. The exsence of K'-Afrch from the
dehydration of tohdite hes also been reparted

The partid transformretion of glhbsite into boehnite, which gves its own
dehydration products upon further heating, greatly conplicates the interpretation of
X+ray messurenets for the strudure of K- and x-A1.0.. Three different unit cells
haebenprgoosed . npthetd. (Sumpfet al., 1960) suggest thet x-aluminahesa
aubic (not spinel) unit cell of lattice perareter 795 A, wheress ather ressarders
(Brindey ad Goe, 1961) propose hexagordl unit oells with either a = 556 A ard ¢
=134 Aora=55Aaxdc =864 A Heagod x-aumina ssars to possess a
layer strudiure, the arrangerrent of anians being inhented from gibosite, wheress the
auminum cations oooupy odahedrd Stes with in the hexagord axygen layers. The
stacking of the layers are strongly disordered in the c-direction. It is nat yet dear
whether all three of the aoove strudiures exist, or whether the differences among them
are merdy anmtter of interpretation.

K'-ALCb hes been desaribed in temrs of the hep padking of axygen anas
(inherited from tohdite), with the random distribution of cations over bath
tetrahedrally and octahedrally coordinated positions. This payrmorph is considered to
ke atransient grese in the transformration to tohdite tok -A 1.0 ».

The strudure of K-A1:0 ., which is considered inportant in the chermical vapar
depasition (CVD) tednology, hed been believed for many years to ke hexagordl
(Brindey ad Coe, 1961). Honever, a recert lattice imege died by Liu ad
Sogao (Liu ad Skogaro, 191) corbined with CBED, shons thet the true
symrety for this strudure is arthorhomoic. The pseuddhexegord symmetry then
resuits from the coexistence of three twintrelated arthorhomic variants ratated by
120 with respect to ane anather. The Soece group of K-A1. 0 - isPnaz], andthe lattice
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parameters are a = 469 A b = 8.18 A and ¢ = 887 A The proposed unit cell
composes of 16 cations that are ordered on both tetrahedrally and octahedrally sites.

3) Structure of (X-Al203

CX-Al.0 - posses trigonal synretry with rhanochedrd Bravis centering (Soece
gaup R- 3¢) ad hes 10 aans in the unit cell. The aystalography of cx-AlL.0 - hes
been dsoussad in detall by Kronberg (Kronberg, 1957) and Bilde-Sorensen et d.
(Bilde-Sorensen et al, 1996). The strudiure of 0C-Al.0 . can be considered as an hep
subattice of axygen anas, with 23 of the odahedd interstices filled with
auminum cations in an adered aray. This simplified modd desaribes the reiure of
the ion packing but is somewhat misleading, because it does nat reflect true trigonal
symrety of the aystd. Qe cossguece of the tigonal synmetry is the
nonequivalence of cation layer trandlation along the [1010] and [1010] directions
(using hexagordl indices), which hes inpartant inplications for bath besd slip ad
besd twinning in (x-A1.0-, as dsoussed by Kaplan et d. (Kaplan el al., 19965) ad
Proz e d. (Prrouz et al., 1996). (In sore csss this nonequivalence hes ben
attributed incorrectty to the lack of an inversion certer in (X-Al.0., which would be

Inconsistent with a 3centrasynretric paint group.)

The oxygen anons in cx-aizos oooupy 18 Wayckoff positions (in the
hexagordl description) with coordinetes x,0,1/4 (x = 0.306), wheress the aluminum
catios are located a 12c positions with coardnates 00,z (z=0.347). Bothx ad z
vaues deviate from the ided value of 1/3 which would corespod to the ataric
positions in the ideal doseaded srudure. The duminum cations are dsplaced
dongthe [0001] direction towerd the neighbaring enty odahedrd Sites, resulting in
a “puckening’ of the cation layers. The cation dsplacaents are acconpanied by
distortion of the axygen subattice. The hexagordl paraneters for (x-ai2o3, ae ¢ =
1.297 rmarda = 0475 nm with ¢/a =273 nmand comesponds to Six axygen layers
aong the caxis of the unit call. For the axygen subattice alare (three axygen layers),
¢/a = 153 slightly smeller then the ideal value of 1.63 assodated with aherdksphere
nodd.
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3.2.2 Phase transformation

