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The intermediates involving E-R are converted to metal-alkyl species by
hydrogenolysis. M

Ponec (95) reviews some reaction data on some NiCu catalyst and
presents some convincing support for this mechanism. Nicu alloys yield
higher molecular weight products than a pure transitiop metal since there
is more undissociate? CO available gn the alloys. It is.we]]Iknown that
olefins can initiate a chain (53) but cannot readily insert as an entire
C2 species into another growing chain. CO is necessary for the growth of
hydrocarbon chains since only methane is formed when CO is quickly |
removed from the reaction mixture (ZO}. Exposure of a2 FT catalyst to
sul fur resulted in a decrease in overall activity but .an incregsz in
selectivity towards the high molecular weight hydrocarbons. Based on
previous surface studies (64,102) Ponec (95) suggests that the the
sutfur is 51o¢king sifes necessdry for CO dissociation therefore

increasing the relative fraction avsilable for CO-insertion growth.

2.3 Surface Studies on FT Catalyst

2.3.1 IR Spectroscopy

In the early 1960's 8lyholder and Neff (21,22) performed " in
situ" IR studies on silica supported iron using a Co/H2 total pressure of
33 bar. They observed the growth of C-H bands during the synthasis

Process and claimed evidence of an €-0 band. dJoyner (57) later
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ned these results concluding that the data showed evidence for

H and 0-H bands. More recently, Dalla Retta and Shelef (31) and
and Bell {42) could not identify any C-H stretching from reaction
diates since substitution of D, and H, did not effect the

ty of the H-derived viprations, however, they did observe a

:#ﬁ' of a carbidic species during the synthesis at.pressures of one

. Upon removing CO from the reaction mixture it was found that

duction 6f CHy and CyHg continued well after all the IR detectable
ppeared (41). The authors conclude that a carbon reservior is
adurihg the synthésis process and that the hydrogenation of this
is a slow step in the kinetic sequence. 'King (63) observed a
émount of C-H bands in the 3000cm-! region over supported
catalyst at pressdres up to 3 bars. Howevef, no deuterium

on data was presented and it is uncertain whether_these bands
~to reaction intermediates (20). King (63) observed two

tes for CO, where the weaker one was more reactive towards

Tess to say to date "in-situ® IR investigations have proved to
conciusive, Biloen and Sachtler (M) offer the foT]owiﬁg
results, | |

%ygenated surface complexes have too low a surface
oncentration to be detectable. This conclusion makes sense

T one agrees that the oxygenated intermediate is present
hjgh.pressures as indicated by Rijs and Jaccbs (87).
Expeffments have predominantly been conducted at low

€ssure where methane is the dominant product. Perhaps

¢ C-H bands of growing chains are not detectable under

€5e conditions.



.3) The carbidic ?ntermediate does not give rise to £-H bands

pbservable by IR spectroscopy due tg band breadening,

2.3.2 Electron Spectroscopies

There 1s a host of Titerature concerning the application of various

presentatvon will only highlight some of the morea pertinent
investigations involved with identifying reaction 1ntermed1et=s.
Krebs et al. (66) and ‘Bonzel and Krebs (23) performed XPS and AES:
studies on a.c1ean iron (110) surface. The crystal was exposed to a
CO/H2 at 1 atm at temperature between 460- ?50 K and then -quickly ceo]ed
in CO/Hy f10w and transferred into the UHY chamber, After exposure to
the feed gas three identifiable carbonaceous layers were observed.
Through line shape analysis the eufhors conclude that the three layers
range from graphitic carbon to a polymeric CHy species (23). The
partially hydrogenated carbidic carbon could only be formed by exposure
0f the surface to the C0/Hy mixture or a hydrocarbon environment.
'Because of the 1arge width of the ;¢ peak the aUthors.conc1ude that
there is a variety of different hydrocerbon seecies of the form CﬁHj
L§EPE J2i. It is important to note that the authors (23) do not rule.
Ut the possibility of oxygenated carbon species on the surface. The Cig

Pectra was skewed well into the binding energy region of carbon bonded -

‘Transient studles on fe and Ru single crystals (23, 40) have shown

at In1t1a11y c]ean surfaces bu11d up a8 multi-layer carbon deposit as

€ synthesis reaction proceeds, The methanation reaction results from

UHV surface spectroscopies to the study of CO hydrogenat1on. This brief:

15



ﬁhe hydrogenation of this carbon deposit. Decline in the catalytic
Cactivity results from the formation af graphitic carbon {23, 40). The
amount of each type of carbon layer deposited depends upon the reaction
temperature and feed ratio (23, 38, 39, 64).
Bertolini and Iﬁeiik (17) combined high resalution electron energy
loss spectroscopy {HRELS), LEED, thermal desorption and work function

measurements‘to'study the H,-CO interaction on a Ni (111) surface. The

of a surface carbide. TPD measurements revealed that CO is more weakly
held on a carburized surface as- compared to a clean metallic one. These

results égreg with King {63) who observed d_weakly bonded adsorbed co

Al .

