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ABSTRACT

-

A high pressure vessel has been tested and shown to be

effedtive for the simultaneous collection of methanation
kinet;cg.anjfig situ Méssbauer spectra. Using this cell,

the deactivaéion sf an alumina-supported nickel catalyst
(Ni/31203} was studied before, during and after the dosing

of Fe(co)s onto the sample under methanation reaction conditions.
This jiron-induced deactivation was initiated by passing CO at
high pressure (4 MPa) over an iron catalyst (at 473 X) for the

in situ production of Fe (C0) followed by mixing the €O with H

5° 2

and passing this synthesis gas mixture over the Ni/A120 catalyst

3
at temperatures and pressnres near 620 K and 0.2 MPa. The
Mossbauer spectra collected under these methanation reaction
conditions (with H2/CG partia: pressure ratios near 10) shawed
the iron on Ni/hlzo3 to be presant as an iren carbide. Treatment
in hydrogen of the iron-deactivated catalyst at 620 X gave rise
to a Mdssbauer spectrum characteristic of metallic iron,
indicating that the iron on Hi/n1203 is not in direct contact
with nickel {i.e. an PeNi alley is not formed nor does iron form
a monolayer coating over nickel crystallites). Furthermore, for
Fe/Ni atomic ratios of approximately 0.03, the methanation
kinetics over an iron-deactivated Ni/hlzoa catalyst approached
those characteristic of iron alone. This sensitivity of the
methanation kinetics to small amounts of iron, combined with

the obsexvation that iron and nickel are not in &irect contact,
indicates that iron deactivates supported nickel catalysts by
depositing in and blocking the pore mouths of the support.

Magnetic relaxation phenomena in the Mossbauer spectra of

iron~deactivated Ni/A1203 were used to estimate the average



size of the iron particles as 7 nm. This size is comparable

to the 15 nm average pore diameter of the alumina support.

This pore mouth blocking may be made more severe by the
propensity for irom to produce carbon deposits. In addition,

it is found that these iron particles and defect sites on

carbon may serve as nucleation centers for further decomposition
of Fetco)s. This leads to continued deposition of iron in the
pore wmouths of the support; exacerbating the problem of iron-

induced deactivation of nickel methanation catalysts.



TABLE OF CONTENTS

I. Mdssbaner Spectroscopy Cell for in situ Catalyst

Characterization and Reaction Kinetics studies at

Bigh Pressures )

I.A. Introduction

I.B. Apraratus
I.3.1. The High-Pressure Cell
I1.B.2. The Prereactor and Postreactor

I.C. Performance

I.D. Refexences

II. Deactivation Studies of Ni/A1203 Methanation Catalysts

II.A. Experimental

IX.B. Results

IX.C. Discussion

II.D. Conclusions

IT.E. References

IIT. Appendix A. Criteria faor Stable Ni Particle Size under
Methanation Reaction Conditions: Nickel Transport and
Particle Size Growth wia Nickel Carbonyl
III.A. Experimental

IIXI.A.1l. High Pressure Reaction System
ITII.A.2. Particle Size Determinations
ITI.A.3. Catalyst Preparation and Treatment

III.B, Results
I¥f.C. Discussion
II¥}.C.1. Nickel Transportation and Particle Size Growth
I¥1.C.2. Kinetic and Thermodynamic Aspects of Ni(CO)4
Formation
ITI.C.3. Blockage of Surface Sites

"ifT.Cc-4. “Méethanation Rineties



IIr.p. Conclusions
IXI.E. References
IV. Appendix B. Iron Pentacarbonyl Decomposition aver Grafoil:
I. Productlon of Small Metallie Iren Particles
IV.A. Experimental
IV.A.l. 1Ixon Pentacarbonyl Handling
IV.A.2. Mossbauer Spectroscopy
IV.A.3. Graphite Sample
IV.B. Results

IV.C. Discussion

iv.c.l. Fe(co)5 Adsorhed on Graphite - Spectrunm 1
I¥.C.2. 1Interaction of Metallic Iron with Graphite -
Spectra 2; 3, and 4
IV.C.2.a. Active Sites on Graphite
Iv.C.2.b. Orientation of Iron Particles on
Graphite
Iv.C.2.¢c. Particle Sintering and Possible
Carbide Formation
IV.C.3. Quantitative Spectral Analysis - Spectra 2 and 3
IV.C.3.a. Relaxation Effects

IV.C.3.b. Hyperfine Field Distribution Effects
IV.C.4. Proposed Iron Morphology

XV.D. References
V. Appendix C. Iron Pentacarbonyl Decomposition over Grafoil:
II. Effect of Sample Outgassine on Decomposition Kinetics
V.A. Experimental
V.A.l. Graphite Sample
Y.A.2. Mdossbauver Spectroscopy

V.A.3. Volumetric Gas Phase Measurements



v.B. Results
v.B.1l. Méssbauer Spectroscopy
V.B.2., Volumetric Gas Phase Measurements
v.C. Discussion
¥.C.l. Mossbauer Spectroscopy
Vv.C.2. Volumetric Gas Phase Measurements
v.C.2.a. Metalliec Iron Morphology
Vv.C.2.b. Decomposition Kinetics
V.C.2,c. Effects of Grafoil Outgassing
v.D. Coneclusions .

V.E. References



I. Mossbauer Spectroscopy Cell for in situ
Catalyst Characterization and Reaction

*
Rinetiecs Studies at High Pressures

-
Revised from a paper accepted for publication

in Review of Scientific Instruments
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I.A. INTRODUCTION

Y

The key problem in studying ircon-induced deactivation of
nickel methanation catalysts is to construct a high pressure
vessel that allows methanation kinetics and in situ speciroscopic
studies to be conducted on the same rample. Our previous report
detailed preliminary data from such a high pressuxe Mossbauex
spectroscopy cell. It has been found more recently, however,

that temperature measurement: in such a cell is critical when

studying an exothermic reaction such as methanation. Yet, it
is essential to be able to collect accurate kinetic data in
this cell, since the objective of the present study is to relate

catalyst deactivation to the information contained in the
MOssbauer spectrum. For this reason, we have spent considerable
time modifying the design of the Mossbauer spectroscopy cell.

It should be noted that this is the first high pressure Mossbauez
spectroscopy cell ever constructed for reaction kinetics studies.
A detailed description of this cell is presented below.

Several designs of Mossbauer spectroscopy cells for in situ
catalyst characterization have been described elsewhere (1-6).
Howevex, these cells cannot be used at pressures significantly
higher than atmospheric pressure. Furthermore, the -geconatries
involved allow the reactant gas mixture to flow ovexr, but not
throu h, a thin layer of catalyst or a catalyst.wafer. The
existence of a bulk gas phase concentration gradient in the.
direction perpendicular to the catalyst‘layer oszafer_is vesy

probablz for these configurations. In this respect, the present

study involved the construction of a simple MSssbauner spectroscopy
cell that provides (i) the capability of operxating at pressures up

to 6.8 MPa and temperatures up to 773 K, and (ii) a flow arrangerent



which allows a yeactant gas‘mixture to flow downwards through
the catalyst bed at a rate which minimizes gas phase concentra-
tion gradients. In addition, this cell facilitates ;tudies of
different layers of catalyst in a packed bed reacitor. In this

application, the cell is used in tandem with a "prereactar®

and/or a "postreactor."

I.B. APPARATUS

I.B.1. tThe High-Pressure Cell

A schematic diagram of the yigh-pressure M&ssbauvaer spectros-—
copy cell is shown in Figure X. The ecell is desiéned tao qparaté
with a vertical y-ray beam. The cell body is cnnstruétea of
2.54 ¢m OD x 2.06 cm ID 316 stainless steel tubing. The ends of
this tubing were welded to ConFlat flanges (Varian $954-5067) .
The use of type 316 stainless steel eliminates the formation of
Fe(cojs and minimizes the formation of Ni(c0]4 at high carbon
monoxide partial pressures (7). The uprer portion of the celi
wvas bored to create a seat far a quartz basket in which the
catalyst was held. This basket was made of a 7.0 cm length of
gquartz tube with an outer diameter which was slightly spalle:s
than the inner diameter of the bored stainless steel tnhin§
but laxgzr than the inner diameter of the original stainlasé
steel tubing. PFigure 2 is a photograph of this quartz basket
(vith the thermocouple used to measure the temperature.of the-

catalyst bed, as discussed later). Tke upper 5.1 em of this
guartz tube had one quarter of its periphery cut ocut so that
it would not block the flow of gases into the cell. At the lover

end of the basket 2 coarse screen was fashioned from two mutually

perpendicularx sets of two parallel guartz rads, fastened to



one another and to ths guartz tube. The diameter of these rods
(1-2 mm) was kept small in order to maximize the open area

for Y-ray transmission through the guartz screen. A fhin'layer
of pressed guartz wool, upon which catalyst powder of 1nterast
can be evenly distributed, was then placed on the quartz screen.
Iwo small holes in the wall of the upper portion of the basket
facilitated its removal from the high pressure cell at the end
of each experiment. A'quartz haok was attached bereath each of
these halés to fix the position of the thermocouple used to
measuxre the temperature of the catalyst bed (see Figure 2). Tﬁo
Pieces of 0.64 cm OP 316 stainless steel tubing were weidea to
the cell body to provide for entrance ana-exit of'rgactant gasés.
The gas enters the cell through the upper tube, and the.reacéor'
operates with down-flow of gas throuch the'catalyst sample.
Heating ;f the cell is accomplished by passing electrical énrfent
through #25 Nichrome wire, with an overall resistance af 15.5 L ¥]
at room temperature, wound around the cell in' a manner such

that no magnetic field was created in the cell during passage

of current. 9This was done by folding the wire at its midpoint
and wrapping the twe halves around the cell in parallel witg one
anothex. An iron/constantan thermocouple was. welded to the '
outer cell wall for cell temperature n‘eqsufement and control.

In addition, a flexible chromel/constantan thermocouple wvas' .
introduced into the cell through a tee (Swagelak) in the gas .
entrance tube, wound around the hooks op the quart;.tuﬁe, and
then placed in direct contact with the catalyst powdef- The

pressure seal fox intraduction of this thermocouple through a



piece of 0.32 cm OD tubing into the tee in the gas entrance

tube was made using a high strength epoxy lbevean F}. rhis
thermocouple measures the temperature of the batalfst bed undex
reaction conditions.

- Eeryllium discs, mounted on' ConFlat flanges, serve as
¥-ray transparent windows when bolted onto the t3p and hottom
of the NOssbauer spechiroscopy cell. These Be discs {HIP-50)
were supplied by Kawecki Berylco XIndustxies, Inc. They were
3.48 cm in diametex and 0.23 ¢n thick. This thickness was
chosen to provide high y-ray transmission, yet allaw high
pressure operation. (The thickness ﬁas caleunlated using
tabulated equations (8) , mechanical properties of HIP~-5Q0 (9)
and a safety factor of 2.) Indeed, the upper limit on the
pressure at which the eell can be operated is set by the
strength of the beryllium windows. The strength of the
windows depends not only on the type and thickness of the

material used, but also on the method used for mountiang the

beryllium windows. Good mechanical strength was achieved using
HIP-50 bexryllium, electron beam welded by Elegtrofusion Co. to
ConFlat flanges. An aluminum/stainless steel txansitlion ring =

between the beryllium disc and the ConFlat flange is reguized by

- .

the welding process, and standard copper gaskets are used for

sealing the ConFlat flanges to the bhody of the cell. Xt shuqldh

be roted that HIP-50 beryllium contains 600 ppm of iron impurity.

The contribution of this iron to the MBssbauer spectrum will be °

=

discursed later.

Before sealing the Be window {(with its assaciated ConFlat

flange) to the Missbauer spectroscopy cell, = thin {ca. 0.1 nx

-rn o



thick) Xapton film (DuPont 500 F131) was placeﬂ between the
coppex gasket and the ConFlat flange walded to the cell hoay.
The two flanges wsre then bolted together. Once the cell is

prassurized, the Xapton film i:s sealed against the copper
gasket thereby preventing any condensable component from '
reaching the beryllium window. This avoids the pxoblems
associated with cleaning the Be windows followiné studies of
catalytic reactions invelving species that may coendense ox
deposit on the windows, ' Finally, the tenperature of the

Be windows can be regulated using two turns of water-cooled
copper tubing at each end af the cell. Sguaxe Lapper tuhing
{0.€4 em each side, 06.22 em ID)," rather than round copper
tubing, was used to provide larger cantacting ;réa betmeen
the copper cooling coil and the cell body. The.tubings vere

mechanically wound around the ends of the cell.

I.R.2. The Prereactor and Postreactor

A prereactor and a postreactor were mounted on the MGssbauer

spectroscopy cell inlet and outlet, respectively. These two
reactors aréuidentical and are made of 316 stainless steel tubing,
1.27 em 0D and 7.62 cm in length. They were ?onnected to the
Missbauver spectroscopy cell using séagelok fitéings. 7o keep the
catalyst powdexr in place within cach reactox, pieces af 300 neéh'

screen were placed between th: ends of the tubing and the Swaguldh
fittings. BAn Jrcr!coastantan thezmocouple, solﬁerad to the t;p of
a 0,32 em 90 thermacouple well, was placed at the center of the
reacltor through the reactor wall. The arereactur is Iocatea

about 10 cm upstream of the Misabaunar spectraseopr cell. whzle the



Postreactor is located about 10 cm aovn$trean. This arrangensnt:
allows the relative amounts of catalyst in the prereactor and .
postreactor to be varxied, while keeping constant thg Fotal amount
of catalyst in both reactors Plus the M3¥ssbauexr spectQQscopy-ceil-
Iﬂ this way, MSssbauer spéctr05copy stuéies of the longitudinal
variation of catalyst states in a packed catalyst bed are made
paossible.

The addition of these two reactors to the Mdssbhauver spectros-—
copy cell allows one to vary over a wide range the reactant space
velocity (i.e. reactant volumetric flow rate divided hy_veight bg

catalyst bed) and the extent of reactant conversion (tn pxoan=ts)

through the entire reactor network. For example, the reactor
network éan be operated at the.low conversimu!tybical ;E lahor~
atory studies or at the high conversions ofhintérest to inayst£§;
In fact, this is done keeping an “optimal™ amount of ﬁagsbaue:- :
isotope (e.g. 57?9) in the Massbauer spectroscapy cell.i_Specifi;
cally, too much MGssbauer isotope in the cell resnlts in broad i.
spectral features that complicate data analysis (2).
I.C. PERFORMANCE

The vltimate pressure limit of the'béryllium windéws-has
not been studied, but the windows have pasged statie pressure
tests at 6.8 MPa and 7732 K carried out at Eleé%rofusiun Co.
Cooling water flowing through the cocling coils at tﬁ?jenﬂs cf
the Mossbauner spectroscopy cell was effective in keeping the _
beryllium windows at temperatures belcow 353 K even wheq tﬁe cell

body was maintained at a temperature as high as &56 K.' The thin °

L - .



layer of pressed quartz wasol in the guariz cafalyst basket is
capable of holding catalyst powder in this down-Flow design. No
powder was observed on the lower beryllium wirdow after the -
experiments. The maximum temperature at which the cell can he
operated is determined by the maximum elertric current that the
Nichrome wire winding can carry.tca. 4.5 A). The cell has never
been operated at its limit. However, it is known that the cell
can be heated to 1038 K with a power input of 200 w.

The high content of iron impurities in the beryllium windows
{600 ppm) gives rise to a doublet in the Massbaner spectrum. The
computer-fitted gquadrupole splitting was 0.576 mm/sec. It agrees
with the published value of 0.58 mm/sec for an iron in beryllium
solution (10). The peak positions, widths and dips were
essentially constant in zuns for which the temperature of the
empty cell was varied from room temperature to 523 K. Theoreti-
cally, such a background corxrection should requi:é. for example,
& second-order Doppler shift adjustment. However, as:mentione&
earliex, water—cooliﬁg was used to keep the temperature of the

berylliuvm windows lowexr than the cell temperature. The
calculated.change in isomer shift from room temperaturxe (using
the high temperature approximation (10)) is only ¢ca. =0.020 mm/fsac

when the windows are at 353 K, the maximum temperaturé observed.

The largest measured difference in isomer shifts amoné blank -
¥uns was ca. 0.010 mm/see. In shoxt, in eamputer-fitting-ig.géﬁgg .
spectra of iron-containing catalysts at tempe;atures up to at
least 523 X, the contribution from iyon impuzitieé in the
beryllium windows can be constrained in ﬁe zhe same ag that_

observed during room temparature blank.runs of the cell itselfJ'



‘M3ssbhauex spectroscopy relies on the weli-defined Dopplex

velocity of the radicactive source with respaect to thabstatiena:y o

ahsorber {i.e. the catalyst in the c.il). This makes tha uussﬂauér

q-

spectrum semsitive to any vibrations of the catalyst powler in =~ - .~

-
R

the Mi¥ssbauer spectroscopy cell. Ta test far such effects, spoiga

&
.

iron powder was studied as a model catalyst in the rea-utcr. In

particular, 110 mg of sponga iron powder twitp graﬁhle sizas

5-32y) was evenly distributed on the layer of quartz wool in the.

-

quartz catalyst basket. Four MSasbauer spectra were then collected

in hydrogen under vaxious £low tonditions. Zhe spectra are shoun
in Figure 3. The solid lines indicate compnter-fitted absoxption
peaks. The experimental.conditions and results are summarized in
Table I. The superficial linear velocities were calculated en

the basis of the cross-—sectional area of the high pressure cell.
Spectrunm a was collected under static hydrogen pressure at roams
temperature. The line widths of this speatzun.are used as -
standardsgs for assessing the externz of eataiyst vihgation.under
varicus flow conditions., This is justified by the zbaence of
bath gas flow through the thin catalyst layer and cooling water
running through the cooling coils. The line widths of spectra b
tihrougch d are comparable with (but a little brxoadexr than) t#ose
of spectrum a. Thus, one may concluide that vibrazion ?f catalyst

powder in this down-flow arrangement is minimasl foxr the range oé

flow rates econsidered.