Aumina can exist in many metasialde [dresess before transformming to the stelde
a-dumna (corundum fom). There are six principal metastabe pheses of dumina
designeted by the Greek letters chi (X), kappa (x), €a (), theta (0), delta (8), ad
ganma (), respedtively. Although the range of terperatre in which eech transition
pheee is thermodynamically stalde hes been reparted by many researdhers it depends
upon various factars such as dagree of arystallinity of sanle, amourt of inpurities in
the starting meterials, and themrdl history of sarrde. Most of the studies on dese
transformetion of alunina were condudted by caldnations of alumina precursar. It
wes found thet difference in the hese transformration sequence is resulted from the
difference in the precursor strudure (Wilson, 1979 Lippens and Boer, 1969
Moreover, the transformetion seqence is ireversible. The reture of the product
aotained by caldnation depands on the starting hydraxide and on the caldination
concition.

a
Gibbsite 7 Kappa Alpha

Diaspore 777 *4 Alpha Alumina

o 1 1 1 L 1 1 L 1 - 1 _ 1

0 100 200 300 400 500 600 700 800 900 1000 1100

Figure 32 Deconposition secpence of duminumhycraxies (Gitzen, 1970).

The phese transforetion sequence nomrelly sarts with alurminum hydraxide
(Al(OH)3 and AIOOH) transforming to lowstenrperature phese of dumina (- ad x) &
terrperature around 150-500°C, and subsecpently to high temperature grese (8, 0, «)
a temperature around 650-1000°C. Finally, the themmodynarrically stable ress, a-
auming, is formed at terperature around 1100-1200°c. 1t is generally believed thet
afohese transformation takes place through the nudéation and growth medhenism
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Nomally, transition aumina dat to lose thelr suface aea een a
tenperatres below 800°C due to the elimination of nicro-pores. However, drastic
loss ooous & tenperatures higher then 1000°c when the arystallization to the
themodynamically stade a-alumina ooours (Dyrnys and Halloran, 1989).

3.3 Solvothermal method

Solvathemdl synthesis is improved from the hydrathemel synthesis by using
arganic savert as the reaction medium instead of weter. This method is bessd onthe
deconposiion of metal akoxide a devated tenperature (200-300°C)  under
autogenous pressure It is particularly suted for the syrthesis of dumina in phese thet
Is udiade a high tenperature. It is dso a useful tednigque for groning snge
aysds. Inthis method, parts or all of the reedarts can dssolve in the arganic solvert
ude high pessure This fediure erdddes the reaction to take place & lower

teperaure

Generally, sovathermel equipent is basically atube, usually mede of sed,
dosed a ae ed The ather end hes a sarew cap with a gesket of soft agpper to
provide ased. Alternatively, the o’ may e connedted directly to an indpencent
pressure source, sudh as a hydraudic ram This is known as the “odld sed” method
The readtion mixture with apprgariate anmount of salvent are placed inside the bont,
which is then sedled ad placed inside an oven at the required terrperature, in the
range of 100-500°c. Pressure is cortrolled either extemally or by the degree of filling
in the sedled barb,

34 Cobalt (Young, 1980; Othner, 1991)
34.1 General

Cabdlt, a transition series metallic dement having atomic nunber 27, is
similar to silver in gopearane
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Cabalt and cobalt conpounds have expanded from use as colorants in gasses
and ground ooet frits for poattery to drying agats in paints and laoouers, animdl ad
humen nutrients, electroplating meterials, high tenperature alloys, hard facing dloys,
high goead todls, megretic alloys, alloys usad for prosthetics, and used in radidogy.
Coblt is also as acatalyst for hydrocarbon refining from auck ol for the synthesis of
heating fuel.