Epecias on a supportéd Ru-caztalyst in a CO/H, environment, At_rodm'

observed; however, upon cooling from 140°C to 25°C in €O and H,, the

M . - - - - R,

arbide surface revealed the presence of oxy-carbon species. Energy

0ss spectra yielded the most probabie forms to be

H\ // ’ O\T / ’
([: | C

M - M

?heating_the carbide surface to 200°C yields energy loss peaks

orresponding to those of a methylene species {-CHy-).

;4 Hydrogenation/Isomerization Reactien Mechanisms

lways contain a substantial amount of saturated straight chained
araffins in addition to a- and B-o]éfins. Fridel and Anderson (47)

oncluded that the a-olefins were the primary synthesis products since

*. LEELD pattern of the CO exposed surface at 25°C was determined to be that

20)

_}emperature on the metaliic surface'on1y coadsorbed CO and_H_Species were

Fischer Tropsch product distributions. obtained at high £0 conversions
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. relative amount of pfimary olefins comparad to secondary olefins
'eédEd that correspohding to thermddynamic equi?ibrium: Pichler.et al,
94-_cchf1rmed this conciusion by showing that the a-olefin product
éction increases with decreasing CO conversien (increasing space.

J city). At higher CO conversions the a-olefins were transformed via
ndary reactions into g-olefins, linear paraffins and branched

ucts (93,94). |

1t would seem that the hydrogenation activity of the catalyst can
fect_the olefin product distribution. Metal catalyzed hydrogenatioen
ypically zero or negative order in the partial pressure of the

fin and first order fn hydrogen partial pressure (48). Turkevich et

116) studied the hydrogenation of ‘ethylene (Eg. 2.4.1%.

cth +. HZ - Csz : 2.4.1

proposed the foliowing mechanism shown below

H, &= 2 T - 2.4.27
| |
H H H
Y | ﬂ
C,H, === ﬁ | 2.4.28
MM
H H H H H H CH
\é | / NLR
1-lt + 1_CI s ’C11 2.4,2C
™ M M M

|
i'II' + ('l: T CZ‘HG | ' - 2.4.2D
Y



The authors (116} found a considerable amount of H-D exchange during the
eaction, indicating the adsorption occurs on both carbon atoms. Infared
pectfa showed evidence of a "half hydrogenated” adsorbed species shown
:;steps 7c and 7d {41). _

Ragaini ({98) observed an extensive amount of double bond
somerization in conjunction with the hydrogenation of 1-butene. Gates
8) has generalized the 1-butene isomerization mechanism of Raigaini

98 as follows

H H

| H
RCHzCH: CHE=RCHE C-CH= RCHC —CHy
| | M M M
' 2.4.3A

H g
_ ] i
:RCH;C——CHF“:—“_RC—-CI‘, CH=——RCH = CH— CH
M

2.4,38

as been documented in the literature that olefins added to a CO/H,
diwi11 hydrogenate, and 1soméfize. ;Pichlar and gghulz;(QZ) found
over 90% of the radicactive propylene added toa Ifz CO/H; mixture
ogenatad. They emp1oyed a prec1p1tated iron catalyst at a total

gure of twenty atmosphere., Nijs and Jacobs {87) added T-butene to a
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-CO/H2 feed and passed it over supported Co catalyst at 10 atmospheres,

ey observed that almost 10 times more 1-butene isomerized as compared

the amount that hydrogenated. The presence of secondary olefins and

rrated hydrocarbons due to secondary reactions raises some interesting

tions concerning the nature of the catalytic sftes in the overall

©515 process. Are the same sites responsible for hydrocarbon chain

n-as'well as isomerization and hydrogenation? This question will be



Chapter 3

Experimental Methods and Catalyst Characterization
The three principal catalysts employed in this work consist of iren
nd/or cobalt supported on si]icé. They were originally prepared by
nputh et al. (117, 119) and a brief discussion of the preparation
nique is given in section 3,71. Extensive physical and chemical
acterization studies have been performed an these catalysts by Unmuth
1. (117-119) and Amelse et al. {71,3,5) and in section 3.2 a review of
r resuits is presented. Mosshauer Effect spectroscopy (MES) has been
16yed'as é principal technique in the characterization studies and
: jt is not a well known tool of catalytic chgmistry, a brief review
he.theory and applicability of this technique is ﬁresented in section
J JMES studies conducted in the present 1nvestigation are presented
onjuﬁction with the pravious results (1,3,5,11?-1195. In section;§;3