For catalyst temperature measurement in this cell, it is

essential to have a thermocouple in c¢ontact with the catalyst

hed, as shown for example im Figure 2. In particulax, it has -



been observed in this cell that the celi-wall temperature
(measured by the thermocouple weldead i':o the outer cell wall] can
be 40 to 50 R higher than the catalyst temperature (neasuvreda

by the thermaocouple in coﬁtact with the catalyst bed) ﬁheq the

catalyst is undexr high pressure {(ea. 1000 kPa) Fischer-Tropseh -,

synthesis conditions {ca. 520 ¥}. It has also been chserved

that the cell-wall temperature can he 50 E lower than the

catalyst temperature when an exothermic reaction, e.¢g. methanation
over a Ni catalyst, is carrizd oukt at high conversions. It should

be noted that in addition te¢ using a thermocouple in the catalyst
bed, one can use the known tenperature dependencz of the isdmer
shift and/or the magnetic hyperfine field for well-defined

materials (e.g. iron (11), magnetite (12) amna copper ferrite (13))
€0 directly determine the temperature of the catalyst particles
themself. This method is potentially of value in studies of

exothermic reactlons where small particles af catalytic
material may be at temperatures higher zhan the powdered sqppart.

vhose temperature is measured by the thermaconple immersed in the
catalyst bed. The disadvantage of ¢his method, however, is that

the chemical state of the Mossbauar isctope in the catalyst

under reaction conditions is no. known a pxiori. In genexal,
a temperature reading from a thermocovple in contact with the
catalyst bed, in combination with the known tempexrature

dependence of Mossbauer varameters, Probably gives the most

reliable means of temperature measurement. To conclude this

discussion of temperature measurement, it fs noted that the



_ I0
Mossbaver spectra of Figure 3 indicate that siganificant radial
temperature gradients were not present in the;layer of catalyst -

in the guartz basket. A digtribution of magnatic hyperfine
fields resulting froem a nonuniform temperature of tha catalyst
bed would give rise to a broadening of the MSssbaner spectrum, .

and this was not cbsexrved experimantally (see Figuze 3 and
Table I). Specificaliy, it can be calculated that the slightly

broader lines of spactrum ¢, compared to spectzrum a.'_iiﬂi—

cate a radial temperature gradient of at mest 10 K for the

conditions report=d in Table IX.

Figure 4 shows 1in situ M&ssbauner spectra of a promoted iron
catalyst {Harshaw 6892~2-2-§G éowﬂér} under high pressure fisgher-,
Tropsch synthesis conditions. Spectrum a was collected from O.i -
of catalyst in the M&ssbauer spectroscopy cell, -hile spectrum b
was obtained from 0.) g of catalyst in the cell with 6.8 g of
catalyst in the prereactor. For thess two spectra, the samples

in the Missbauer spectroscopy cell thus correspond to the top and

the bettom portion of a 6.9 g catalyst bed, respectively. The
difference in the catalyst states hetwe#Q thé-top layezx and the
bottom layer of this iron catalyst bed ls easily seen. %he -
catalyst state of the top layer of this promoted inog catalyst

bed can be identified as a x-carbide phase {1l4). The buttom layer-
of this pro—oted iron catalyst bed consists of a.mizture of
magnetite and y-carbide. In othexr exporiments the composition

of the bottom layex of the iron catalyst ked was found to depené

on the extent of CO conversion.



The capability of this high pressure Moashauer spectroscopy
cell, with pre~ and post-~reactoxs, for kinetiés stéaies has been
established at beth industrially important high conversion

levels and research-oriented iow eonversion levels. As an

example of the former application, the data listed in the .: -

-

caption of Figure 4 agree very well with published resglts

from £low-reactors undexr similar reactiqn canditions flé)."gs
an example of low-conversion (ca. 5%) éat;. the nethanation
kinetics observed over a Ni catalyst_in 5 tubulaxr. high
pressure reactor (see Appendix A) have also been reproduced in.

the high pressure Mossbauer cell (with the pre- and post-reactors

empty).

11
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Fig.

Fig.

Fig.

1.

2-

3.

Fignre Captions

The high pressure Mossbauer cell with copper gaskets

and Kapto£ protection films omitted.
a. Beryllium window

b. ConFlat flange

c. Stainless steel to aluminum traﬁsition iiné
d. Copper tubing for cooling watex .

e. HNichrome heating element
£f.. Thermocouple

g. Quartz catalyst basket

h. Stainless steel cell body (2.54 em OD)
i. Stainless steel tubing (0.64 cm OD)

j. Holes to facilitate basket removal at the end .
of each expariment.

k. Quartz hooks for fixing the position of éhermo-
couple.

Photograph of quartz catalyst-basket.

Mossbauer spactra of iron powdexr under various

hydrogen flow conditions. The experimental

conditions are'summarized in Table I. The central

doublet due to the iron impurities in the hérylligm

windows can be seen in spectrum a-’ In .other spectra,

the peak with positive Doppler velocity superimposes

on line 4 {counting from left to right) of the iron

sextuplet. The solid lines are computex-fitted
resonant absoxption peaks.
In situ M8ssbauer spectra of an iron-containing Fischer-

Tropsch catalyst.

15



(a) The top layer of the iron catalyst hed.
&

{b) The bottam layer of the iron catalyst bed.

The spectra wexe collected under the follawing

operating conditions: T = 570 K, P = 594 kPa,

H, flow rate = 20 cmalmin, and H,/CO ratio = 1.54,',

These operating conditions resulted in 86.5% CO
conversion, and 5.7% and 36.83 selecti?ities toward

C!B4 and coz, respectively. The solid lines are

computer-fitted absoxrption peaks. The. computer-
fitted peak positions are shown by means of stick

diagrams ¢ and D, cerresponding to absorption peaks

from iron carbide and iror impurities in the
beryllium windows, respectively. In spectrum b,
A and B designate the tetrahedral and the

octahedral sites in a close-packed oxide lattice.,

respectively.
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II. Deactivation Studies of Ni/Alzo Methanation Catalysts

3



21

II.A. EXPERIMENTAL

The methanation reaction was carried out in the high

pressure Mossbauer spectroscopy cell. The design and operation

of this eell were described above. After the standard reduction
(see Appendix A), the 5.74 wt. % Ni/y-nlzoa catalyst was loaded
inte a guartz cell and sintered by heating it in flowing hydrogen
at 1073 R for i4 h. This pretreatment prevented the reaction from
igniting while studying kineties at high temperatures {ca. $23 X).
The range of carbon monoxide partial pressure studied requires

the use of high reaction temperatures to avoid rapid deactivation
of the Ni catalyst (see Appendix A). The sintered catalyst

(ca. 0.25 g) was then loaded into the Mdssbauer spectroscopy

cell, followed by 2.5 h reduction at 723 K in flowing hydrogen
{p = 308 kPa).
Hy

The Fe{CO).; used in deactivation studies was produced in situ
by reacting high pressure €O with iron supported on alumina in a
"carbony! reactor." This approach avoided the hazards asscciated
with handling the highly toxic Fe(cols liquid. The carbonyl
reactor was made of a piece of 316 stainless steel tubing,

1.27 cm OD x 1.02 om ID and 7.62 ¢m in length, and located

between the precision needle valve and back pressure regulator
(see appendix A). The reactor was operated at PCO = 4.0 MPa and
T = 473 KR for in situ production of Fe{ce).. After passing
through this reactox, the Fe(cojs entrained CO was then mixed
with H2 to produce synthesis gas of the desired composition.

The Fe(CO}; was then carried into the Mbssbauer cell by the

reactant mixture, and decomposed on the catalyst at 623-633 K.

The high pressure thermal conductivity cell for monitoring gas



phase composition changes (see Appendix A) was not used during

this application to prevent Fe(CO)s from decomposing prematurely

on the heated filaments.
The supported iron catalysts used in the "carbonyl reactor"
(9.8 wt. % Fe on a—A1203) were prepared by multiple incipient wet-

ness impregnation using B0/200 mesh low surface area G—A1203 and

agqueous Fe(NO3)3 solution. To synthesize a catalyst containing

57

Fe with its ratural abundance of Fe, Fe(N03)3-9H20 {Baker

analyzed reagent) was used for preparaticon of the impregnation

solution. The impregnation solution for synthesizing an 57Fe-

-
enriched catalyst was prepared by first reducing 5'Fezo3

at 723 K for 24 h, then

powder
(0ak Ridge Natiomnal Lab.) in flowing H2

dissolving the reduced mass in 30 wt. % HNO, (at room temperature)

3
without exposure to air. (The use of iron enriched in 57Fe is

essential for collecting in situ MGssbauer spectra at minimal
concentrations of Fe.) The iron catalysts were dried at 388 X
for, at least, 2 h after each impregnation. Once the desired
metal loading was reached, the sample was then {i) dried overnight
at 388 X, (ii) reduced in fl&wing H,
in flowing H,» and (iv) flushed with He at room temperatnure.
Passivation of the reduced samples was done by letting air diffuse
into the He-filled reduction cell through a valve opened to the
air. Approximately 0.5 g of this passivated catalyst was loaded
into the "carbonyl reactor" for in gigg_éroauction of Fe{CO)..

The decreasing methanation activity of a Ni catalyst was
monitored during exposure of the catalyst to a given CO/B2 gas

mixture containing Fe(CO}E- The “"carbonyl reactor® was then

bypassed, and the deactivated catalyst was treated in flowing Hz

22

at 723 K for 24 h, (iii) cooled
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until no CH4 could be ohserved in the effluent gas from the

MOssbauer cell (ca. 2.5 h). The methanation kinetics of this

bpartially deactivated catalyst were then studied using the
procedures described earlier {see Appendix a). In situ Mossbauer
spectra were collected either under methanation reaction
conditions or at room temperature after gquenching the catalyst
in flowing hydrogen. The rationale for chputer~fitting these
Méssbauer spectra, in the presence of a spectral component from
the iron impurities in the beryllium windows of the cell, vas
deseribed earlier in this report.
II.R. RESULTS

The methanaticn activity of a supported Ni catalyst before,
during and after the introduction of 57?&[00)5 are shown in
Figure 1 as a function of time on-stream for Run 2. Similar
results wvere observed for Run 1, where Fe(CD)S with the
natural abundance of 57Fe was used. Before the introduction
of Fe(CO)S. the fresh catalyst ahowed a 15% decrease in activity
during the initial 3 h. Thereaftes, the catalytic activity
remained relatively constant, showing only a 15% decrease in
activity over a period af 24 h. (all percentages will ke
normalized against the initial catalytic activity measured upon
commencement of reaction conditions.) During the first Fe(CO)5
treatment, there was an induction period of ca. 2.5 h, during
which the activity of the catalyst decreased only slightly. The
catalytic activity then drepped shaxrply by 50% within 8 h. No
induction period was observed duxing the second exposure of the
catalyst to ra(co)s. In particular, the catalyst showed an

initial sharp decrease in activity by 50% within 8 h, follogwed

by constant activity thereafter. The deactivation studies carried
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out after completion of each Pe(co)s dosing followed the same
trend as that observed during the second Pe(CO]; treatment, no
induction period was present. It should also he noted that eca.
30-50% of the lost catalytic activity for the iron-containing

catalyst could be recovered by H. treatment at reaction

2
temperatures (623-633 K). No such activity regeneration was
observed for the Fe-free catalyst.

Kinetic studies for the Fe-free catalyst and the catalyst
after the first and second Fe(CO]5 doses showed systematic
changes in kinetic parameters, as shown in Figures 2-5. The
kinetic parameters are summarized in Table 1. The published
results (1) of methanation over Fe/alzo

and Ni/A120 catalysats

3 3

are also included in Table 1 for comparisen. As easily seen
therein, increasing the amount of Fe deposited on the Ni-catalyst
(i) decresses the activation energy, (ii) increases the hydrogen
partial pressure dependence of the rate, and (iii) does not affect
the CO partial pressure dependence. It is also noted that the
activity begins to approach a constant value at high hydrogen
partial pressures (ca. 413 kPa) {sge Figures 4 and 5).

MSssbauer spectra of the iron-containing catalysts after
various treatments are shoWwn in Figures 6-14. Stick diagrams
are used to indicate the known positions of absorption peaks
of specific iron-containing species. During hydrogen treatment,
the in situ Mossbauer spectrum indicates the presence of metallic
iron in both ferromagnetic and superparamagnetic states (Fiqure 6).
The existence of ferromagnetic irom (6—peak pattern) is eyidenced
by the two small, outer-moest absorption peaks at ca. ¥ 5.0 mm/s.
The singlet with slightly negative igomer shift is attributed

to superparamagnetic metallic iron. Additional information can



be seen in the xoom temperature spectra following hydrogen

trecatment (see Figures 7, 10, 13). 1In addition to ferrxomagnetic
and superparamagnetic metallic iren, as observed in thse iﬂ situ
spectrum, the presence of a small amount of Fe2+ is manifested
by the broad shoulder at +2.0 mm/s. The cther absorption peak
of the Fe2+ doublet is masked by the inner two absorption peaks
of ferromagnetic metallic iron and the singlet of superpara-
nagnetic metallic iron.

No ferromagnetic metallic iron can be seen in the in situ
spectra of the catalyst under methanation reaction conditions
(see Figures 8 and 1l4}. The complexities involved in jidentifying
the iron-contailning phase{s) of the catalyst undex reaction
conditions will be discussed later. The room temperature spectra
(Figures 9, 11 and 12) of the catalyst after reaction conditions
indicate the presence of Pez* species and an iron-carbide phase.
The partially ccllapsed, broad absorption peak is typical of
an iron-carbide phase, while the absorptian peak at +2.0 mm/s
is the higher velocity peak of the Pe2+ doublet noted akove.

II.C. DISCUSSION

The kinetic parameters (i.e. the activation energy and the
partial pressure dependencies of the rate) of the Fe-free Ni
methanation catalyst (see Table 1) agree vary well with those
measured in a high pressure tubular reactor (see Appendix A).
Such an agreement confirms that the high pressure MOssbauar
spectroscopy cell is indeed capable of providing wvalid kinetic
data, despite its vastly different configuration from the high
pressure tubular reactor.

The kinetic parameters follow a systematic trend with

increasing iron-content, i.e. the catalytic properties shift

25



26

from those of a Ni catalyst to those of an Fe catalyst. This
is seen in Table 1 by comparing the kinetic parameters of the

Ki catalyst aftexr various Fe(CO)s doses with those parameters

reported for Ni/Alzc and Felhlzo (1) . Thus, the decomposition

3 3

of Fe(C0)5 or a supported Ni catalyst can convert the Ni catalyst
to a pseudo-Fe catalyst. Such a conversion could be accomplished

either by covering the Ni surface with, at least, a monolayerx
of Fe, or by forming Pe particles at the pore mouths of the
catalyst support. The latter mechanism requires that the Fe
particles (and any carbon deposits) formed have sizes comparable
to the average diameter of the pores, in ordexr to effectively
diminish the accessibility of the Ni particles within the pores
to the reactant gas molecules, These two models fox the iron-
induced deactivation of nickei under methanation reaction
conditions will be discussed below.

The solid state properties of supported Fe-~Ni alloy catalysts
after Fischer~Tropsch svnthesis at atmospheric pressures have
recently been characterized using Mossbauer spectroscopy (2-5).
The results obtained, however, were contradictory. Raupp and
Delgass (2,3) fournd that no bulk carbides were formed om a
5% Fe - 5% Ni/Sioz catalyst at synthesis coanditions. Theirx
particle size is sufficiently small that the room temperature
spgctrum shows a broad superparamagnetic singlet. On the other
hand, Unmuth et al. (4,5) reported the formation of €- or a'-
carbide on a 4% Fe - 1% ni/sioz catalyst after temperature-
programmed reaction in a 332:C0 reaction mixture. However, their
particle size (8.9-12.8 nm) is largexr than that of Raupp and
Delgass. Thus, the different catalyst states at similar

reaction conditions may be attributed to the different Fe/Ni
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ratios and/or the different particle sizes used by these two

research groups.

The formation of carbides on supported and unsupported
iron catalysts under Fischer-Tropsch synthesis conditioans has
been extensively studied {(2-12). The formation of a spegific
carbide phase depends on particle size, support, and synthesis
conditions. E'-carbide (Fez_zcl has been ohserved on silica
suppoxrted catalysts (3,5,6). e-Carbide (Pezc) haz been detected
on silica svwpported catalysts (3,5), on promoted, fused iron
catalysts {(8,2,11), and on unpromoted, unsupported iron catalysts
(7.,12)}. The formation of Y~carbide (Fescz) has been evidenced
on promoted, fused iron catalysts (9,10) and on various supported
catalysts (3). While Mossbauer spectroscopy is a powerful tool
in identifying iron carbide phase(s) that show magnetic hyperfine
splitting (i.e. for iron .rarbide particles greater than ca. 10 aom
in size), the Mossbauer parameters for superparamagnetie e'- and €-
carbides ({i.e. for particles smaller thanm ca. 10 nm in size) are
similar to each othex (see Table 2). Thus, the unambiguouns identifica-

tion of iron cﬁrhide rhase(s) in the superparamagnetic state is
difficult.

The phase diagram for Fe-Ni alloys (13) shows the existence
of a bee, iron-rich phase (d-~hase) and of a fce, nickel-rich phase
{y~phase). The hyperfine magnetic fields of Fe-Wi al{oys with
various compositions have heen measured at room temperaturé {14),
and these are reproduced in Figure 15. In short, the composition
of an Fe-Ni alloy formed on a Ni catalyst after Fe(co)5 treatment
can be determined by comparing the measured hyperfine magnetic

field to Figure 15. The room temperature spectra (Figures 7, 10,

13) show a broad sextuplet of ferromagnetic metallic iron with a
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hypexfine magnetic field of 329-334 kOe. This is essentially
identical to the 330 kOe magnetic field of bulk metallic iron.
The spectrum in hydrogen at 623 X (Figure 6) shows this metallic
iron to be predominantly in the superparamagnetic state. The
temperature at which a ferromagnetic phase behaves superpara-
magnetically (i.e. the blocking temperature) is a functicn of

the particle size and the magnetic anisotropic barrier enexgy.,

K (15,16). Thus, the particle size can be estimated, provided
that the wvalue of K and the blocking teﬁperature are known.
Accordingly, the size of the metallic iron particles is estimated
to be 7.0 nm, assuming values for K and the blocking temperature
of 4.5 x 105erg/cm3 and 623 K respectively. In short, it can be
concluded that the decomposition of Fe(c0)5 on an alumina=supported
Ni catalyst does not lead to the formation of an Fe-Ni alloy,

but instead, metallic iron particles with an average diameter of

7.0 nm are produced.