34.2 Physical Properties

The dledronic strudure of cobalt is [Ar] 3d1As2. At room tenperdure the
aystaline strudure of the a (or ) form, is dosepadked hexagord (gph) and lattice
peraTeters ae a= 02501 rmard ¢ = 04066 rm Above approximetely 417°C, a
face-certered cuic (fee) allotrope, the y (or p) form, haming a lattice perareter a=
0334 nrm beoares the dade aystaline fom Prysical properties of cobelt ae
listed in Telde 32

The stale fomned on unalloyed cobalt during exposure to air or axygen & high
tenperature is doublelayered. In the range of 300 to 900°C, the scale congists of a
thin layer of mixed cobatt oxide, 0130, an the autside and oobet (1) axide, Q)
layer next to metd. Cabalt (111) axide, Q)2C3, may e formed a tenperaiures below
300 °¢. Above 900°c, 3O deconposes and bath layers, although of differert
gopearance, are conosed of CoO anly. Scales fommed below 600°¢ and above 750°¢
gopear to ke stable to cracking on cooling, wherees those procuiced at 600-750°C
aack andflake offthe suface,

Cabalt foms numerous copounds and conrplexes of industrial inartance.
Caoatt, atomic weight 58933, is ae of the three merbars of the first transition series
of Goup 9 (VIIIB). There are thirteen know isatopes, but only three are significant:
Foisthe only stakde and naturally occurming isatope; ~Co hes ahalf-life of 5.3 years
andis acommon source of y-radioactivity; and 5Co hes aZ70-d half-life and provides
the y-source for Msshauer Spedrosoay.
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Cobalt exists in the +2 or +3 valance Sates for the mejor of its conpounds ad
corplees. A mutitude of conplexes of the cabalt (111) ion exists, but few stede
sinple salt are known. Odtahedrd stereochenistries are the nost conmron for cobelt
(1) ion aswell asfor cobalt (111). Cobalt (1I) forms nuerous sinple capounds ad
corplexes, most of which are odahedrd or tetrahedrd in neture; cabdlt (1) fomrs
nore tefrahedrd conplex then ather transitioHeta ians. Because of the sl
stahility difference between odtahedrd and tetrahedral conrplexes of coelt (11), bath
can ke found equilibrium for anunoer of condexes. Typically, odiahedrd oaboalt (1)
sdts and conplexes are pink to brownish redt, most of the tetrahedrd Co (1) goedes

aehbuwe

Table 32 Prysical properties of cobalt (Cthrrer, 1901).

Propery

atomic nuer
atomic weight
transfomration tenrperature, °
heet of transfometion, Joa
melting paint, °¢
latent heet of fusion, AH s Jiga
bailing poirnt, °c
latent heet of viaporization a bp, A/Agkloa
spedific heet, J(g°Ca
15-100°c
nolten metal
coefficent of themelexpansion, °Cl
qph &t roomteneraiure
feeatdli’c
themrdl conductivity at25°c,  /( | K)
thermral neutron absarption, Bohr atom
resistivity, a20°ch, 10'8Qm
Qurie tenperature, °c

Vaue

21
58.93
417
251
1493
395
3100
6276

0442
0.560

12,5
142
69.16
34.8
6.24
1121



Table 3.2 Physical properties of cobit (cort.).

Property

saturation induction, 4€ls Tc
permesblity, p
initial
nex
residual induction, Xe
coerave foroe, AiIm
Young' smoduius, Guec
Poissansratio
Hardnessf, danond pyramid, of %4Co
At20°c
At300°c
AL600°c
At900°c
strength of 99.99 %aoobalt, MPes
tensile
tersile yield
comressive
compressive yield

aTo convert J to cal, divided by 4.184,

beonductivity = 27.6 % of International Annealed Copper Standard.

cTo convert T to gauss, multiply by 104,

dTo convert GPato psi, multiply by 145,000,
eZone refined.

fVickers.

sTo convert MPato psi, multiply by 145,

Vaue

1.870

68
245
0.490
708
211
032
09
225
141
62

22

99.98e
253
145

17

s arveded Sneed

237
138
841
291

588
193
808
387

679
302
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34.3 Cobalt Oxides

Cobalt hes three well-known axides:

Cobalt ( ) oxdde, GO, isandlive green, aubic arystalline meterial. Caboalt (1)
oxice is the final product formred when the carbornate or the ather axdes are calaned
to a sufficently high temperaiure, preferably in a neurd or slightly redudng
amoghere. Pure oot (1) oxide is adifficult suostance to prepare, snce it readily
talkes up axygen even a room tenperature to re-form a higher axide. Above about
850°c, cobalt (I1) axide form is the stable axide. The product of commerce is usuially
dak gay ad cotains 7578 wt % cobalt. Caalt (11) axide is sdudle in weter,
amonia saution, and organic salverts, but dissolves in strong nineral adds. 1t is
used in gass decorating and coloring and is a precursar for the production of cobatt
chemica.