iled description of the experimental apparatus and'procedures

Table 3.1.1 Catalysts Lcadings

Catalyst K Loading (wt % meta])(T)
Fe 4.94
Co 4,61
FeCa 3.85 (Fe)
1.02 {Co)

m reference 116-

24



After impregnation the catalysts were dried for 8 hours at 125°C in
air and calcined (in air) for 2 hours at 250°C and 4 hours at 450°C
(119). In each case the catalysts were converted completely to oxide
phases and were stored in this state for later use (3,5,119) Pridr to

use in the FT synthesis reaction, each catalyst was reduced in flowing

hydrogen at 425°C for 24 hours. Physical and chemical characterization
studies were conducted on each cataIyst in both the gxide and reduced

‘tate, as weill as catalyst after exposure to synthesis conditions.

- Characterization Methods and Results

~In this section a brief review is presented on the experimental-

[chn1ques and resu1ts encountered in the character1zat1on studies for

:e cata1yst

oh nomenon and its 11m1ted applicability it was throught better to r1sk

ng overthorough" 1n the presentation of the techn1que

2.1 Mosshauer Spectroscopy - Theory and Experimentatl

Cow

1.1 Theory

~A principal and rather unique method used in the characterization of
Drted iron and iron alloy catalysts is the Mossbauer effect. This
mencn involves the recoilless emission and abserption of v-rays
ated with nuclear transitions. The Mossbauer effect has been

ved - for. 71 1sotopes belonging to forty elements {49). Fortunately

“the past and present research deals with the 57Fe isotope due to

25

The author apo]pgizes for any 1nc0nveniences derived by the
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;the inherent properties of this element, The Tollowing discussion is
rovided in order to give a brief overview of the important theoretical
spects of Mossbauer Effect Spectroscopy (MES) and how they fe]ate to the

haracterization of SUPPOFted'iron catalyst. More comprehensive

-t

reatments can be found.in the references (12,32,38,49,126) which are
e basis of the present text. -

MES invelves the recoil free emission and resonant aﬁsorption of
;énergy y-rays. 1In order for rescnance to occur there musﬁ be a
{fe over1ap of the emitter and absorber energy levels.

ESéJenergy levels are defined by the uncertainty principle in
”é.of the energy distribution linewidth (T) and half 1ife (t) of the

'ed state,

' Iy ? h/zn | 3.2.1

H is Planck's constant,

he intensity distribution of the emitted y-rays has been found to be

ian and can be described by the relationship

E). = .« (T/2x) ! ) 322

e 2
s the energy value corresponding to the maximum intensity and
ﬁs;ant.

Jnucleus at rest at the instant of the transition the recoil



{Ep)
= W”" 3-213
ss1ca1 momentum balance written in the d1rect1on of the y-ray
hows that the energy avaitable to the emitied y-ray is
i o
= Eg- EER 3.2.4

5energy for a typical free nucleus is approximately six orders

Targer. Consequently there is ne p0551b111ty of resonant

«the phaton em1tted by the free nucleus, since there is no

uclej (both absorbing and emitting) are bound in a solid,

Tecoll energy is distributed throughout the solid lattice,
aljab]e for the emitting the Y-ray is given by

; 5 B 3.2.5

représents the energy of phonons that are created in the

it g

the creatfon'of additional vibrationai'modes. If no energy is

.creat10n all of the nuclear transition energy is available

thay. The zero-phonon process 1s aptly called reccili-free

5 the centra] theme of the Mossbauer effact.
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of y-radiation by the vibrational motion of the nucleus around

bf{um position. It is commenly referred to as the recoil-free

d is designated by the symbol f.

'1éssica1 electromagnetic wave theory and a Debye madel for the

'(32), the recoil free fraction can be given by

I
i

LR z 12 '
PRceg 3 E—OZT— 3.2.6

n these environments manifest themselves into three

measurable parameters. They are as follows

e .
gnetic Hyperfine Splitting (H).
atomic nucleus occupies & finite v01umé, s—electrons can

uclear volume developing an electrostatic interaction.