The Mosshauer spectra collected under reaction conditions
(Figures 8 and 14) show an asymmetric doublet. The scarcity of
published MOssbauer spectra for iron carbides at elevated
temperatures and the similarity of Mdssbauer spectra for'superpara-
magnetic iron carbides (Table 2) make the in situ identification
of the carbide phase impossible. The room temperature spectra
following gquenching from reaction conditions (Figures 9, 11, 12)
show a partially collapsed spectrum due to small iron caxbide
particles. However, due to complications from superparamagnetism,
it is not possible to unambiguously identify the carbide phase
by determining its Curie temperature, as done in references 3
and 11. Despite the pending identification of the ecarbide
phase, there is no doubt that the iron deposited via decomposition

of Fe(CO)S forms a carbide under methanation conditions. This



suggests that either the Fe and Ni are not alloyed with each
other (2,3) or an Fe-xich alloy is formed (4,5). This important
gquestion will be addressed below. i

Assuming that the recoil-free fractions of iron-containing
pkases in the catalyst bed are equal to that of iron impurity
in the Be windows, the auount of Fe deaposited on the catalyst
due to decomposition of Fe(co)s can be estimated for Run 2
{whare iron enriched in 57Fe was used. The total amount of iron
deposited equals 0.51 mg after 1ll bk of Fe(co)s dosing (estimated
from Figure 7) and Q.55 mg after 24 h of FE(CO)S dosing (estimated
from Figure 13). This corresponds to a final Fe/Ni ratio of 3.3%.
The results of chemical analyses for the used catalyst of Run 1

(wheie iron containing the natural abundance of 57Fe was used)

indicate that 0.l4 myg of Fe had been deposited on the Ni/A1203

catalyst after 66 h of Fe(co)s dosing. This corresponds to an
Fe/Ni ratio of 0.84%. In view of the vexry small Fe/Ni ratios

for both Runs, it is not possible te cover the Ni surface with a
monclayer of Fe unless the average Ni particle size is as large as
20.0-80.0 nm. X-ray diffraction studies on the sintered Ni
catalyst showed no evidence for the existence of such large
particles. Thus the changes, induced by Fe(c0)5 decomposition,

in the kinetic properties of the Ni catalyst cannot bhe attributed
to a covering of the Ni surface by an Fe deposit. In summary,

a direct interaction between Fe and Ni, either with the formation
aof an Fe-Ni alloy or an iron monolayer over Ni, is not responsible

for the changes in methanation kinetics when Ni/hlao is dosed

3
with Fe(co)s.

29
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Having dismissed a direct interaction betqeen Fe and Ni,
the pore-mouth blecking model mentioned previously seems to
be necessary in order to explain the results of this.study.

This model requires the formation of Fe particles (and associated
carbon deposits) of size comparable to the average diameter of
the 31203 pores at the pore entrance. The T--Alzo3 support
(Davison SﬁR-?) has a specific surface area of 260 mzlg and

pore volume of 0.8 cm3/g (determined using uz) or 1.1 cm3/g
(determined using HZQ)(ITJ. The calculated average pore diameter,
based on the above mentioned physical propertieg, is 12.3 nm oxr
17.0 nm. The size of the metallic iron particles was estimated
above to be 7.0 nm. Thus the size of the Fe particle formed

via Fe(co}s decomposition is indeed caomparable to the average
pore diameter.

Carlton and Oxley (18) studied the kinetics of heterogeneous
decomposition of Fe(CO)s on a heated filament (diameter = 0.32 cm).
They found that the rate of decomposition is controlled by the
diffusion of Fetco)s from the bulk gas phase to the gas-solid
interface at temperatures higher than 473 K. At 623-632 K, the
decomposition temperatures employed in this study, it may be
anticipated that the rate of Fe(co)5 decomposition is. severely
limited by diffusion within the pores of the support. Indeed,
it is shown in Appendix A that the decomposition of Ni(co) ,
is diffusion-controlled in the same 7‘51203 support.and at
similar temperatures. This is why most of the Fe(CO)5 would
decompose at the pore-mouths, forming Fe particles of comparable

size to the average diameter of the pores. Studies of Fe(CD)s
decomposition also suggest that pore-mouth blocking is the mede

by which iron modifies the catalytic properties of supported Bi.



As shown in Appendix B, Fe(co)s decomposition on carbon leads
to the formation of nighly dispersed metallic fron. Furthermore,
the metallic iron particles formed in this manner sekve as
nucleation centers for the further decomposition of Fe(co)5.
This is another mechanism by which the iron is preferentially
depaosited near the‘pore-mouths of the catalyst. Moreover, the
rasults of Appendix C show that the rate of Fe(Cb)s decomposition
is lncreased ags the suxface of carbon is outgassed at higher
temperatures, or as the number of defect sites on the carbon
surface is increased. Indeed, the carbon deposited on the
catalyst under methanation reaction conditions is expected to
have a high defect concentration {(compared to graphite), and
the reaction temperatures used in methanation serve toe outgass
this carbon deposit. This is the third mechanism by which the
rate of Fe(co]5 deconposition is enhanced, leading to pore-mouth
blocking of the supported Ni catalyst.

Direct evidence for the preferential decomposition of
iron near the pore mouths is found in the Mossbauer spectra.
It has been shown in the literatuxre (19,20) that iron on alumina
at loadings less than ca. L wt. % cannot be reduced to the
metalliec state. Instead, Fe2+ is stabilized by inter;ction with
the support. Furthermeore, we have wvery recently been studying
the deconposition of Fe(CO)s on Alzo3 and Tioz. Hexre it is also
found that at low iron loadings {less than ca. 1 wt. %), Pe2+ is
formed upon decomposition of Fetco)s, and metallic iron is only
formed at higher iron loadings. As noted earlier, however, the

contribution of Fe2+

is of minor importance in the MOssbauer
spectra of the iron-containing Ni catalyst. Since the average

Fe loading in the catalyst is ca. 0.1l wt. %, the absence of a

31



significant spectral signal from Fe2+ indicates that the local
concentration of irom must be at least ten timés highex than
the average concentration. Clearly} this high local® concentra-
tion of iron must be present near the extarnal surface of the
alumina suppert, i.e. in the pore mouths.

Additional kinetic evidence for the validity of the pore-
meuth model for iron-induced deactivation of nickel methanation
catalysts can be found in the response of a deactivated catalyst
to hydrogen treatment: 30-50% of the lost methanation activity
can be restored by such a treatment. It has been reported in
the literature that carbon is deposited on Fe munech faster than
on Ni in the same HZ/CO gas mixture (5). <Thus, the carbon
deposited on the iron-containing catalyst would be present
preferentialily near the pore mquths. In this way, the removal
of this carbon during hydrogen treatment should significantly
increase the activity of a deactivated catalyst, as observed
experimentally.

II.D. CONCLUSIONS

The iron deposited on a supported Ni catalyst during exposure
to Fe{co)s undexr methanation reaction conditions does not interact
directly with nickel. <That is, an Fe-Ni alloy is not formed
and the iron does not form a monolayer coating over the nickel
crystallites. Instead, the Fe(co)5 induced deactivation of
supported Ni methanation catalyst proceeds via the decomposition
of Fe(CO)_. at the pore mouths of the support, diminishing the
accessibility of the Ni surface to :xeactant species. This
problem is exacerbated by the increased propensity of irom to form

carbon deposits compared to nickel. These carbon deposits deactivate



the iron catalyst for methanation, and they further black
the pore mouths. In addition, the presence of such carbon
deposits (with high defect concentrations) and iron p;rticles
in the pore mouths creates nucleation centers Ffor the further

decomposition of Fe(co)s, leading to continued deposition of

iron near the external surface of the support.
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Table l1l: Summary of Rinetic Parameters
and After Fe(CO)s Dosing

Run 1

Fresh Ni/Al Catalyst

2%
Catalyst after 22.5 h
Fe(cc)5 dosing (natural irxon)

Catalyst after 66 h
Fe(CO)s dosing (natural iron)

Run 2

Fresh Ni/nlzo Catalyst

3
Catalyst after 11 n
57Fe[CO)5 dosing

Catalyst after 24 h
7Fe(CO)5 dosing

. {b}
5% NL/AlZDB

15% Fe/al,0 (b)

3 Ea
= RT . x V¥
(a) rCH4 A e PHZPCO

{b) Results of kinetic studies from reference {1}.

{a)

EA(kcallmole)

28.0

26.8

18.7

28.2

20.7

18.6

25.0

21.3

X

£or Nij31203 Before

0.06

_00 31

—O.DS



Pable 2: Mossbauer Parametevs of Various Iron Phases

Phase

superparamagnetic
)
g ~Fe <
2.2%
superparamagnetic
g'~carbide

superparamagnetic
e-Fe,c (%)

Fe2+ {b)

Fe inmpurities

in Be windows(c)

IS (mm/s)

0.36

1.06

0.124

95 (mm/s)

0.96

line position

(mm/s)

“0-23
-0.20

—0-40
0.075

_0517

0.73

0.70

0.74

2.05

0.42

Ref.

{6)

(8)

(a) Particle size determinad by electron microscopy is smaller

than 10 nm.

{b) Particle size is smaller than 4.0 am.

{c) Computer~-fitted parameters of a blank run.
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Figura 1

Figurxe 2

Figure 3

Figure 4

'Figure 5
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Figure Captions

.

Deactivation studies of Ni/A1203 (Run 2) far

PH = 130 kPa and, PCO = 18.6 kPa.

o Fresh Ni/Al_0_. catalyst at 613 K

B Nl/A1303 ca aiyst at €613 XK after the
first deactivation gtudy and kinetic
studies

A: NifAl1,0; catalyst at 623 X during the first
57Fe(CO) dosing 57

d: ni/nlaoa catalyst at 623 ¥ after 11 h re(c0)5
dosing

0: Nl/hl catalyst at 633 K during the second
57Fe(CO) dosing

Nl/A1203 catalyst at 633 K after 24 h (cumulative)
*"re(co) dosing
The last point in each serxies of deactivation studies

N

was collected after H, treatment at the resSpective

deactivation temperatire for at least 2 h.

Arrhenius plots of Run 1 for PH = 282 kPa and

P = 23.4 kPa. 2

co

O: Fresh Ni/Alp03 catalyst; E, = 28.0 kecal/mole

¢: NifAl,05 catalyst after 22.5 h Fe(C0)5 dosing
(natural iron); E_,Z = 26.8 kecal/nole

A Ni/Al, Oi catalyst after 66 h Fe(CO)

{natural iron); EA = 18.7 kecal/mole

Arrhenius plots of Run 2 for P = 281 kPa and
P = 23.4 kPa. Hy

co
Fresh Ni/al,0, catalyst; Ep =_28.2 kcal/male

]

5 dosing

d:
A Ni/A1203 catalyst after 11 h 57Fe(c0)5 dosing;
E, = 20.7 kcal/mole

0: Ni/A1203 catalyst after 24 h 57Fe(CO}5 dosing;
EA = 18.6 kecal/nole
Partial pressure dependence of methanation rate from
Yy
Run 1 ‘rcn4 = kpﬂzpco)

O0: Fresh Ni/A1203 catalyst at 623 K; % = 0.065, y = 0.04

: Ni/31203 catalyst at 633 K after 22.5 h Pe(CO)
dosing (natural iron); x = 0.66, v = 0.03

A Nl/Al 0, catalyst at 643 X after 66 h Fe(co) dosing
(naturai iron); x = 1.05, v = 0.09

Partial pressure dependence of methanation rate from

Y
Run 2 (1:‘(__,!{4 = kPH PCO).

3: Fresh Ni/AIZOB catalyst at 613 K; % = 0.65, y = 0.11

Az Ni/hlzo3 catalyst at 623 K after 11 h STFe{CO)s dosing;
x = 0.96, ¥y = 0.06 _ 57

O: Ni/31203 catalyst at 633 K after 24 h Fe(CO)s dosing;
x=1.04, v =-0,06 : -
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Mossbauer spectrum at 623 X in hydrogen after 11 h
7Fe(CO)5 dosing and 2 h hydrogen flushing.

Room temperature Mossbauer spectrum in hylrcgen after
quenching the sample following collection of Figure 6.

In situ Mossbauer spectrum collected during the
deactivation studies at 623 K after the first 57Fe(CO}s
dosea,.

Room temperature MOssbauer spectrum in hydrogen atter
guenching the sample in hydregen following collection
of Figure 8. The partially collapsed carbide has
been conputer-fitted with & broad singlet.

Room temperature Mossbauer spectrum in hydrogen aftex
heating the sample in hydrogen at 623 XK for 40 min
{until no CH, was detected in the effluent from the
cell} following collection of Figur=z: 9.

Room temperature Mossbauer spectrum in hydrogen after
exposure of the sample to methanation rxeaction conditions

for 0.5 h (PK = 284 kPa, Pco = 35.8 kPa, T = 623 K) and

gquenching in ﬁrdrogen, following collection o¢f Figure 10.
The partially collapsed carbide has been computer-fitted
with a broad singlet.

Room temperature Mossbauer spectrum in hydrogen after
second 2’Fe(c0)_ dose and guenching in hydrogen, following
collection of Figure 11. The partially collapsed

carbide has been computer-fitted with a broad singlet.

Room temperature Mossbauer spectrum in hydrogen after
heating the sample in hydrogen at 633 K for 30 min
(until no CH, can be measured in the effluent Ffrom the
cell) following collection of Figure 12.

In situ Mossbauer spectrum collected during the
deactivation studies at 633 K after the second
7Fe(00}5 dase.

Room temperature hyperfine magnetic fields for bulk
Fe-Ni alloys (14).
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*
IiI. Appendix A

Criteria for Stahle Ni Partiecle Size under Methanatien'

Reaction Conditions: Nickel Transport and Parbticle 5ize

Growth via nickel Carhonyl

*
Revised from Semi-anrnual Progress Report, May 1230;
anéd accepted for publication in the

Journal of Catalysis.
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III.A. EXPERIMENTAL

IIT.A.1. High Pressure FReaction System

Kinetic data were measured in the all 116 stainless steel

reaction system shown schematically in Fig. 1. The sSystem ocan .-

be operated at pressurxes up to 6.8 MPa. The reactor is made of
a 1.27 om ©.D. = 1.0Z em I.B. tubing. %he use of type 316 stain-
less steel prevents the formation of Fe{colsp and mininizes the

formation of Ni(CO)#, from the reaction betweenr CQ and the tube

-

wall at high CO pressures and high temperatures (1) . cCompositian

changés of both reactant mixtures and effluent gases can be

monitored continuously using a Gow-Mac high pressure thermal
- conductivity cell. The kinetic data were measured after the

system had reached steady state, as .determined by the steady
voltage output from the thermal conductivity cell. The portion
of”ﬂm:system downstream from the reactor was wrapped wath heating
' tape to prevent water from condensing. Amnalyses of both effluent
gases and reactant mxxtures were carried out using a Carle Basicec
8700 gas chromatograph operated at 388 K with 1.8 m of 80/1.00
mesh Schexocarb column.

Hydrogen (National Cylinder Gases) was purified by passage
through a Deoxo unit followed by an activated 13X molecular
sieve trap ot room temperature. Carbon monoxide lMathesén,
C.P. grade) was purified by passage through a system ;omposed.
of a caprer “urning trap (with éo em of preheating secéioﬂ) -
at 5923 K, and activated 3A and 13X molecular éieve txaps at raum:

temperature. Such an arrangement was effective in completely

removing reICO)5 from the CO stream.



IIT.A.2, DParticle Size Determinatiaons

Hydrogen chemisexption measurxements were caxried out in
an all-glass high vacuum system described elsewheég (2)-
Prior to chemisorpiion measuremaﬁts at room temprrature,
wvhether on fresh e¢xr used catalysts, the sample_wgs reﬂnced. )
in £flowing hydrogen (atmosp‘h_aric pressure, 50-100 cmslnini at ._
723 ¥ fox 1 h, evacuated for L h at this temperature ind then -
cena’ed under vacuum t¢ room temperature. ne;oxgtion isothaéﬁs,-
rather zhan adsorption isotherms, were measured, h:e-emme- : i

Lydrogen chemisorption on Ni invelves 2 fast chenisorption

process followed by a2 slow, activated chemisorption process (3-5).

A similar procedure has been used for rutheniuvm (6-) and nickel-
copper catalysts {(7) . The amount of strongly adsorbed hydrogen
was estimated by extrapolating ““he initial poxrtion of the
desorption isotherm back to zero pressure. X-ray diffraction
measur¥ements were made_on a Picker biplanar diffractometer.
Magné%ization measurements were carried out using a Cahn RG

microbalance and an Alpha model 4800 electromagnet.

IXX.a.3. Catalyst Preparation and Treatment

sﬁpported nickel catalysts were prepared by incipient
wetness impregnation, using 0.6 nl of “iﬂma) 2 so:l.l;tinn per

gxam-of 807100 mesh T—hlzoa powvder {(Davison, SMR~7). After

-

impregnation, the catalysts were dried ovexnight at 393 K. The

"standara® reduction procedure consisted of trxeating the

-

catalyst in flowing hydrogen (PH = 308 kPa) while the sample
. 2
temperature was (i) slowly increased to 4032 X (over a period of

40C min), (ii) held at 403 K for 0.5 h, (iii} held at 533 K for

0.5 h, and {iv) -held -at 723 K for 2.5 -h. -The Teactor -temperature
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and pressure wexre then adjusted to the ﬁesirea values before -
the Hzlco reactant mixtur& was intr;duced. - .

Space veloeities (at ieactor inlet conaitian§1 oF 40,000; .

1-h-1 were unsed to keep CO convarsions low so

60,000 en>.g”
that data analyses could be carried out in *exrs of a

éifferential reactor madel. A procedure similar to that
used by Vannice (8) was used to maintain a *clean” met;l

surface. Specifically, after each aatum.point, CP 21;w'was
Stopped and Bz aicne was passed over the catalyst sﬁrfaée ﬁg.
effect catalyst regenmeration. Typically, the catalyst was '
exposed to Halco for approximately 0.5 h duxing the collection
of each datun point;'this was followad by a 2 h regenesration
treatment in H,. The exit gas was monitored by gas
chromatography duwring this regene:ation. It was established
that the CH4 concentration in the nz stregm dropped to zero
within the 2 h regeneration period.