Cablt (1) axide, €020, is fomed when cobelt compounds are heated a a
low tenrperatre in the presence of anexoess of air. Sae autharities told thet: colelt
(1) oxide extsts only in the hydrate fam. The lower hydrate may e medke as ablack
poner by oxidizing neutral cobalt salutions with substances like sodium hypochlarnite,
Co20s OF Co20s. HA) is conpletely converted to co: 0. &t terrperatures above 265°C.
Cos0. Will asarb axygen in a sufficient quantity to comespond to the higher axide
Co20s.

Cobelt axide, €004, Is fomed when cabalt conpounds, such ssthe caborete
q the hydrated sesquiaxide, are heated in air a tenperaiLres aoove appraxietely
0 Card not excesding 800°.

D)

35 Cobalt catalysts

Cobelt (Co) caaysts are the preferred catadysts for the syrthesis of heawy
hydrocarbons from naturd ges besad synges (CO ad H) becase of their high
Hscher-Tropsch (FT) activity, high selectivity for linear hydrocarbons, ad low
activity for the water ges shift reaction (Godliner and Gates, 2000). Generdly, Qo is
deposited over an oxidic suppart, for exanple, S, Al.0., Zrk, G2 or Tilk,
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which provides good nedhanicd stregth and thenel stabllity under reaction
conditions (Iglesia, 1997). It is known thet reduiced cabalt netd, rather thenits ades
o cahides, is the nost adive phese for GO hydrogenation in such catalysts.
Investigations have been dore to detenmine the neture of cobelt Soedes an various
sypats such as duming, sllica, titania, zirconia, carbon, and zediites. The influence
of various types of cobalt precursars ussd wes also investigated. It wes found thet the
ussd of arganic precursars such as GO (1) acetyl acetate resuiting in anincreese of
QO conversion conpared to thet of cobelt nitrate (Kraum and Baens, 1999,
Disacvantages of cobelt catalysts are the high aosts of cobelt and low weter-ges shift
activity.

36 Iron (Kittel, 1956, Pavling, 1968)
3.6.1 General

Iron is a dhemical demert with the symbd Fe (Latin: ferrum) and atamic
nuber 6. Iron isagroup 8 and period 4 retd. Iron is alustrous, silvery soft retal.
Iron ad nickel ae naade for bang the final dements produced by stellar
nudeosyrnthesis, ad thus the heaviest denernts which do nat require a supemova o
similarty catadysmic evert for fomretion. Iron and nickel are therefore the nost
abundant retals in metallic metearites and in the densermetd aores of pangts suchas
Eath

3.6.2 Physical Properties

Iron is ashiny, bright white metal thett is soft, mallealde, ductile and strog, Its
suface is usually dsodlored by camasion, since it conaines readily with the axygen
of the air in the presence of naisture. In aosdlutely dry air, it does not rust. The oxide
thet Is produced is crumbly and saft, giving no pratection to the bese metd, which
evertually rusts anay. It is found in reture asthe metal only in metearites and in very
rare drourstances where iron mnerals have been reduced by ervironmental fadiars.,
VBsses Lp to 25 tans in weight have been found in West Geeenland. Practically it is
aways datained from ares thet are usually the axides, and occasiondlly the carborete,
as low in suiphur and phosphorus as posside. The plentiful iron pyrite, FES is notan
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aoogpiable are because sUphur is a deleterious impurity in-iron, and expensive to
remove in refining. Iron is the fourth nmost plentiful demeant in the eathis aust
(4.6%9), but is o widely disseminated thet it can be datained only from ares in which
iron hes been spedaly conoentrated Much of this concentration,  incidentally,
ooccured very early in the earthis history when iron removed from the ainosphere the
little axygen that it then contained, possibly with the help of the earfiest fonrs of life.