.



idn creates a slight shift in the nuclear energy Tevels as
gure 3.2.1. The nuciear energy shift, termed isomer or

t (8) can be used to characterized the chemical state of
j}eus. Quantum mechanics (49} can derive the origin of this
5 of eIectrgn wave functions and nuclear properties:

his work it will suffice ot make use of this shift .only as

enfify the valence state of the element. For example for

~ However, in many nuclei this nuclear distribution

 resultant interaction becomes more complex in

acterization. The isomer shift of a Mossbauer nucleus can

Y. states tﬁat lack spherical or cubic symmetry losec

29




jclear Tr:ansi_tions in S?Fe resulting in the observable
Mogshauer Parameters
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esultant energy levels for the 57Fe nuclear states are shown in Figure

‘3.2.1 combined with the isomer shift. When the Mossbauer Nucleide is in
an axially symmetric electric field (i.e., cubic) the value of aEq.vanishes

a zero. For paramagnetic 57re in a noncubic Tocal environment the single

bsorption peak will split into two lines due to the nuclear energy Tevel

egeneracy as shown in Figure 3.2.1.

Magnetic Hyperfine Splitting:

The local chemical environment about the Mossbauer nucleus will
oduce an effactive magnetic field th#f will interact with the nuclear
Qnetic‘dipole moment Eesulting in a further splitting of the nuciear
rgy levels. This interaction is termed magnetic hyperfine 5p11tt1ng

4" 55 shown along with the isomer shift and quadrupole splitting for 57Fe

F1gure 3.2.1.

‘For 57Fa, the six resonance peaks result from the affect of internal
agnetwc field on the nuclear Tevel, (Figure 3.2.1). For a
?trysta]line absorber of 37Fe at random ‘orientations the 1ntens1ty

i For the six lines is 3:2:1:1:2:3 going from Tow velocity to high

Magnetic hyperfine interaction may sometimes not be observed for a
bauer nucleus possessing an internal magnetic field. Two cohditions
B fulfilled 1n order to observe this interation (38). Tne first
an requires that the energy difference between the degenerate
_energy:1evels must be greater than the linewidth of the emitted
¥. The second condition requires that the rate of fluctuations

d with the direction of the internal magnetic field be'1ong
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3.2.7

;¢ the characteristic time associated with the magnetic

Taxation (fluctuation) of the internal field. This condition and its

bsequent consequences on the Mossbauer spectrum have been developed

oFetically by Wickman et al. (127). The observation time (TL) can be

arded as the Larmor precision time, being on the order of 10-8 sec for
(124) .~

In general, the direction of the internal magnetic field (M) depends

he energy assaciated with that direction, There are low energy

'éns in which M will preferentially lie, and flipping'bétween these

tons 1s accomplished by crossing the magnetic anisotropy energy

In the absence of an externally applied magnetic field, only

enérgy can cause the directions to flip. In ferromagnetic and

bﬁhgnetic materials the magnetic moments of all nuclei are coupled,

ey must collectively flip. When the magnetic domain size for

T o '
mgter1a1s decreases the energy involved in flipping the coupled

Géreases and the flipping rate increases; hence small particles

hibit a magnetic hyperfine fleld in the Mossbauer spectrum.

aramaanetic behavior is termed superparamagnetism. The magnetic

time becomes dependent upon domain size as the latter

can
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nature of non-Mossbauer nuciei by changes in the 7Fe parameters.

If one knows the values of the recoil free fraction (f) for a
'particular Mossbauer nucleus in each chemical state cbserved in the
specﬁrum, one can calculate the distribution of environments associated
with this nucleus (12). For two different chemical environments 1 & 2,

the relative ratios for a thin absorber can be expressed as a function of

the spectral area associated with each environment via the relation

Nio o TaAy -
“N'E = ?’I’P&_‘?‘ 3.208

where Ni,N, s the number of Mossbauer atoms in environments 1 and 2.
fi,f, 1is the recoil-free fraction for environments 1 and 2.
Ay A, s the measured spectral area associated with chemical

environments 1 and 2.

3.2.1.2 Mossbauer experimental

The Mossbauer data were obtained with an Austin Science Associates
5-600 spectrometer. The radiocactive source consisted of 57Co {Amershay
 Co.} diffused into a rhodium metrix. Futher details on the system
electronics may be found elsewhers (4,5,117,118)., All spectra presented
in this study were obtained in transmission geometry with the
spectrometer operating in the f]yback mode. Since the source was moved
elative to the absorber (sample), a parabolic béckground appeared as the
Source to detector distance would change.. This parabolic background was
ally subtracted out during the computer analysis of the MES spectra.
ils on the computational method invelved in the computer analysis are

n elsewhere (1,119).

i
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