Runs designated by the prefix "A" were carried out using
a 10:1 mixture of 100/120 mesh 7—31263 pouwder and 80/100 ﬁesh'

Ni/y=-Al 03 catalyst. The mixture was physiealiy separated

2
using a 100 mesh sieve after the kinetic studies. This

separated catalyst was then used for x~ray diffraction and Ha

cheniscxption studies. The use of a diluted catalyst allawed :‘

the catalyst bed height to be kept nearly constant and CO con~

-

versions to be kept low between kinetic runs cazried out oveﬁ-
greatly different temperature ranges. In the deactiva;iou
studies (series A4), the eatalyst was not regenerated using
hydrogen Flushing after each datum point, as had been the

procedure in series 2 and 3. This approach made the deactivation



studies feasible within a reasonahle time span.

Chemical analyses of catalyst samples were carried onk

by Galbraith Labozatories, Inc.

57
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III.B. RESULTS

Experimental conditions are summarized in Table Y. The.
fixst digit in the run number designates. ths hatcL nunber of .
the catalyst preparation. The prefix “ar means that the cataly:.&lzi::‘
studied has bheen &iluted with 7—31203 pPowderx. - Tha.temperéﬁure:;'
in parentheses indicates the highest temperaturc xecérée.d
after the reactant mixture was intzoduced. i‘emperatﬂr-es
connected by.the ®-»" gign inaicate.the teﬁéezature :anéa.
studied using step temperature igergm&nts af 15 to‘25 k.ﬁmmnl
the lower limit £o the upper limit. The "tinme on—stréam“ -
refers to the total period of time during which the catalyst~
was exposed to Iizﬂ.:o mixtures undexr specified conéitinns. The
results of catalyst characterization are summarized in Tabie 2.
The suffix rro ﬂenotés a "fresh® catalyst, whiah has experienced
only standaxd hydrogen reduction. The values of cel.nlated
metal lwsading are cbtained from the concentration and volume of
theimpregnation solution and the amount of ybnlzos powaer'uged‘
for catalyst preparation. Since the height of the catalyst
bed was typically 5.3 to 6.4 cm, it was possible to di;tinénish
the upper portion from the lowexr portion of the cataiyst bea. »
After kinetic studies, the catalyst was reméfed £ro$ the high
Pressure reactor. The £irst half of the égéalyst.pouied ;nb .
of the reactor was then labeled the upper @ortion of the-
catalyst hed, aﬁd the second . half the jower portion cf‘the
catalyst bed. Such a differentiation between the upper ané
the lower portions of the catalyst bed was made for yruns 2-2
and 3—1.

The rapid loss of acti&ity for methanation at relatively

high co-pressure‘is“:ﬁﬁﬁn'in‘rig. 2. These data avae
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.
-

- e

charactexistic of speration in an “unsafe™ regime. ¥Figere 3 °

shows typical results in the seaxch for "safe™ operating

canditions. “safe” operating con&itions axe &efi;ed as thosez

fox which the catalyst maintains a stable activity over a peri;a

of time long enough for kinetics studies ﬁ..eq. several homrs ©o-

sxposure to & Hzfco mizture). s;.m.laz-ly, tha "unsaﬁe“ o;_:ez:at:.ng

cona:.ti.ons ara thosz undex which tha caLalyst'. canner. ma!.ﬁtai.n

a stable activity. %Thus; a temperature of- 688 K i.s claasiﬁiea
as safe, while temperatures of 526 X and 588 X are classi.:ﬁa.ea .'_:.

as unsafe, when PH = 305 kPa and P = }B.6 ﬁPa (Fig. 3}. mhe.,

ca
2 .
results of the sezrch for safe operating conditions are choun

in Fig. 4. For each partial pressure of €O, theré is a lower R

limit in temperature for safe operating conditions. Ahnve.
this threshold temperature the catalyst does mot undergo
rapid deactivation in texrms of the time frame of our.s.tudies.

The partial pressure of H, plays only a minor xole, if any,

2
in the deactivation _t_;rocesses. The deactivation rate remained
essentially -unchanged when the 52 pressure was fdoubled Zar a
run at 602 K and Pco = 33.8 kPa.

. hfte; the safe operating regimae was maiuppea, severzl :uns-"'
(the a4 series) were designed and carried out to stuc‘i'y‘.
Aifferences in catalyst strnc'ture'aftgr use in the saf'f.;‘ana. .
unsafe regimes. The most iméortan't aiffeJ_:enc;zs i.:; catalys-t -
structure are those in'tli particle sizes, as determined’
by x-ray diffraction. The time on-stream is of only
minor importancz. As ind.i.cated in Table 2, the Ni particle

sizes for the catalysts after operation in the safe reginme

fvrame AP nA_Y NAD mewd RA_TIY e . -

Reproduced from
best availabic copy
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determined by x-ray diffraction, regardless of the time on-stream.
x~=§y diffraction was also unable ©tc measure éhe Ni particle

sizes in fresh samples (3F and 4F). On the other hand,

the Ni particle sizes in the catalysts after operétion

in the unsafe regime (r¥uns A4-6, A4-8 and A4-12} are always

much larxgex than those in fresh samples. .In adaitian,.the Ni
-article size in a catalyst after 16 hours of opexration inm.

the unsafe regime (rvnr A4-8) was not much largex thanathosa )
obtained aftex 3 houxs of treatment in the nnsafe'xegime

{runs A4-6 and A4-12). The Ni particle size determinations using
Hy chenisoxption always gave larger values than those.oPtéined.
by x-~ray diffraction {Table 2}, Thelcalculation of particle
size based on a, chemisorption has taken iﬁto account the

fact that not all the Ni present on the alumina suppé:t can be
reduced to a metallic state. Magrnstic measuvements indicated
that 72% of the Ni leoading was reduced to the metallic state
dering the standard reduction procedure.

The #inetics c¢f the methanation reaction were studied undex
safe operating conditions in separate experiments using an
alumina-diluted catalyst (siﬁilar to the R4-series]).
hdditional studies of the temperature {see éigure 5) ané
partial pressure dependence of the rate {(not incluﬂgd in
Table 1} indicate that the best fit of tﬁe data is of ;ie

form , ) ..

[ -—29000]
RT p0-63 0.0

a H2 co

r = A e[ 1)

CEH

wvhere R = 1.987 cal/gmole-K.



IXI.C. DISCUSSION -

IZI.C.l. ©Nickel Transportation and Particle Size Growth

The calculated values of metal loading agree very well withc":ﬁ;

the results of chem;cal analyses for runs 2-1, 2-3 and 4?. Tﬁe' L

small differences between calculated and anaxyt cal values in

-

series A=-4 axe attributable te the physical separation techn;que = .

enployed. In contrast, the results of the chemical analyses for

- et e at
. s, e Jotme oW
S

runs 2-2 and 2-4 are not in agreement w;th ‘the calculated O ot

metal loadings. The Ni metal on the cataIYSt has been N s
almost completely{stripped from the catalyst bed in - . o
run 2=2. In run 2-4, the uppexr portion of the c;talyst' C - :'l
bed contained far less Ni metal than the calculated . T T'-;;
valve of the metal loading, while the lower poxtion of the
catalyst bed contained f£ar more Ni meial than the calculated .
value of the metal loading. The average value of the results
of the chemiczl)l analyses, 5.20%, indicates that there was
probably no significarit stripping of Ni from the catalyst
.bea. These phenoméﬁa show that Ni can be tranéportea with £hé
gas stream from the upper portion to the lower portion of the
catalyst bed, an@ that, in the extreme case, Ni can evep'he_:
stripéea:frum the bhegd.

The results from run 3~1 show a more subtle effeétli . :.:Q

of Ni transportation. On one hand, the results of the T ) e

chemical analyses for xun 3-1 indicate that there is

only minor Ni transportation. The "average value of the metalh
loading based on chemical analyses, 6.06%, agiees well with .
the value of the a priori calculation, 5.96%. A small amount

of Ni, however, appeaxs to have been transpcocrted frowm tha
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6
is the observation that the Ni particle sizes determined by
X-xay diffraction are very large (23-43 nm) c%m@area to the

typical size of Ni particles in fresh catalysts (3v4 nmj
(Table 2). . -

Two mechanisms have been proiaosed' for the grouth of mekal: _
particle sizes in supported catalysts (9) : the c:y_stal migra-
tion model and the intexparticle transport model.’ !&‘he'cry'sta..l
migration model (10,11), envisages the .gxowt-:h ix:;.'pari:icle size
as resulting from migration of metal partinles.over the support
surface, followed by collision and coalescence. This nodel ié.-
not believed to be applicable fgr the conditions of the present
study. Specifically,this mechanism requires a high pability of
metal particles on the surface of the support: howevexr, the
Tammann temperature of Ni, 964 K, is much higher'than the
temperatures involved in these xuns. 1Indeed, particle mobility
is not generally observed at temperatures below the Tammann
temperature (12). Furthermore, this model is not consistent
with the results of this study which show that particle size

growth becomes less extensive as the temperature is increased

{see Tables 2 and 3). For example, the Ni particle size in the

catalysts used in xuns A4-7, Ad~9 and 'M',-ll {which" ha.vé ) g
experienéed temperatures as high as '741- K) is too ;mall.;:o .

be determined by x-ray diffraction ix‘ndicating that the'_-' -
temperatures I.JSEd in this study were not hig}'& enoug‘hltb ‘caﬁse
surface nigration of metal particles. Tais conciusi.on is-also
supported by reported observations. Richardscn and Cxunp (13).
showed that the dispersion of a Ni/Si0, catalyst was very stable
at 673 K in helium. Williams et _al. (14) showed that the nickel

2



surface area of a coprecipitateqd mi—alzoa catalyst xemained
constant during a 1000 hour treatment at 673 'K im a steam and

hydrogen mixture. It also remained constant during treatment

at 1073 K in hydrogen. Temperatures in both studies ware

higher than tke temperatures employed in runs 2-2, 2Z~4 and. 3~1.

The second model for particle size growth, the-intergarticla-

transport model (15,16) invelves escape of atomic ox molecular

-

metal species from erystallites, mlgration of these species

along the surface {or vapor phase transporh).-ana their recaphura

by ecrystallites via collision or readsorption, a mechﬁiism similaxr ﬁa
the interparticle transport model is postulated to'explain Ehe: o

-

phenomena observed in the present studies. Upou exposure

to an appropriate azfcn reactant mixture, the Ni metal
particle reacts with adsorbed €O or with CC molecules in .
the gas phase to form Ni(CO)d speciesi The formation of

Ni(cm4 from Ni on sio2 maintained in a €0 atmosphere has -

been reported by Vannice and Garten (17). The formation of

Hilcu)4 under room temperature co chemisorption conditions .

indicates the ease with which it is formed (18). Van Meerten

et al. (19) have in fact raised the possibility of_hawiné' -

Ni{c014 as ar intermediate for the transport of ni‘frémlémali
' ¢o large NI particles in a Ni on Sinz cataiyatf- Proﬂget:: )
Ni(CO)g molecules can leave the metal particlé and aifsuse
through the gas phase and/or over the catalysé suppoxt. .
Depending on the operating conditions, these species then
decompose toe metallic Ni on either a nearby Ni paxticle or a

Ni particle on a catalyst granule downstream from the original.

Indeed, WNi{CO), partially deccmposes at temperatures as low
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tion of Hi catalysts bhy decomposing Ni(CO)4 on 31203 Eibers at
472 K. The iancdustrial production of high parity Ni pellets is
carried out by decomposing Hitco‘}4 at 443-523 K (22). Temwpexra=-

tures employed in most of our runs arerhigher than these

decomposition temperatures. 'Finally. under cartain condition&.

the niico)4 molecules may even be Fiushed cut of the zeﬁcpor,- ’

causing the stripping of Ni metci from the catalyst bed as 5-_

will be discussed later. - " .

-

As pointed out earlier, vne of the prominent @ifferences °

between catalysts after operation in the safe regime and
catalysts after operation in the unsafe regime is the Ni

particle size determined by x-ray diffraction. After 16

hours of treatment at 653 K in the safe regime (run Ad=9} a T

catalyst still has a Ni particle size comparable to that of

a fresh sample.  Newever, after 3 hours of treatmenkt at

lower temperatures in the unsafe regime (run A4-6) a catalyst

shows a five~fold increase in Ni particle size relative to

fresh samples. As can be seen in Tables 1 and 2, the correlating

-

factors are (i) the CO partial pressure, which was higher in

the unsafe treatments than in the safe treatments, and (ii) the
temperature, which was lower in the unsafe treatments than in the safe
treatmgnts. Thermodynamically the hiéher CO pressure and the

lowex temperature used in the unszfe treatment favor the forma--

] tiﬁn of Ni(c0)4. These data are consistent with the argument

that the deactivation proceeds via the interparticle transport

model rather than via the crystallite migration model.
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III.C.2. Kinetie and Thermcodynamic Aspects of Ni(CO), Formation

L]
Al

Thermodynamic data forxr the reaction

= S—
CRi o+ 4co(g)+__T Ni(CO)qtg,

are available in the literature (23-27). The data sunmarized

by Goldberyger and Othmer {26) were used for calculating

equilibrium partial pressueres of mi(c0)4. The caleculated valuaé ’

-

are tobulated in Table 3. N

Goldberger and Othma:-(za]ﬂfoﬁnd.that-tha rate of ni(coi4 .“-;
formation.reaches a maximum at 348 K at all co preéénreé studiea;
vhile Kipnis and Mikhaileva (28,29) have determined the kimetic
rate expression fox this reaction. nccordingly; fd? all runs in
the presenE study, the rate of NitCO)4 formation yguld bé
approximately 1D~5mole/cm2-h in t#e assence of gaseous Ni(co}d. T
This corresponds te about 102 monolayers of Ni removed f:?m '
each Ni particle pe{ hqgr: {These kinetic data are only semiquamﬂtmﬁye
due to the fact that‘a much larger.Ni particle size, 38 Y, was used
in the studies of Kipnis and Mikhailova {28,29).) Yet, small Ni
particles {(consisting of several tens of ﬁuqolayers) are in fact ‘l.’
stable for long times in runs 3-2, aAd-11, 14;§ and Ad-7. Thns;_
the kinetics of Ni(co), decomposition must alsc be c;nsiaered to .
interpret the phenomena of the present study. In short, it has been
found (30-33) that the rate increases with increasing temperature up te
approximately 400 K, while above this temperature the rate-determining
step in the thermal decomposition ig the gas phase diffusion of Ni(c0)4
to the surface of metallic¢ nickel (30,32). In other words, the
intrinsic rate aof Ni(COJ4 decomposition on metallic Ni at

temperatures higher than ca. 400 K is fast caompared to the rate
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of gas phase diffusion of x-'i.(l.':O)‘i to the Ni surface. Im the ~ = -

present case, the fast rates of Ni (co)4 formation and decomposition

s

suggest that thermedynamic eguilibrxium with respect to t‘ormati.on b
of Ni (co}4 from nickel and carbon monoxide is achie:red at TS
the surface of the Ni particles during methanation.

The eqguilibrium partial gz;assures of Ri(CO) 4

vary from 67 Pa for the run in whieh Ni was stripped

from the catalyst bed to 1.3 x 10"8 Pa for a zran in the safe .
regime. Under those conditions for which 'thn thexmodynamics

of Ni (co;é formation are unfavorahle [small Nitc0)4 paﬁial Qzesgqré)‘;
the flux of Ni(CO)4 tvay from each Ni particle is expected to be
smaly The Ni particle size distyibution is then .g-.tahle. because
the various partiecles do not exéhange nickel wvia Ni (0034
transport. When the xeaction conditions are changed's'uch that .
the ﬁi (co);l partial pressure at the Ni surface is increased,

the flux of Ni (co)4 away from the Ni particles is expected to increase.

However, as long as the decomposition of Ri(c0)4 is fast

compaxed to the rate of diffusion, the Nitt:o}_*.. will snhsequgx;tly
decompase near the site at which it was formed. ?his-p:ovides. a
mechanism for exchange of Wi between naifghhoring_ Nk p-na-rticles. -
There would not be any growth in particle size if Ni(co)4

decomposed at the same rate on Ni particles having different sizes.

Howevex, the rate at which a partiecle gaing metal atoms by fhe'
' processes described in the interparticle transport model is T

' proportional to the effective diameter of the particle (15).

Kipnis and Mikhailova (25) have reported that nickel carbony)

.
-

is easier to form from smaller Ni particles. Hence ong expects
larger particles to grow at the expense of smaller omnes, and

"this is the mechanism by which the Ni mawkimda —~s—_ =

Reproduced from
best available copy




This expectation is confirmed by cbservations of Evans an2
Simpson (34) on an industrial process producing Ni pellets

via decomposition of Nitcol4. Finally, as the température is

decreased, the intrinsic rate of Ni{60)4 decompasition decreases

‘faster than the rate of Bi(co}, diffusion. This allows the

-

ui(co)4 to diffuse and ﬂecomposelinrther from the site at’

which it was originally formed. At sufficienfly low'tkﬁgaraturas;

-
-

the ni(co)4 would be able to diffuse out of tha eaéhlyﬁt.éiaQulq

in which it was formed, and then he'aecomaned in.another

. -

granule further downstream in the catalyst bed. " In the iImiting
case of sloy intrinsic rates of mi(co}, decomposition, -the’

ui{co)d would be swept from the .catalyst bed by the gas Flowling

through the reéctor. : .
Inspection of Table 3 shows that the experimental observa~’

ticons 2re in accord with the above arguments. The varions
experimantal runs are listed in the orxrder of decreasing

eguilibrium Ni(CO}4 partial pressures for the temperatuxresand

€O partial pressuresused in the methaznation stundies. The

presence of an asterisk as an entry in the table indicates

that one or more of the following phenomena were obsexved in .

the run in questioh: (i) losz of Hi from the catglysﬁ'beh,

{ii} transpoxrt of ﬂi.aoun the catalyst bed, {iii) growth of

Ni paxticle size, and (iv) stable nickel particle size and

catalytic zctivity. . L
It can e seen that those runs with the highest Ni(cO)4
partial pressurxes combined with the slowest intrinsic nigco)¢

decomposition rates showed the most dramatic effects ofvwi

transportation. f&hh'intrinsic rate of Ni(CO), decompeosition.
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which increases with increasing temperature, is used for

comparison among various runs, since the effects of Ni (20}4
diffusion are considered separately.) For example, the conditions of

run 2-2 corresponded to the highest eguilibrium Ni(c0)4 partial
pressure with the slowest RKi(co) 4 Gecompasition rate, and
significant loss of Ni from the catalyst bed was observyed

ix this run. Run 2-4 had 2 smallex Hi(f;o} equilibxium pa:!:u.]. pzessure
witk a higher ni {co) 4 aeenmposit;on Eate; :l.ess xemova]. ok =i :
from the bed was observed. On the .other hnna, aign:».tiean!:

transport of Ni down the catalyst bea was observed during
th:.s run. The egquilibrium Ni (C:O) pa.rt.x.al pressure of rmn
3-1 was stiil lowey while the m (co}, decompo ;ition xate was

higher; less extensive Ni transport down the catalyst bed -

was ohserved, compared to run 2-4. Farthermoere, mo loss of

Ni f£rom the catalyst- bed was observed for run 3-1. The
conditions of runs Aé-:a, A4-5 and A4-12 gave eguilibrium
nNi (00)4 partial pressures lowver thén run 3—1; . AchrQingE:y,
7o transport of Ni out of the catalyst l;ed .or douwn the catalyst
bed was observed. Ho;#e's_re::', the Ni.pa.i'ticles.were ohserv:e te
increase in size undexr these reaction cond.{tibns.'- That a.s,
the equilibrium Ni{CO) 4 Partial prassare was still high enoug‘h £
to allow Ni particles within a g:a.verz; ::_ata.lysi‘. grax’mle to |
exchange matkter via N3 (CO} 4 transéo:t. ’ !‘:i.na.llly, the Yowest

" eguilibxium Ni(co) 4 ;ﬂartial-pressures were thoss of runs -2, .
A4-11, A4-2 and A4-7. Indeed, the size of Wi particles &a
not_inc:eqse_‘ and the catalysts maintained stable activity

during each of these runs. The temperatures and CO partial

pressures of these runs correspond to safe“operating conditions.