Iron hes atomic nurber 26, atamic weight 56.85, and Stade isatiopes 54
(5.999, 6 (91.6%9, 57 (2299 ad 33 (0.33%9. Its electron configuration is Ar3d64s2
and its first and ssood ionization patentials are 7.87V and 16.18V. With its neighbars
cobalt (Z=27) ad nickel (Z=28), it is ane of the "iron triad” of similar netds. It is in
the center of the periodic takde, in the region of "transition Netals’ where ad-shell of
eledrons is being filled. The 4s dedrans ae actually nore stade then the 3d
eledrons, s0the deledrans are actually on the autside of the @om The dshell ean
hold 10 dedrons, ad as it beoores neaty filled, drgps below the 4s dedrons in
enagy. All these atansfilling d-shells meke netas thet are very nuch dlike; if the d-
eledrons were nore inside, these metals would be even nore dlike then they ae
More will ke sad in connection with megnetism in which these eledrans play
leading rdes.

At roomtenperature, iron is in the form offerrite, or a-iron, abody-centered
aubic strudture. The density of adron is 7.86 glac. At 910°C it denges to y-iron,
which is faoe-centered cubic and somenhat softer. At 1535°C iron melts, and bails &
3000°c. Cobalt metts at 1480°c, nickel a 1455°C. The spedific heat of any of the
three metdls is about 0.107 callg-K. The themral conductivities of Fe, Co ad Ni are
337, 381 ad4.19 callsomK Their electrical resistivities are 9.71, 6.24 and 6.84
(iff-cm. These are "Worse" than those of copper by fadtars of only 4 to 6, sothe iron
metas ae very good condudiars of electricity and hest. Conparing the nurbers
dons how similar these metals are in their physical properties. It hes not heard
whether cobalt and nickel meke usefu dloys with cabon, as iron does They ae
nmuch too exparsive to Lee as strudurd netals, ather then s alloying deernts or
COetings.
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Iron coours asthe cations Fe, ferrous iron, and Fet+; ferric iron. Nickel and
cobalt coour mainly as the dipositive ions, mokelous and cobeltous, but aso in ather
oxidation dates, usudlly in unstalde cormpounds. A large nurber of inportant salts are
formed with various anians. Fe* will gladly dorete an electron in an add salution or
in the presance of axygen, O it is a redudng agat, oxidizing itself to Fe”. In
akaline solution, this ion will gladly acoet an dedran, S0t is an oxidizing agat,
redudng itself to the ferrous sate In add salution, Fewill reduce HEto 2, Sinceits
eledrode patentid is -044V, well aove hydogens. Iron is, in fad, an adive
eemert

Normally, the iron axides are ferrous axide, FeO ad ferric axide, Fe203
Farous oxide is not dakde against partial oxidation to Fe(Il(Fe(liN204), usually
written Fe804 or FeOFe20 3. This hard, black substanae ismagnetite, animportant are
of iron and avery interesting sSubdtaee in its oanright.

3.7 Fe catalysts

Iron catalysts are commonly used because of thelr low aosts in comparison to
ather adive neids. An inpartant advartage of iron over cobalt is thet it is inparts
gredt flexibility to the Fischer-Trgpsch prooess. By variation in catalyst conrpaosition,
method of preparation, nmethod of reduction, compasition of synihesis ges, ad
jrooess conditions, the course of the reduction can ke regulated for the production of
alarge fraction of wax, or gasdine, or defins, or dodhds. In addition, iron is easlly
available from many sources, whereas the suply of cabalt is limited (Storch et al).
Most earty FTS caalysts were prepared with precipitation tedniques. Novel catalyst
preparation methods sinter and fuse et axides with desired pronoters. Alkali-
promoted iron catalysts have been gppied industrially for the Fischer-Tropsch
syrthesis for meny years (Reo el al., 1999). These cataysts have a high water-ges
shift activity and high selectivity to dlefins and gapear to be stade when synthesis ges
with ahigh HZCO ratio is converted (Jager and Espinaza, 1996).
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3.8 Copper promoter in FTS

Because addition of difficulty redudble axides and deposition of the catalyst
axides on cartain camiers did nat result in inproved hydrocarbon productivity, the
effect of copper oxide wes studed Copper hes ahigh heat conductivity and yet does
not induce methene production. It was thought thet the resenoe of copper loners the
tenperature required for reduction of the catalyst axdes. Copper somewhat enrerce
the activity of iron and colalt, but nat nickel. This wes explained by Hscher onthe
besic of the tendency of nickel to form alloys with aopper (Storchet al).
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