Figure 4 shows calculated egquilibriun partial pressure

curves for Ni(co)4 as a function of temperature ana CO pzrtial,

pressurxe. The eguilibrium curve for P ‘.0 x 10 ra

N'tc014
outlines the boxrder between the safe opezating rsgime

and the unsafe regime. This is 2o b expacted, hecdhsa, as T

mentioned earlier, thermodynamies Plays an ihpnxtént

:ole in determining the conditiens For safe qpa:ation- Ehms. -

the egquiliibrinm partial pressure of ui(co)4 can ha usaﬂ as '-:. *

an empixical criterion for determining the 'safety of a g;van
set of operat;ng.canditions. ' ) ) et
Similar deactivation behavior has been observed for a

comnercsial 30% Nifa-alzo3 catalyst (35) and a 5% Ni/hlzon

monaolithic catalyst (36). The correspondinh eguilibrium ni@co)c

partial pressures are 7.18 x 10—2 Pa and 2.7 x 1°~6 - 1.3 x 10-§Pa,

respectively. These values azre larger than the suggested safe °

value of 1.0 x lO—GPa._ Van Meerten et al. (19) have recently

shown by maguetization measurements that the Ni paiticle

size of a 4.8B8% Ni/sio2 catalyst grows gradually durin§ . ) ;.
methanation. The equilibxium ni(co)4 partial pressure oo
corresponding to theit qperating conditions is 4.0 x 1o'sra- L

These facts suggest that the present criterion for judging the "safety"”
.0f operating conditions can he applied to othexr systgmé“with o

higher metal loadings and/or different geometry. ‘The previously

stated coneclusion concerning the insensitivity of this,

deactivation process to the hydrogen partial pressure is also

supported by, these studies. Vannice and Garten (35)'useq.a partial
pressure of Bz which is twice that employed in this steay.

Bartholomew (36) found no difference in deactivationr behavigr oo,
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III.C.3. Blockage of Surface Sites

For h1203~supported catalysts the laxger Ni paxticle sizes

. L] - -
determined by hydrogen chemisorption xelative to those ﬂqte:miya&

by x-ray diffraction have been previously attribuled to metal-

support interactions, e.gy. formation of a surfase spinel (37).

Bence, magnatization peasuzements were used to study the
reducibility of a typical Nil31 cahakyst- a&tér the . _.:

-

standaxd reduetion procedure a catalyst showed 72% reducxbility
{run 4F). This value was used to correct the metal Iuaéings ';
used for calculating the particle size based on.zz chem:;o:ptién;
For a freshly reduced sample (4F) the particle size determined
by Hz chenisorption is 3.2 nn, a value which agrees very well
with those determined by magnetization measurements. %he
Langevin low-field estimate at 300 K gives 3.4 nﬁ. while Ehé
Langevin high-~field estimate at 77 X gives 2.8 nm. NXowever,
after exposure to uzfco reaction mixtures, the reducab Ty~
correctked Ni partic;e sizes determined by hydrogen chemiSurption.
are consistently larger than those deteimingd by x-fay &iffrac-
tion. The difference is too large ta be attributed o ‘-.
experinental uncertai#ty and it cannot be explained by tﬁé
presence of a particle size @istribution. The catalyst.
surface must be blocked, Probably by carbon @eposition.

an u .

"In estimating the Qercentage coverages of the surface {see Table‘

2), it is assumed that the actual Ni particle size after ope:ation
in the safe regime is tho same as that for run 4P. ana that the Ni
particles arxe spherical. The Ffirst assumption is suggested by the
fact that these catalysts are indistinguishable by x-ray diifractica '
neasurements. The x-ray diffraction déta, howvever, were suggestiwve ’

of nonspherical barticrlac $= - =~
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-

While the assumption of a spherical particle shape may 3Invalidate
the guantitative aspects of the surface coverage calculations,‘
the qualitative trvends in the values fox catalysts exposed to
different operating conditions can still be observed. ([It 15.

noted that the calculated surface coverages are sensitive -.

to the pa:tiéle shape assumed.) In shert, the extext
of surface blockage (by carbon) is approximately the

same, after catalyst operation in either safe or unsafe

regimes. This adds further support to the belief-;hat fhé

primary difference bhetween the safe and unsafe opexating

conditions is the extent aof Ni particle growth,'ana not éifferehcéa

in the extent of suxface caverage by carbon.

IXx.C.4. Methanation Kinetics

The Arrhenius plots shown in Figure 5 indicate %hat the - -
catalyst activity decreased by only 50% after 21 days on-sStream.
The activation energy increased by 25 kJ/mole during this mild

deactivag%on process. - The activation energy for methane formatiﬁﬁ

is presently reported to be 121 kJ/mole, instead of 96 kJ/mole,

4

because most of the kinetic Gata were collected after

-

long times on-stream. %his wvalue is within the range of Xeported

‘values for 1&1203 supperited- Ni catalysts (37). =The dzpendence

of the rate on xeactant- partial ﬁressureé is someﬂhatiaifférént

from those reported for kinetic studies at lower temperatures (37).
- . a

However, Ffor methanation, as the resulis of Bartholomew‘(SG)

-"indicate, the partial pressure dependence is a Function of the .
- -

- .
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temperature studied. For purposes of comparison the turnovex
nunbexs for methane formaticn arxe extrapblated.apa reported

at the conditions used by Vannice (37). ¥For cata%ysts enplioyed
in the safe region (xruns A4-9 and A4-11), the values agree

well with repoxted values. Howevex, for catalysts emplgyg§ )

in the unsafe region {(runs A4-6 and R4-8) the vaiuaa axea an
>or6er of magnitude lower than reported values, althongh'thqt
agree with each‘other. In run n4;12. the catalyst had ?irst
experienced the same treatments as employed in ruw At=8 {see
Table 1). The catalyst was then.hzought into the safas zegion-_
The turnover number for the datum point collected in the safe
region was indistinguishable from those forx catalysts that mevex
hed been exposed to opératian in the unsafe regime. This fact
may indicate that tﬁe mechanism of méthanation in the unsafe .
xegion is different f£rom that in the safe region. Consequantly,
the use of the rate expression determined from operation in the

safe region For data extrapolation of runs in the awnsafe regime

can give erronecous rxesults.
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III.b. CONCLUSIONS

The conditions of the present study can e divided in.to

two Qifferent operating regimes. In the “safe” xegina, the

-

nickel particles are stable against increases in size and the cat.a].yi::.g

activity for methanaticn is cnnstant: withk time. In the lmsafe" '

regime, the catalys: aeat.t:.vates with time due to theimeasa in

P

Ni particle size. azaprum.mately 502 of the Wi suxface is . g

-
[ )

covered by inactive carbon, but this is the same during .
operation of the cataiyst in both safe and unsaife zegims. -

P

Particle size growth in Nilnlzoa uethanation catalysts é@uring

opexation in the unsafe }egion results from the Forxmation of ;
Bi {co}‘;. Qiffusion of this spe.cies thxough the ga::_p'has.a.a:n&for
over the catalyst surface, and subseguent decompositi;m of

Ni (CO)é.: Thermodynamic considerations can be nsed to iareéict
whether a given set of reaction conditions correspond to ‘the
safe or unsafe regimes of operation. Specifica-lly._ conﬂi!:iong
for which the equ::.l:.hraum partial pressure of m.(c014 is less
than ea. 10" % pa will give stable mathanation acrivity for
catalysts consisting of nickel on alumina. Conversely,
reaction conditions giving much higher equilibrium parxrtial
pressures of Ni (C'O} will lead to transport of :'ti.ckel'~th:l:01‘:zgh
the catalyst bed and ultimately to the :—emoval of n:.cke]. .E::om

the catalytic reactor. In ad&:.t:.on. t-.he mechan:.sm of mei:hanat:.on.

in the unsafe regime may be different f£from that in the safe .

regime.
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Run No.

Table 1

Temp. (k)

2-2

2-4

A4-8

hAd-&

A4-12

397

- 4727

723 rereduction

474

428
723
523
423

446
723
257

527
485

423
723
4713
499

513
562
590

23
547
573

524
549
572
655
€39

€47

521
522

644
741
5727

€33
6338

651
741

-+ 580

-» 543
rereduction
-» 598

< 561
rereduction
= 555

(728)
2> 529

rereduction

ﬂz flushing

(576)
{575)

r

: Experimental Conditiens

Pressure [(kPa)

2
365
378
381

381
381

355
as2

£61
436

334

334
334

307
307
307

307
307
307

296
292
292
294

294

345
345

300
277
300

298
298

302
285

co
123
121
124

124
124

117
1)a

150
145

79

19
.79

85
85
85

as
a5
85

81
80
80
17'9

17.2

18.6
19.3

17.2 .

40.7
17.2

19.3

42.0

By /CO

ratio

Time
on~stresan
{min)

132

202

26
252

00
A50
29
419

930
22
12

124 ©
26
17

128
27
23
33
72

245

7y
3487
. 58
50

. 6L
830

. 45

49
54

-

Onaafe

Unsafe

Unsafe

Unsafe

Dnsafe

Safa

Safe

Safe

Safe

Safe
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FIGURE CRPTIORS

Schematic Diagram of the all stainless—-steel Systemn

for Bigh Pressure Finetics Studies {most en-off

valves omitted).

mm-ﬂmwawuwG%"m'h,®¥

10

11

12

3
14

15

"

1w

on-off walve
requlating valve
check valve
safety head

three way valve

pressure gage

Deoxo unit

copper turning trap

32 rolecular sieve trap
13X molecular sieve crap

Filter with 2 1 filter elerent

Tylan FM-360 flowmeter with readout box Ro-l4

Chathan precision needle valve
Grove 30W back pressure regulstaxr-
Grove 158 small volume xegulétor

Gow-Mac 10-454-25 WX thermal zonductivity cell

" B ) -

with 40-001 power supplier’

Valca V-6-HPaX €20 sampling wvalve
Linberg 54356~V threewzone furnace with 59734-37

control cansole

3216 5.5. tubularx reactor
VYalca CV-~-8-HPaX C20 sawpling valve

auxiliary exit, which can %e connected to wet

test meter for rlowmeter calihration



Fig. 2

rig. 3.
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Iv. Appendix B.

Iron Pentacarbonyl Decomposition over Grafoil:

#

I. Production of Small Metallic Iron Particles

*
Revised from Annuval Progress Report, October 1979; and

published in the Journal of Physical Chemistry

84, 1814 (1980]).

#

References 1-27 provide an introduction to the
properties of small, metallic particles and

the decomposlition of metal carbonyls.



IV.A. EXPERIMENTAL

IV.A.l1. Iron Pentacarbonyl Handling

Iron pentacarbonyl, used as received fram Apache Chenical
Co., is a toxic, alir and light sensitive material. Therefore
for these experiments, a system was developed for handling
the Fe(COJS in a low light, air-free atmosphere (see Fig. 1l).
As preparation for introducing the FetCD)s to the Grﬁfoil
sample, the transfer bulb and the glass manifold were firse
evacuated to a pressure of ca.l Pa. Rext, the evacuated
section was opened to the buldb containing the liguid carbonyi.
resulting in the rapid transport of carbonyl to the manifold
and transfer bulb. At ambient tempexatures the £inal wvapor
pressure is typically 3.3 kPa. The liguid-containing bulb
and the transfer bulb were then isolated from the manifold
and a pre-baked molecular sieve (13 X) trap was used to pump
carbonyl vapor out of the system. This procedure prevents
contamination of the mechanical-pump oil, and prevents
subsequeut deposition of iron on the walls of the manifold
{wvhich ocecurs readily uwpon contact of Fe(cols with oxygen).
Finally the transfer bulb was mounted directly on the MGssbauer
spectroscapy cell, and through appropriate valving the vapor
in the bulb was allowed to enter the cell.and adsorb on the
treated Grafoll sample. The size of the transfer bulb (150 cm?)
was chosen such that it contained the appropriate amount of
Pe(co)s vapor at room temperature to provide monolayex coverage
of a 5 g Grafoil sample. This amourt of iron is sufficient to
give a Mosshauer spectrum in a reasonable time period (eca. 10

hours), but it is not great encugh to cause detrimental “thick-

28
ness line broadening” effects.

88 -
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IV.A.2. MoOssbauer Spectrescepy

The Mossbauer spectroscopy cell (see Fig. *2) Qas modelled
after an infrared cell described by Della Betta and Sheléf.29
?he Aecessaxy windows for Y-ray transmission were made from
131 Teflon-coated Kapton {(DuPent). Specifically, the Kapton.
(0.01 mm thick) was used for its excellent thermali stabilitg
{uvp to ca. 700 K}, and the Teflon coating (0.004 mm thick on
each side of the Xapton) was used to reduce the permeability
of the polymer cSmposite and to provide a leak-tight seal with
the copper gaskets of standard conflat €langes. These windows
were stable at all temperatures used in the present study
{(77-623 K), and they proved to be stable through dozens of
vacuumn cycles to pressures as low as Glx 10-4 Pa.

Constant acceleration spectra were obtained with an
Austin Science Associates, Inc. S~600 Mossbauer spectrometex
equipped with an electromagnetic Doppler velocity motor. The
sourca was 50 mCi of 57c° diffused into a palladium matrix, .
and it was obtained from Wew England Nucleax, Inc. The pulses
from the proportional counter detectoyx {Reu;er Stokes) were .
amplified, shaped and gated using Austin Science Associates
electronics. These shaped pulses were then Qené to 2

.

Tracor Northern NS-900 multichannel analyzer. The MCA was
iﬁterfaced directly to a PDP~L1 mini-computerﬂ greatly -
facilitating data storage and analysis. Doppler velqcity.
was calibrated with a 1 mil ‘Fe foil, and isomér shifts are
reported relative to this standard absorber. Pasitive velocity

corresponds to the source moving towards the absorber.

The spectra, collected using a triangnlar wave-form, were

4,
FaAT A oW T - " .-

a9
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the data to an assigned number of Lorentzian lines superimposed

on a horizontal base line. The fitting procedure is ™least squares™
with a random stepping of freec parancters. AI; sextuplets fitted
in this study were constrained to be symmetric about the zero
veloecity channel (corrected for isomer shifzc). .

IV.A.3. Graphite Sample

The sample was made from 38 eircunlar dises {2.54 ;m Riameter)
of GTA-grade "Grafoil" (Union Carbide). This material was
made by pressing high purity, naturally ocecurring Ha&agaécar
graphite flakes inte thin sheets-al Grafoil has two '
properties which proved uvseful for the present experiments and
for several Mossbauer spectroscopy studies of molecular adsorption
as we11.32-35 First, thexe is a high degree of alignment
between the basal planes of the graphite microcrystals and the

macroscopic Grafoil sheets. Neutron diffraction studiesss

have shown that the orientation distribution of the microcryscal
basal planes is peakasd parallel to the Grafoil sheet with a
full width at half maximum of 30°. Secondly, the material has
been measured37 to have an averzge surface area of 22 mzig,
almost all of which is the highly uniform basal plane surface.
The high surface area is required to make Mossbauex Spectroscopy.
in the transmission mode, a surface sensitive technigue.
IV.B. RESULTS

A 7.9 g graphite sample was "activated” by treatment in
oxygen at 970 K, resulting in a 8.5% rcduction in sample weight.
Following this oxidation, the sample was evacuated to ca. 10"3Pa
for 10 h at 723 K and then cooled to room temperature under

vacuum. The cell was subsequently sealed off from the pumps



anad Fe(CO)s introduced from the transfer bulb. 91

Table 2 summarizes the pretreatments and Mossbhauer
Spectrascopy run conditions foxr a2 series of exﬁériments dealing
with.Fe(cojs adsorption and decomposition on Grafoil. Spectrum
1 {Figure 3a) was taken by cooling the sample to 77 K in the
presence of Pe(cojs- The resulting guadrupole ﬁouhlgt is very
similar to that of soliad Pe(cojs. as will be discussed later.
The sanmple was thaen guickly heateé {ovex a 5 minute period) to
378 K, maintained at this temperature for 55 minutes, and
sSubseguently cooled to 77 XK. The resulting six-peak spectral
Pattern (Figure 3 B) indicates that.the Fe(co)5 has been -
decomposed to metallic iron by the 378 X heat treatment. After
collection of Spectrum 2, the gample was warmed to 295 x, aﬁd
Spectrum 3 (Figure 3C) was then taken at this temperatuxe.

Finally, this series of experiments was concluded by heating

the sample to 450 X for 10 h and collecting Spectr:m 4 (Figuze 3D)
after cooling te 295 K. The iroen, after this treatment, can again
be gualitatively identified as being in the metallic séate-

It must be roted, however, that while the six-peak patterns of
Spectra é and 3 indigate the presence of metallic iron, the isomer-
shifts, line widths and magnetie hyperfine fields are not those

of massive metallic iron samples. This can be seen quantitatively
in Table 2, wheze the results of computex analyses of Spectra -4
and a 1-mil Fe foil are summarized. Indeed, this Qifference is
very significant, and will be addressed at length in the discussion
section. The gas phase over the GrafFoil surface, under cﬁnﬂitions
corresponding to Spectra 3 and 4, was samnpled nmass spactrascopically,

and the results of these analyses are given in Table 3.
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Transmission electron micrographs were made {Figure 4}
of Fe(cojs decempoged on single crystal Ticonderoga graphihe.as
cleaved in ordexr to achieve the thinness reguired for transmission

electron microscopy (TEM). The cleaved graphite flakes were

cleaned at 1170 K for thrxee hours in a vacuum of better than

2

10 “Pa. Foellowing cooling to room temperature, the flakas ware

expoied to re(CO)s and decompdsition was carried out for one
hour at 378 K. The system was then pumped out and oxygen

introduced very slowly in oxder to minimize oxidative heating
of the iren particles.

It is assumed that the particles seen in Figure £ axe
oxidized ian particles, and therefore do not necessarily
represent the morphology of particles formed upon the initial
deconrposition of Pe(co)s. However, it is also assumed that the
particle location does not change durirg the oxidation pxocesé;

In the following section, the spectra are discussed and
evaluated in more detail. 3In shert, it will be shown that upon
heating to 378 K,Fe(CO)s decomposes to form small metallie
particles that interact with and "wet™ the graphite surface.
Thes; particles in turn sinter and may beccome partially earbided

following heating above 440 K.

iV.C. DISCUSSION

IV.C.1l. Fe(c0)5 Adsoxbed on Graphite-Spectrum 1

Pigure 3R is the spectrum of Pe(CO)s adsorbed on graphite
at 77 K. These two peaks were not observable at rcom temperature,
suggesting that the Fe(CO)S is only physisorbed on the surface.

In fact, the Mossbauer parameters obtained {quadrupole splitting =

2,51 mm/sec and isomer shift relative to iron = —.06m/sec) are similar

to those given in the literature for soiid Fe{co}; (quadrupole splitting



= 2.57 mm/sec and isomey shift relative to iron = -.09 nn/sec}-39
In the present study, however, the ahserved gquadrxupole split£ing
is slightly smaller than that reported in the literature.

Similar reductions in the quadrupole splitting of Fe(CO):—

and Pe(c0)4ﬂ have been interpreted to arise from the displécg—‘
ment of the equatorial CO grovps out of the eqnatorigl Plane.
This results in a more nearly tetrahedral arrangement of four:

of the CO groups and hence a guadrupole splitting éomewhg;e
between the expected trigonal bipyramid wvalue and the much -
smallexr tetrahedral value-éo This  suggests that there is a
weak interaction between the Fe(CO)5 and graphite, which leaves
the Fetco)5 structuxe altered only by a slight displacement of
the equatorial €O groups. A&Also, the fast that the twvo peaks of
the quadrupole doublet are of egqual area suggests that there is
no significant orientation of the Fe(CO)S molecules xelative to
each other on the graphite surface-4l This is consistent

with the statement that the Fe(co)s is physisorbed on graphite.

IV.C.2. Interaction of Metallic Iron with Graphite - Spectra 2, 3 and 4

IV.C.2.a. Active Sites on Graphite

The spectra of Figures 3B,C,D are qualitatively those of
metallic iron. Furthermore, it is reasonable tﬁ assume that this
metallic iyon is formed prefezentiﬁlly at edges or at other
dislocations on the graphite surface. Expeximental evidence

for ‘this statement is found in the transmission electron nicro-

graphs of Figure 4. In addition, however, there is evidence

-

from other studies to support this claim.
For example, studies with carbon blacks, which like Grafeil

are principally composed of the basal planes of carbon
42,43

Thmesa wmbmaae 41—« - - --

crvstallites.
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erystallite edges and other imperfections. Oxygen

attacks these sites and must be removed before the carbon is
"activated®”. For this reason, the Grafoil sampie (see Table 1)
was pretreated in a manner intended to maximize the total number
of chemically active sites. First the graphite was subjected
to 2 nild burning in oxder to increase the total crystalliﬁe-eage
area. Then the surface was outgassed at 725 K. Total orxygen
desorption requires vacuum heating to 1273 K,46’47 but it -
has been shown that a significant f£raction of the surface oxyéen
can be xemoved as CO or CO2 at temperatures as low as 500 E.
Furthermore, heating at high temperatures, c;.‘lﬁoo K, has been
shown to significantly reduce the reactivity of graphite,45’43'49
possibly due to an annealing of basal plane dislocations initial;y.
introduced during mechanical pProcessing. Hence, cleaning at
725 K represents a compremise (between reﬁcvinq.qll surface
oxides and annealing out surface defects) likely to yield a
chemically active graphite surface.

Studies of the kinetics of oxygen chenisorption an graphiteso
show that following cleaniag, the re-adsorption of oxygen
is a function of the temperature, pressure and nature of the surface'
sites. These studies suggest that although the most stxongly
adsorbing sites arxe covered (at 10 Pa of oxygen and 300 K) in
Sseconds, the majority of sites, which are léss active stay
uncovered for variable lengths of time extending to several
hours. Since the Fe(co)s was admitted to the cell only a few
minutes after in situ graphite cleaning, it is concluded that the
Grafoill surface retains a large fraction of its active sites
Prior to carbonyl admission. Furthermore, independent experiments

with the eecll used in this study suggest that nxygen leaks over



the duration of the experiﬁent wexe minimal. That is, Fe(tols
did not oxidize to a detectable extent after moxre than five days
in the cell, whereas deliberate introduction of oxygen into the
cell immediately led to the room temperature oxiaatian of all
the Fe(co)s in the cell.

IV.C.2.b. Orientation of Iron Particles on Graphite

The relative areas of the six hyperfine~split peaks in
Figures 3A,B,C indicate that the metallic iron particles are
oriented on the Grafeil surface. sPecifically.‘th; relative
peak areas in a hyperfine-split spectrum are a function of the
average angle between the radiation of ‘the source and the magnetic
field at the iron in the sample. In a randornly oriented sample,
the relative intensities of the spectral peaks Iis 3:2:1:2:2:3.
For complete alignment of the magnetic fields perpendicuiar to
the yY-ray direction the ratio is 3:4:1:1:4:3, while for alignment
of the magnetic fields parallel to the Y-ray direction the-
xatio is 3:0:1:1:G:3. The relative peak areas of the observed
spectra (see Table 2) are, thus, gualitatively indicative that
the metallic iron magnetization is oriented approximately parallel
to tﬁe Grafoil sheets. This would be consistent with the close
proximity of neighboring iron partieles along éteps and edges of
the graphite surface (as discussed above), with the corresponding
“interaction anisotropy™ xesponsible for aligning the %ron"
magnetization parallel to the Grafoil sheets. BAltexnatively,
this could be explained by a "spreading® of the iron particles
over the graphite surface, with the corresponding magnetic shape
anisotropy responsible for aligning gbe iron magnetization

parallel to the Grafoil sheets. Evidence that the iron particles
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do, in fact, "wet™ the graphite surface will be presented later
in this discussion. -

IV.C.2.c. Particle Sintering and Possible Carbide Formation

The isomer shift provides additinnal evidence that the
iron is interacting with carben. The ,positive isomer shift (with
respect to bulk metallic iron) of the iron after the heat tr;at-
ment at 378 K indicates that the electronic proverties of the.
iron are significantly different from those vf bhulk metallic
iron. The origin of this effect is pzobably the interaction
between iron and carbon, 1leading to an increase in the ratio
of electrons in the p- and d—orbitalé to electreons in the s-
orbitals of iron. Heating to 450 X then decreases the_e#tent
of electron transfer between carbon and iron since the isomer

shift approaches the value characteristiec of bulk metallic iron
following this treatment. 1In addition, the magnetic hyperfine

field increases to that value for bulk metallic ixon {Spectrum

4, Figure 3D), and the total spectra area increases by ca. 15%.
These spectral changes are all suggestive that the irxon pﬁrticles
sinter during extended heating at 450 K.

Although Spectrum 4 is composed primarily of the six peaks
of metallic irom, it is possible that there is a minor contribu~
tion being made by one or more secondary iron-containing phases.
It proved very difficult go f£fit this, or these, secondary phases
because of peak overlap and poex counting statistics.  However,
several attempted computer fits, each using widely differing
starting parameters, yielded broad secondary (ca. 15% of the total
spectral axea) sextuplets with an average hypexfine field of .
about 245 kOe. This suggests the possible presenée of some form,

‘o Torms, of iron carbide.



Table 4 shows the-results of the mass spectroscopic
experiments designed to probe the extent to whikh carbog
ﬂeposition‘(and hence carbide formation) could occur under the
conditions experienced by the sample in the Mossbauer
spectroscopy cell. The presence of cog in the gas phase
following the 450 X heat treatment,‘and'not following the
378 X heat treatment, suggests that the disproportionatica o
€O (and the possible formation of iroh carbides) could eccur
only during the high temperature treatment. The forma£ion of
carbides from the dissociation of CO on iren partic;es is

already well docunented in the literature.51'52

IV.C.3. Quantitative Spectral Analysis - Spectra 2 and 3

IV.C.3.a. Relaxation Effects

53,54
Recent theoretical work suggests ' that modes of

collective magnetic excitation will resnlt in a réauced hyper-
£ine splitting for magnetic micro-cxystals held below their

blocking temperatures, TB {whexe TB is the temperature

ebove which superparamagnetic relaxation becomes important).

53-~5
This phenomenon has been cbserxved by several investigatoxs 3-55

and has been used to determine appxoximate particle

sizes using the formula:

measured splitting

bulk splitting ~ + = X¥T/2EV ' )

vhere the measured and bulk hypexrfine splittings are observed
at temperatuxe T, k is Boltzmann's congtant, VvV is the
particle volume and K is the magnetic anisotropy enexgy

constant. The magnetic anisotxrapy energy constant is a measure

of the energy required to move the collective magnetic moment of a

. 56
single domain spin system between various "easy directions®-

97



erystalline, shape anisotropy, surface anisotropy) wmake it
difficult to precisely predict the valuc of K.Ffor a given
system. However, a typical range of K for metallic iron is
from approximately 104 erg/cm3 {(magnetocrystalliine anisotropy)

to 107 erg/cm3 {shape or surface anisotropy).s6 with these

values the average metalli: iron particle volume car he
computed using the above formula for the ohserved reductiorn in
average nagnetic hypexrfine field. The results of this calcula~

tion are summarized in Table 4.

It should be noted, however, that the larger widths of

I

the outer lines in Figures 3B and C. is an iadization that the—rs
is a ﬂistributian of hyperfine fields.57 which . in the model
of collective magnetic excitations would be attributed to a
distribution of particle sizes. (A distribution of qu;drupole
splittings would result in a uniform broadening of all six
lines.) Hence, the values listed in Table 4 refexr only to the
mean particle diametex. The close agreement between particle
sizes calculated from the spectra collected at two temperatures
demonstrates that magnetic relaxation phenomena can explain the
reduced hyperfine field data consistently.

A more rigorous test whether the observed reduced magnetic
fields and broad spectral peaks can ba interpreted in terms of
nagnetic relaxation is made through computer siﬁulations of
Mossbauex spectra. Following Mgrup, Topsde aﬁd Lipkafs
spectra were generated taking into acccunt (i) the combined
effects of collective magnetic execitations,. which result in a

reduction in the observed hyperfine field and (ii) Superpara-

magnetic relaxation, which results in the collapse of the six-
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peak pattern. For eazh particle size of the particle size

distribution, the associated anisotropy energy barrier was
calculated (for a given anisotropy enerqgy constant) and used
to determine both the reduction in hyperfine splitting {(see
Equation (1)) and the superparamagnetic relaxatior time

58,59

T These walues were then used to generate a Mossbauex

spectrum for each particle size using the snalytical expressions
far lime shape given by wickman-so Zhen, by summing the
Mossbauer spectra for the different particle sizes of an
assuvmed particle size distribution, a global Maossbauer spectrum
was computed and compared with those spectra obtained |
expérimentally.

Several examples of simulated (room temperaturel spectra
are presented in Figure 5. In each case the spectrum is
zecompanied by & plot of the particle size distribution. The
anisotropy energy constant was varied over the conplete range
of physically reasonable values {from ca. 105-—107 erg/cm;];
and 211 meaningful partiele size distributlions for a given
value of X were also tried, as discussed below. 7The
Mossbauer parameters of iron were chosen such that as the
particle size increased the peak positions and relative peak
intensities approached those of bulk metallic iron (at 300 E)
with its magnetization perpendicular to the Y=-ray direction.
It was deduced £xom these simulations that for any given
anisotropy barrier, only & very small yrange of particle radii
existed with particles {i) sufficiently large that a super-
paramagnetic central peak not be present and (ii) sufficiently

srall that the reduced mwagnetic hyperfine fields be observed.



In no case tould spectra be generated which had all of the 100
qualitative features of the spectra obtained experimentally.

~
For ¢xample, in the experimental speetrum at room temperature
(Figure 3.C) the absorbance of the innermost peaks {lines 3
and 4) and outermost peaks {lines } and €) are wvexy nearly the
sane due to the large relative broadening of the outer peaks.
Thus, although magnetic relaxation effects can indeed
quantitatively explain the reduced magnetic hyperfinc gields
and their temperature dependence, these aeffects cannot
quantitatively explain the significant relative broadening
of the outer lines. The origin of this relative broadening
must be the presence of a hyperfine field distribulion inm
addition to that produced by magnetic relaxation ané the

particle size distribution.

I¥.C.3.b. Hyperfine Field Distribution Effects

The surface layers of iron crystals and £ilms have been
shown to have magnetic hyperfine fields significahtly different
from those of the bulk as reviewed recently by Topssgde EE.E£-61
In some cases, these differeaces may be simply due to the lass
of three-dimensicnal translational symmetry at the surfaece.

While several theoretical {ang experimental!sz studies suggest
that this effect should lead to a reduced hyperfine field at the

63,64
surfacer = other studies note that the surface may show

an enhanced hyperfine field-ss Some calculations'ﬁlso point

to the presence of a hyperfine field distribution near the
surface, the breadth of which increases as the Curie tenperature
is approached-ss In addition to these effects of translational

symmetry, large deviations from bulk magnetic propexties have

been attributed to the nature of the chemical bonding at the
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a

surface. For example, the adsorption of gases has been shown

67,68 The case

to affect the surface magnetic properties.
of CO adsorbed on iron is of particular interest in the
present discussion, and it has been reported that the
chemisorption of this molecule increases the surface hyper~
£fine field of iron by ca., 5-10 kOe. The chemical effects

at an iron/solid interface have been shown to be even larger.

Specifically, the average hyperfine field for an ixonfsolid

the

Irly

interface has been Eound to de a strong functisa o
solid material with which the iron surface is in contact
{see Table g). It ¢ be seen from this table that the
average hyperfine field may bhe eithesr larger or smallerx
than that in the bulk, depending on the nature of the chemical
interaction between the two solids. Furthermore, many
investigators repoxt the existence of a distribution of
hyperfine fields near the surface. In addition, it should
" be noted that the presence of demagnetizing fields.for
single domain particles may also be expected to alter the
average hyperfine field, giving riée to an increase of up
to 20 kOe for metallic iron.’s

For -the case of the iron/carxbon system, there is
considerable evidence in th; literature that the presence
of carbon in the atomic vicinity of iron can both inérease
and decrease the magnetic hyperfine fiera. 8778 44

partienlar, an iron atom having carbon atoms as nearest



lo2

neighboxs will possess a reduced magnetic hyperfine field
due to local electron interactions between the d-orbitals

79

of ixon and the s- and p-orbitals of carbon. It has

generally been found that non-magnetic atoms in a magnetic

80,82 In addition,

lattice will reduce the field locally.
an ixon atom having carbon atems as second, third and
furzher next-nearest neighbors will possess an increased
magnetic hyperfine field due to lattice strain f:iEfcec:i:s.."6
The effect of these next-nearest neighbors decreases
geometrically with increasing distance between iron and
carbon, approaching zero asymptotically. .

It has been shown that the effects of carbon are not
limited to carbon dissolved in a lattice. Caxbén-metal :
interfaces also have changed magnetic behavior. Gradmann et al.ez
suggested that a2 reduction in the magneti¢ moment of carbon
covered 60 Ni/40 Fe oligatomic films could be caused by the
filling of metal "d-hoies” in the interface layer by the
covering carbon atoms. o '

The results of Table 5 suggest that the effects of carbon on
the magnetic hyperfine field of iron, in fackt, are restricted to
the Fe/graphite interface. in contrast to the prgsence of earbon.
"dissolved” in the iron. That is, the mass spectroscopic analysis
of the gas phase over the iron following Pe(CO)5 decomposition at
378 X gives no evidence for the presence of CO0,,. This observation

indicates that dissolved carbon could not have been produced at

this temperature via the Boudouard reaction (the disproportionation
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of CO to give C and CO,). Furthermore, graphite is thermo-~ .

dynamically stable (at these temperatures) with respect to the
formation of iron carbides oxr significant AmOunﬁs aof carbon
dissolved in iromn.

tvhile it is not possible to piedict the magnetic hype;—
fine field distribution resuliing from the ironfgraphite and
iron/gas interfaces, it is clear from the above discussion that
a2 magnetic hypexfine field di#trihutioﬁ should, in fact, exist;
Thus, computer simulations were carrzied out by adding an
independent magnetic hyperfine f£fiald diétribution to tha‘
effects of magnetic relaxation discussed in the previous

discussion section. The results of one such simulation are
shown in Figure 6. This combination reproduced the reduced
magnetic hyperfine fields {(magnetic relaxation), the broad

background dip centered at zero velocity (magnetic relaxation)
and the relative broadening of the outer pecaks (hypexfine fiela

distribution). It is thus suggested that the presence of a
magnetic hyperxfine field distribution {due to the irxon/graphite
and iran/gas intexfaces) and magnetic relaxation effects are
responsible for the general features of Spectra 2 and 3. It is
not suggested, however, that the values for the adjustable .
parameters of this simulation necessarily have quantitative

validity.

Iv.C.4. Proposed Iron Morphology

The computer simulations performed in this investigation

show that any mode) of the particle morphology (prior to the
450 X hrat treatment) must explain the existence of hoth

magnetic relaxation and a distribution of hyperfine fields.
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The relaxation phenomena are unambiguously atitributed to

a finite particle volume. However, the distribution of hypex-
L3
fine fields may arise from the presence of the Fe/graphite and/

or Fe/gas interfaces. The experiments conducted in this study

were not sufficient to distinguish these two interfacial effects.
Foxtunately, both of these interfacial effects lead to the same

morphological model. That is, to fully explain the distribution

of hyperfine fields, the particles must have a high surface
to volume ratio. Hencé, the metal particle= are modellad to

be "raft-like" structures of the orderx 1 nm thick and several

tens of nm in lateral dimension. The choice ¢of the order of

1 nm for the raft thickness explains the observed importance
of interfacial effects (hypexfine field distribution). The

large lateral dimension is chesen for consistency

with the particle volumes estimated from the magnetic relaxation

effects (reduced hyperfine field, see Tahle 2).

Finally, it is postulated that the paxticles are preferentially
located at dislocations, steps and oth?r impexfections on the Grafoil
surface. There arxe two types of evidence which suppoxrt this
suggestion: (i) a general understanding of the behavior and
location of "active sites” on a graphite surface, and (ii}
transmission electron microgyaphs of iron particles aecerating.
steps and edges of single-crystal graphite surfaces. 'ﬁuring
heating to 450 X, both the Mossbauer spectra and mass spectroscopic
gas phase analyses Suggest that CO may disproporticnate on the
metallic iron surface, creating partially carbided particles
and CO,. The metallic iron particles also sinter, resulting in

a spectral component with parameters close to those of bulk metallic

iron.
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TABLE ¥ ~ SAMPLE PREPARATION

CLEANING
sanple % Burn-off approx. mass (g) Temnp . Time Pressure
- . ‘.2.
Mosshauer 8.5 7.9 223 K 10 hrs. 10 Pz
- -3
TEM 0 - 1273 X 2 hrs. 10 Fa
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PABLE 2 -~ MASS SPECTRAL ANALYSES OF GAS PHASE OVER
GRAFOIL AFTER F?(CO)S DECOMPOSITION

fF—CLEANING—— r—DECOMPOSITION—  CO/CO,
Sample Weight Temp. {K) Tire Tenp. (K) Time Retio

v

1l 1.67 723 10 hrs. 383 2 bhrs. 21000/1

2 1.47 723 10 hrs. 450 10 hrs. ~270/1



TARLE 4 - RELAXATION MODEL COMPUTATIONS

114.

Mean Particle’ Latérai
Energy Anisotrapy Diameter {nm) Dimension {(nm)
Constant, K T {K) (A) {B)
7 3 +295 4.3 -12.9
10" ergs/cm 77 4.3 12.5
5 3 295 20 B89.5
10" ergs/cm 27 19 82.8

{A) cCalculations based on the assumption that the particlies

are hemispheres.

{B}) Calculations based on the assumption that the particles

are square "rafts" 1 nm thick.



TABLE 5 - RESULTS FROM MOSSBAUBR STUDIXIES OF THE HAGRETIC

PROPERTIES OF THIN IROR FILMS

115

Average ApproXx. range _
hyperfine of hyperfine Tenp.

Film Morphology field fields X Ref.
Vacuum - 1 /10 monolayer 57Cn--102

layers Co 330 240-380 1.2 56
Vacuum - 1/10 monolayer 5760-—102

layers natural Fe 290 210-370 4.2 62
100 np Cu = 0.5 nm 57!—’e =106 nm

natural Fe 290 230-370 17 69
20 np MgF, - 2.4 nm Fe - 20 nm NgF, (320) (300-330) 300 70
20 nn MgF, - 2.4 nm Fe - 20 nm MgF, (370) (320-320) 2.2 70
20 nm MgF, = 1.6 nm Fe ~ 20 nm MgF, (300) (250-340) 300 70
20 nm MgF, - 1.6 nom Fe - 20 np MgF, {375) (320-3%0) 3.2 70
40 nm MgO - 1.6 nm Fe - 40 nm MgO (330) () 300 - 71
40 nr g0 - 0.8 nm Fe ~ 40 nm MgO {380) €350-400) 4.2 71
5 nm 5i0, - 0.5 nm Fe - 5 nm Sio, t325) {300~-350) 77 72
5 np 2i0, - 1.5 nm Fe - 5 nm Sio, {330) {316-350) 300 72
30 nn Cu - 0.5 nm Fe - 30 nm Cu 290 (260~33D) 4.2 73
30 nm Ag -~ 0.5 nm Fe - 30 nm Ag 358 () 4.2 73
30 nm Ag - 2.9 nm Fe - 200 nm Ag 325 323-327 300 74
30 nm Ag -~ 2.0 nm Fe - 200 n»r Ag 348 - 4.2 74

NMumhers in parenthesis are approximations made on the basis of

visual inspection of published spectra.

-*
{very 1little broadening)
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List of Figures

Figure 1: Carbonyl Handling System. A) To vacuum pump, B)
Thermocouple preasure gauge, C) Liguid nitrogen
trap, D) Molecular sieve trap, E) Bulb containing
ligquid Fe(c0)., F) Carbonyl transfex bulh,

G) Mexcuxy mahometer

Figure 2: MoOssbauver Sample Cell. 'A) Thermocouple feed-through,
B) Ground glass joint for attaching carbonyl transfer
bulb, €) Liquid nitrogen reservoir, I') Sample,

E)} Beaded heater, F) Conflat flange, G)Vacuum line,
H) 131 Kapton windows squeezed hetween copper gaskets.
I) Heater wires

Figure 3: Mdssbauer Spectroscopy Recorad of'Ee(co)s Decompositian
on Gragfoil. &) Fe(CO)s frozen on Grafoil at 77 Kk,
B) Spectrum at 77 K following decomposition at 378 X,
€C) Spectrum at 295 K following decomposition at 378 K,
D) Spectrum at 295 K following heat %treatment at 450 K .t

Figure 4: Transmission Electron Micrograph following decomposition
of FetCO)s at 378 ¥ on Cleaned, Single Crystal Graphlte
Specimens.

Figure 5: Computer Simulations of Callect1ve and Superparamagretic
Relaxation Effects on Wossbaueg Spectra. In all three
simulations pictured, K = 5x10% ergs/en” and T = 300 X.
2he only parameter varied in the three exanmples shown
was the particle radius distribution (grinted to the
right of each spectrum). It was assumed for computation
of the particle volumes (and hence relaxation time T)
that the particles we¢.'e hemispherical. . :

Tigure 6: Computer Simulation of Combined Hypexfine Field
Distributiorn and Relaxation Effects. A) Mossbauer
spectrum at 300 K following decomposition of FelCO)
at 378 X {Same as Figuze 3¢), B) Simulated Mossbauexr
spectrum, €) Assumed particle xadius distribution (for
hemispherical parxticles), D) Assumed hyperfine field
distribution. In the simulation, It was assumed that- -
X =5 = ;Osergsfcm3. T = 300 X, and the peak area ratio
was equal o 3:3:1:L:3:3. :



117

~9

- (O

7 ambiy




1l8

Fguve 2




INTENSITY

RELATIVE

102

0.96

0.94 ' #

-3 -2 CR S

5

I.OOOF

0992

+Jr°

0.9885

0.994

0.992

{.000

0.93%8

0.998

0,994

1.0000 T k4

0.5575

0.995C 3 - 4{_
0.9525 1 ‘

05300 >

0.9875 : i
-08-~75 -50 -25 00 25 50 75 100

-

119



%.w km\_. :._,.«mn__ i

mé

ur..: 431
- @L
..v N.

%wﬁ.... .‘.}
’ t .. -
Lov i‘ .mh.«.m ..p— ﬁ..ﬁ“-..w ab
e . y W 7
o RPN -
. , =
: O
-0
. iy, - H.IW .
, sde 0l
y wa.... ; }
? N - L A a .-
-.J.o%: ' ﬁ--w.n wm.; ' ... )
. AR »m
$ .
.y - AN B
g P 5= SRR §

...n._“.. S n»;
..““. : .&M“m M nN&w MW%
i i m@ a...ﬂ

i éa%w ,w% ﬁwy

(kgL %5 Y8k

Reproduced from
best zvailable copy

e bt

H&‘w\r

el



121

NolLlNnBIyisia

SNOILINNI

ol 08 - R o 08 O g o g &=
oo ,
20

|
)
5'0 k
WA :
80 C C / \C
- - VI g
o'l e
69 09 g8 s sy O g & g~ o=
oc : .
1
$'0
90 AA J
0 VAVA 4V,
/ \ ‘g

o'l S e
08 8% 08 [ oy Ol g 0 G- g~
[P

BA1LVI3Y

ALISNILNI



INTENSITY

RELATIVE

DISTRIBUTION FUNCTIONS

1002

0

i+

Y I A T
L, /\_/ \f\ N / |
VY
0 hr\,IELOCIT‘t' o‘ mm /s} ° N
Lo -

0.0

260

280 300 320 340 360 380 _ 400

HYPERFINE FIELD {kOe)

10

e

.\..

0.8}

0.6

o4

0.2

0.0

45

50 55 60 65 7a 75

PARTICLE RADMH (nm)

122



-
V. Appendix C.

-

IRON PEUTACARBONYL DECONMPCSITION OVER GRAFOIL:

IX. Effect of Sample OQutgassing on Decompasition Xinetics

*
Revised f£rom Semi-annual Progress Report, May 1980;

and accepted for publication in Applications

of surxfage Science.
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V.A. EXPERIMENTAL

V.R.1 Graphitc Sample = The samples for both MOssbauer spectroscaopy

and volumetric gas phase étudies were made £rom GTA grade
"Grafoil" (Union Caxbide). This material is composed of high
purity, naturally occurring Madagascar graphite flokes, pressed
into sheets approximately 15 mil thick (1). Grafoil has two
properties which provad useful for the present study. First
there is a high degree of alignment between thelbasal planes

of the graphite microcrystals and the macrascopic Grafoil sheets
{2} . sSecondiy, the material has been measured (3);to have

an average surface area of 22 mzfgm, almost all of which is tﬁe
highly uniform basal plane surface. The high surface area is
required to make Mossbhauner spectroscopy, in the traﬁsmission
mode, a suxface sensitive technique (4 -7 3. The. high surface
area zlso serves to make Grafoil a convenient maferial for use
in the volumetric gas phase measurements.

V.hR.2 Mossbauar Spectroscopy - The Mossbauver spectroscopy cell

and equipment have been Qescribed elsewhere (8) 1. A sampie made
from one inch diameter Grafoil discs was outgasseﬁ in vacpum
(10“4Pa? in the MSssbauer spectroscopy cell at a desired
tempexaturxe in the range Irom 77 to 623 K. Following outgassing,
an amount of re(co)s was permitted inté the cell sgch that ca.

2% of the Grafoil suxface would be covered by iron if monolayer
iron particles were formed during decomposition. A spectrum

of Fa{CO)_, frozen on the Grafoil surface at 77 X was then taken.
Next, @decomposition at 383 K commenced. At various stages in
the decomposition prowess the. sample was cooleé to ambient

and/cr 77 X, and a Mossbauex spectrum recorded.

The spectra, collected using a triangular wave foxrm, were
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. ; .
folded and fitted using the program MFIT (?) . a detziled
description of the use of this program is provided elsewhuerxe {(8}).
All isomer shifts arc reported relative to a metallic iron

absorber at 300 K.

V.A.3 Volumetric Gas Phase Measurements - The all-glass apparatus
used for volumetric gas phase analyses is shuwn.schematicaliy in
Figure 1. Bach Crafoil sample was .first outgassed at a desired
temperature in the sample cell. A 1iéuid nitrogen trapped
diffusion pump (backed by a mechénical pymp) provided the vacﬁum
for this sample pretreatmené, the residual pressure heing

approximately 10-4Pa. Following completion of sample ontgassing,

re(co)s from the transfer buld {see Figure l)} was permitied inte
the main manifold. Again, the amount of Fe(CO) . permitted into
the cell was stringently limited, as discussed above for the
Mossbauer spectroscopy studies: The piessure of the Fe(06)5
vapor in the wmanifold was then measured with the precisioh.
pressure gauge {(Texas Instruments)._ Next, the sample cell was
opened to the manifold, allowing re(co)s vapor to entexr the
sample cell and adsoxb on the Grafoil surface. The drop in
manifold pressure (measured with ﬁhe pressure gaugel was used
to determine the total amount of Fe(CO) which had (i) adsorbed
on the Grafoil surface or (ii) entered the gas phase of the
previously evacuagéd sample cell. For the present study, tﬁe
Grafoil sample size (ca. 2.0 g) and the initial pressure of

the Fe(co)5 in the manifold (ca. 103Pa) waxe chosen such that
the majority of the Pe(CO)s {ca. 903) was, in fact, adsorbed

on the Grafoil. Following exposure c¢f the sample to Fe(CO)g

the sample cell was closed and the remaining Fe(éo)s in the
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manifold {(ca. luzpa) was pumped out using a liquid nitrogen
cooled molecular sieve trap. The Grafoil sample was then
rapidly heated {over a period of 5 minutes) to 383 X and
subsequently hald at this temperature for 1 hr. After this
thermal treatment, the sample cell was rapidly cooled to room
temperaturxe, opensd to the previously evacuated manifold and

the pressure of the gas phase measured. The cell was then again
isolated from the main maniffold, heated to 353 K and heald at
that temperatuze for one hour. During this and subsequent
thermal decomposition steps, the gas in the manifold was not
evacuated. This procadure was repeated consecutively until

the gas phase pressure in the manifold reached a4 constant value.
It should be noted that the incréase in gas phase pressure can
be attrihuted solely to the deconposition of fe(COJS, $ince
heating Grafoii alone for extended periods of time at 383 K
causes nc m2asurable increase in gas phase pressure. Furthermore,
mass sSpectroscopic analysis of the gas phase following complate
Fe(CO)S decomposition showed primarily €O, with trace amounts
(iesg than 1%) of othexr gases such as nzo and coz. In addition,
the low initial pressure of Pe(co)5 priox to the thermal
decomposition steps (less than 102Pa) ensures that ths partial
pressure of CO is significantly gqreatexr than fhat of _E'e(co)5
for total extents of decomposition greater than ca. 10%.
Partial pressure measurements made during the course of the
experiments also indicate that after the initial hour({s) of
decomposition very little, if any, Fe(co)s is presen? in the -

gas phase. These measurements were made by immersing into

liquid nitrogen the glass appendage shown in Fig. ‘1. Finally,



control studies establishcd that €O does not adsorb {to

significant extent) on the surface of Grafci® a4t roonm
terperature or 383 K. Thus all CO molecules released during
Fe(CO)s decomposition must either (i) enter the gas phase or

(ii) adsorb on the surface o7 decarbonylated iron species.

V.B. RESULIS

V.B.1. M¥ssbauver Spectroscopy =- Experinents were designed ka

gqualitatively determine (i) the effect of outgassing the Grafoil

on the Fe{CO); decomposition pzrocess and (ii) the identity of

the iron surface species present at variaus stages of tha de-—
conmposition process. Table I summarizes the outyassing condi-
tions £followed for each of the two samples stucdied.

Pigure 2 shous_the ll&ssbauer spectra (at 77 K) of the twe
samples after thersal deconmpositien of Fe(CO)5 for 1 hr at
333 K. Th2 sarple ovtgassed at a low terperature {sSanpl- 1}
shows a trso-peak M8sshauer spectrum indicative of retco}s, as
sean in Figure 28 {guadzupole split = 2.5} mm,
isomer shift = -0.069 (10)). In =ontrast, the sample
outgassed at a high temperature (sawple 2) shows a six-peak

spectrum irdicative of metallic irom, as seen in Figure 28.

It can rearily be concluded that the rate of Fe(CO)s deconposi-

tion is faster on the Grafoil sample subhjected to the moze
rigorous outgassing. In Pigure 3, M3sshauner spectra fat 77 K)

are shown 2s a function of FeCCO)s deconposition time for the
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sample outgassed as low temperature. In particular. figures

3A, 3B, 3C, and 3D correspond to 1, 4.5, 14 and 25 hr thermal
facomposition times, respectively. It is impoxtant to note that °
only two distinct i:on-containing phases can be identified
during the c¢ourse of the decomposition pracess. These are the
quadrupole doublet of Fe(CO)S end the magaetically hyperfine
split sextuplet of metallic iron. Aaccordingly, no evidence can
de found for the presence of other iron carboayls {e.g. EeZCCQ)B!
or sub-caxrhonyl speeies, 'Pinally. while the six-peak paﬁterns
in ‘Tigures 28, 3B, 3C end 3D are qualitatively those of metallic
iron, the MIssbauer parameters are not those of massive iren
particles. The interpretation ¢f these spectral faatures will

be diseussad later in this paper.

V.B.2., Volumetric Gas Phase Measurements - A primary objective

af these nmeasurements was to deternine, aftex cump1e£e Fe(CO)s
decomposition, the Co(a)/Fe ratio; where, CO{a) represents the
number of CO molecules adsorbed on iron, a2nd PeT represents- the
numbey of iron atoms produéed by the decomposition

process. 7This ratio is, in fact, a measure of the metallic
izon dispersion (dispersion being defined as the fraction of the
iron atoms that are surface atoms). Indeed, the calculation of
this ratio is straightforwarad knowing the final pressure of CO
in the gas phase and the initial amount af Ee(CO)S éxposed to
the Grafoil sample. The results of such deterxrminatians for
6rafoi1 samples subjected to different pretreatments are summarized

in Table 2. Listed therein are the parameters of the outgassing

treatments given each sample, and the correspondirg Cof{a)/Fe ratios.
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and times reguired to reach 9393 of co;pletu Fetcols
decamposzition. It is zlear fxom this table that the
CO0(a)/Fe ratio after complete decomposition is the same in
all cases, approximately equal to 0.5. ¢ .can also be
scen in Table 2 that the time required to complete.the
Fe(CO)s—ﬂecomposition aecréases as the outgassing {below
773 K) pretreatment becomes more rigorous. This result is
consistent with the Mdssbauer spectr;scopy result. néwaver.
on the Grafoil sample treated at 1273 K the rate of
decomposition is seen to be somewhat slower than the samples
outgassed at 773 K and 673 K. This is explained in the
discussion section.

As demonstrated by Mossbauer spectroscopy, Fe(co)5
and metallic iron are the only two irorn-containing species
Present durxring the decomposition process. If it is
assumed that the morphology of the metallic iron phase
remains unchanged during the course of the decomposition
(as will be discussed later), then it £oilows that the
co(a}/Fe ratio would equal 0.5 at 2ll stages of Fe(CO)5
decomposition. It is tﬁen possible to determine the extent ’
of Pe(COJs decompositisn versus time by simpiy measuring the
gas phase CO pressure versus time, since five CO molecules
are released when one Pe(CO)S molecule decomposes, ané since
cof{a) /Fe equals 0.5, it follows that 4.5 molecules of CO are
released into the gas phase per molecule of Eé(c0)5 decomposed, .
Accordingly, the extent of re(co)5 decomnposition, x, is given

by:s
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-
4.5 “re(cots

x =

is the number of gas phase CO moleculas (in the

-]
secco)s
Pe(CO)S molecules initially exposed to the Grafoil sample,

where nco

is the aumber of

manifold and sample cell) and n

Figure 4 shows ploks of x versus time En::crgfhllwsamplas
subjected to various outgassing pretreatments. Thase curves
show quantitatively that the rate of Fe(dols decomposition .
increases with the severity of tha outgassing step (helow 773 K).
Figure 5 is a semi-log plot of (L - %) va:éus time. after the
initial stages of reaction, Fe(COls fecomposition an Grafail
is a first oxder process, desc:ihéﬁ by an exponential
decay of (! - x) with time.

V.C. DISCUSSION

Vv.C.1 Mossbauer Spectroscopy - AS shown above, the resuits of

M3ssbaver spectrzoscopy indicate that only two iran-contalning
specles are present during the course of Fe!CDls deconpasiﬁion
over Grafoll: metallie iron and iron pentacarbonyl. TYet it
was also noted that the M;ssbaue: paraneters for the mgtallic
iron phase were not identical to those of hulk metallic iron.
This is shown guantitatively in Table 3, which is a summary
of the results of computer fitting the spectra shown in Figureaes
2 and 3. For bulk metallie iron the magnetic hyperfine fieléd
should be 340 kOe, the line widths should be ea. 0.25 mm s L,
and the isomer shift should be .120 nom st (relative to the
isomex shift of metalii: iron ;t 300 X). Ié can be seen in

Table 3 that the spectra of metallic iron produced on Grafoil

via Pe(co)s decomposition have a smallezr magnetic hyperfine



field, broadex peaks, and a more positive isomer shift than
’ .
the spectra of bulk metallic iron.

The origin of the reduced magnetic hyperfine Ffield and
the broadened peaks of metallie iron on Grafoi} autgassed at
723 K has been discussed in detail in Part I of this investiga-~
tion (B). 1In short, computer simulations were performed to
analyze the Mossbauer spectra aftex corplete decomposition
of Fe(CO) . It was suggested on the basis pf'these simulationsz
that the iron particles produced werxe thin (high surface to
volume ratio) "rafts" on the order of 1 mnm thi;k and 10 nm in
lateral dimension. .

In the present investigation computer simulations were
made of Mossbauer spectra after various extents of FeLco)s
decomposition. This was done in order to determine if the :
morphelogy of the iron particles is the same at all stages
of Fe(CD)S decomposipion. Following the procedure established
in Part I of the investigation, the metaliic iron component
of the spectrum was genexated taking into account the
combined effects of particle size and surface/interface
effects. The spectrum of Fe(CO).5 absokhed on graphite at 77 K
was added. to the metallic iron spectrum to complete the overall
simulation.

The results of this procedure are shown in Figufe.ﬁ for
the simulation of one observed spectrum {Figure 3C)}. The
chosen distributions of particle volume and magnetic hyperfine
field that adequately reproduccd the wmetallic iron part of the
ohsexrved spectrum are also shown in FPigure 6. It can be seen

in this figure that the simulation reproduces the redunced
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magnetic hyperfire field and the broad background &ip centered

at zero velocity (both effects due to magretictrelaxation
caused by the small particle size (11-15)), and it also
reproduces the relative broadening of the outer peaks (due
to the hyperfine field distribution caused by interface/
surface affects (16-18)).

It is not implied that the distributions used for the
simulation necessarily havz guantitative validity. The
important conclusion to be drawn is that the simulation
procedure and parameters used to interpret the Mdssbauer spectra
from metallic iron partiecles produced after complete Fe(co)s
decomposition on Grafoil outgassed at 723 X are the same as
those used te simulate the spectraz from méﬁallic iron particles

produced after partial Fe(co)5 decomposition on less-rigorously

outgassecd Grafoil. It then follows that the morphology of
metallic iron particles on Grafoil is the same after various
outgassing protreatments and extents of Fe(CD)5 decomposition.
While MOssbauer spectroscopy alone is consistent with the
presence of thin, meotallic iron rafts on all samples, it is
the combined consideration of MGssbauer spectroscopy and
volumetric gas phase measurements that clearly demonstrates
that these thin rafts do, in fact, exist. This will be
discussed below. .

V.C.2. Volumetric Gas Phase Measurements

1

V.C.2.a. Metallic¢ Tron Morphology = Titration of iron containing

surfaces with CO has long bheen used as a means of measuring the
iron surface area. 2dsorpticn studies have shewn that €O
chemisorbs on small iron particles with the stoichiometry of

one CO for every two surface iron atoms (19-21). <hus the
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€O(a) fFe ratic of 0.5 osbtais~. repeatedly in these experiments
after canplete re(co)s decomposition, suggests$ that essentially
all of the iron atoms are surface atoms, This leads to the
following conclusion: the metallie iron particles are present
as thin rafts, probably one or two atomiec layers thick. This
conclusion is far more Specific than that drawn freom the
Hossbauer studies. However, it is consistent with the
conclusion drawn from those studies, Very small metallic
iron particles containing ca. 10-20 atoms would be consistent
with this CoO{a)/Fe ratio; however, thaese pa:t;cles would be
superparamagnetic in the roon temperature Misshaper spectra,
showing only 2 spectral singlet or a tun-peak spzctrum. Instead,
the presence of thin metallic iron rafts explains both the
cbserved €O0{a)/Fe ratio and the six-peak MMOssbaier spectra.
Generxally smal) metal particles formed on refractory
substrates are assumed to be thrce-dimensional (e.g. semi-spherical}.
However, there are several instancss reported of metal particles
forming thin, raft-like structures on refractory substrates.
Ruckenstein ard Chu (22) suggested that platinum crystallites
supported on y—algmina will spread to form two-dimensional
structures when heated in an oxidizing atmosphere. It has
also been found that for low metal loadings Ru, Os znd Bh will
form monolayer "rafts” on silica (23,24) . Metal carbonyl
deconposition has led to the production of very highly
dispersed structures as well. Brerner et al. (25-23) reported
that MO(CO)E decomposed on hydroxylated ¥-alumina produced
wono-dispersed nolybdenurm species. PNagy et al. (29) contend

that iron pentacarbonyl decomposition on HY zeolites at low
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temperatures produces iron skructures which are 100% dispersed.

Howard and Nussbaum (30) suggest that the oxidation of retcois

on graphite creates a maonolayer f£ilm of Fe Thus it is

203-
clear that there is precedent for suggesting that one or two
layer thick metai irxon particles could be formed at 383 K on

Grafeoil.

It is not possible to determine unequivoacally the physical
basis for the stability of the iron rafts. However, it seems
unlikaly that it results from a streng iron—-graphite interaction
as it has baen shown (8) that the particles sinter at 450 K.
Hence, it saems plausible to suggest thabt thg raft geaometyy is
metaxtable. That is, the energy reguired to desord {or dissociate
(8 ) ) the chemisorhed CO as well as the energy reguired to
braak the wezk bonds between iron apd graphiﬁe may provide

sufficient agtivation enexgy barriers to stabilize iron rafis

at 383 K.

V.C.2.b. Decompositicon Kinetigcs + In the following discussion

it is assumed that particle nucleation aad growth occur at a finite

number ©of sites on the Grafoil surface. This assumption is
consistent with previous studies of graphitic materials
(discussed later). It is'also reasonable to assune, since
PetCO)s is only weakly adsorhed on Grani} (8) . that the

filux of EetCD)s to the nuclgation'apd gréwth sites is via a
mobile, adsorbed species. Furtherwore, the HuSsshauer spectros-
copy ruesults indicate that only two species are preseat on the
Grafoil surface at any time. Thus, the ?e(CO)s deconrnposition
may be btreated a2s a2 single step process; from molecular

Fe(co)s to netallic iron particle. Accordingly., ore can
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ae = ~kapn_ tcoy )
where nFe(CO)S is the number of re(cn)s molesules in the
systen,

A is the Grafoll area thas is swept out (lon an average)

by each Fe(CO)s molecule in one second, p Ais the nanbax

of nucleation and growth sites per unit area of Grafoil ana
k i= the probability that a Fe(CO) ; molecmle will decompose

upon eacountering a nueleation and growth site;. The obse:ve&
exponantial variation of deconposition rate with tiﬁe Zollows

sinply from this rate expressiaon:

"pe o).
-]

- —2 2y

nE'e(co)

- X = 1 -

s -

It should be remembered here that the decomposition kinetics

are not first orxder during the initial stages of decomposition.
The presence of this "induction periodg® may'he attrxibutable to
the presance of gas phase Fetco)s at short reaction times, since
the treatment of the experimental data assumes that all'Fe(co)s‘
is adsorbed on the Grafoil surface at xoom temperature. It is
also possible that the rate constant k doess not reach =a

constant value until the iron particles have attained a certain

size.

In the present study it is important to note that the
decomposition rate increases as the Grarolil outgassing becomes
more rigorous (below 773 X). In terms of the above mnodel for
the first order dscomposition kinetles, this would‘be intexpx=etad
as a dependence of kAP on outgassing coaditions. ch the .
sake of discussion, this factor will be divided into twe terms:

‘KA 2nd p. The first term, ki, 1ls the decomvosition rate
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per mucleation and growth site and the seconéd tern, 0, is
the number of such sites per unit area of Grafoil.

V.C.2.c. Effects of Grafoil Outgassing « Through analysis of

the Mossbauer spectra it is possible to suggest which of the
factors in the kinetic rate expression {i.e. kA and/or p) are
modified during outgassing of Grafoil. Table 3 contains the f
results of computer analyses of the spectra contained. in

Figures 2 and 3. For the series of spectra on the sample

having experienced the low temperature outgassing {Figure 3},

the average magnetic hyperfine field décreases, the line width
inereases and the isomer shift becomes more positive as the
Fe(CO)s decomposition process proceeds. 3Since it is expected
that the metallic iron particle size grows with continued Fe(cols
decomposition, it seems reasonable to correlate these systematic
variations in Mossbauer parameters with increasing particle size, -
In this case it becomes possible to use in situ Mossbauer
spectroscopy for the comparison of iron particle sizes on

Grafoil surfaces subjected to various outgassing treatments.
Table 3 shows this comparison. It can be seen that the Mossbauer
parameters for metallic irxon on the more rigorously outgassed
Grafoil \sample 2; spectrum 2B) are well within the range

spanned by tha Mossbauer parameters for the series of metallic
iron particles on less-rxigorously outgassed Grafoil (sample 1;
spectra 3B, 3C, 3D). In fact, the Mossbauer parameters for
metallic irxon on sample 1 after complete Fe(cols decomposition
are very close to those on sample 2 after ca. 803 Fe(CO)s
decompositioﬁ. it is, therefore, suggested that the thin

iron rafts are of similar size on both samples after conmparable
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Grafoil
results

size is

was concluded above that kA and/or p increase as the
outgassing becomes more rigorous. However, since the
of Mossbauer spectroscopy suggest that the iron particle

similar on all samples, it follows that p must be

essentially independent of the Grafoil ovtgassing treatment.

Hence, it must be the term kA in the kinetic rate expression |

that varies with sample pretreatment. That is, as the

outgassing treatment becomas more xigorous (below 773 K),

. the numdaxr density of nucleation and growth sites remains

essentially constank, but the reactivity of the Gzafoll surface

increases. This may refleet a higher reactivity of the sites

themselves (increase in k) and/oxr a faster rate of Aiffusion

£or the mobile Fe(CO]s species on the surface {increase in A).

For example, water, which could serve as 2 diffusion barriex,

is known

to desorb £rom graphite between 300 and 900 ¥ (3%r,32).

It seens likely that the nucleatioa sites are "oxygen free”

edge and/or defect sites on the Grafoil surface. Thexre arxe

three reasons to suggest this modél. First, this mecd=l is

consistent with previous TEX stwudies which show particles

forming preferentially aloug graphite edges (8) .. Second,

previous

studies have shown that the only significant chemical

change which occurs on a graphite surface at relatively low

outgassing temperatures {(less than. 1000 K) is the removal of

oxygen—containing species; presumably from edges and defects

(33-36).

..

Finally, othexr investigators have reported that

the reactivity of graphite is reduced by high temperature

treatment (e¢.g. 1273 X) due to the annealing of basal plane

dislocations initially-introduced-during-mechanical procéssing
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in the rate of Fe(CO); decompositicn when the Grafoil outgassing

temperatuxe is increased from 773 to 1273 K.

V.D. CONCLUSIOHNS

Interpretation of the Mossbauer spectra suggests that the
netallic iron particles formed following decomposition of . :
Pe{cojs on Grafoil at 383 XK consizt of many iron atoms, yet
thess particles possess a high surface to volume ratio.
voluratric gas phase mea#urements indicated that following
complete decomposition of Pe(CO)s, one molecule of CO was
absorbked on the sample for every two atoms of metallic iron
formed. These results suggest that the metallic ircon particies
are thin rafts, probably one or two atomic layars thick,
covered by a chemisorbed layer of C0. By cemparison, previogs
-studies of the formation of metallic iron particles on graphitic
materiai using an impregnation technrigque have shown that ;nly
large (ca. 40 nm}, three-dimensional particles can be made in
that manner (39}.

It has alsc been shown that the decomposition of iron
pentacarbonyl on Grafoil is a first order process which takes
place on edges and other defects on the Grafoil surface.
Furthermore outgassing of the Grafoil at temperature below
773 K was found to increase the xate of decomposigion wiéhout
significantly changing the number of decomposition sites.
Outgass;ng at 1273 K was found tq reduce thé reactivity of_
Grafoil, probably due to the annealing of surf&ce.aefects’

whichk previously had acted as nucleation sites.
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ZABLE 1 ~ SANPLE PREPARATION FOR MESSBAUER SPECTROSCOPY

FIGURE

2:\; 3

2B

rOUTGASSING CONDITIONS-]
PRISS. TEN? . TIME

{P3) £= {hr)
-3 B}
6.5x10 295 5
1-5x10~2 723 10
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TABLE 2 ~ XINETICS OF Pe(co)5 DECOKPOSITION

! —OUTIGAS iTIHE REQUIRED

TO COMPLETE Co(a} /Fe
KINETICS SYMBOL KEY MASS PRESS. TEMP. TIME DECOMPOSITION AFTER COMPLE1

SANPLE (Figs. 4 § 5) (q) (ra) {K) (hx) thr) DECOMPOSITIOR

1 % 1.58 6.5x10”% 773 4.5 .5 1.97
2% - 1.50 6.5x10"° 673 5 .5 z.05
3 O 2.72 1.5x10"% 573 & . 3 2.01
4 0 2.53 1.5%10" % 473 2 6 2.00
5 + 2.57 1.5xi07' 383 2.5 ~100 1.98
6 A 1.89 1.5x10”! 383 5 * *

77 - 2.92 1.5%1072 1273 1 3 1.91

#Samples used only to determine times required to complete Fe (CO)

decomposition and ca(a)/Fe ratios after complete decomposition.

* : .
Kinetics only measured for times up to 14 hr: however, in Pigs, 4

and § it can be seen that samples 5 and 6 show similar kinetics.
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TABLE 3 - COMRUTER FIT PARAMETIERS TOR HESSBMER SPECTRA OF METALLIC IROM
PARTICLES FORMED FROM THE THERMAL DECOMDQSITION OF IRIN PENTA—-

CARIONYL ON GRASOQIL

——=SEXTURLET:

SRECTRUM ' AVG. ISOMER LINE WIDTHS PERCENT OF !
TEMD, HYPERFINE  SHIST ‘(mm/sec) nn/sac) TOTAL
SPECTRUM { K} FIELD (%kC2) {(Palative to Fe) 1,6/2.,5/3,4 SBECTRAL AREA
2n,35 77 - - - o
aB 77 333 012 1.1/1.2/2.2 55
3c 77 326 158 1.6/1.7/1.4 80
ap 77 206 226 2.2/2.1/0.9 100
23 77 329 .140 1.5/1.2/0.7 100
1 mil
Fe foil 77 330 «320 0.28/0.25/0.23 -
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Glass Apparatus for VYolumetric Gas Plhase Analysis.,
A) Giass 2ppendage for partial pressure analysis.
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(13X). D) Iron Pentacarbonyl transfer kuib.

E} Texas Instruments precision prossure gauge.

F} Main manifold. G) Vaeuum line. H) Purifieca
gases.

Effect of Outgassing on the Rate of Fe{COJ
Decomposition. Mosshauer spectra of Fe (CO 5
decompaosad at 383 K for one hour on Grafoil

whizh had been (A) outgassed at 295 X (Tahle 1 -

sample 1) and (B) outgassed at 723 E (Table 1 =
sample 2).

Mosshauer Spectral Recard of Iron Containing
Suxface Species Present after Various Stages of

Fe (CO} g Decomposition on Grafoil Qutgassed at

295 K (Table 1 - Sample 1l). (A1} specira recorded
at 77 R.) A) Aftex 1.0 hour at 383 K. B) After
4.5 hours at 383 ¥. ¢€) After 14 hours at 283 K.
D) After 25 hours at 333 X.

Extent of ?e(co)s Dacomposition at 333 X as a
Tunction of Time and Temperature of Grafoil
Outgassing. The key tc this figure is given
in Table 2. .

Kinetics of Fe (CO); Decomposition on Grafoil ak.

3831 K. The key to this figure is given in
Tahle 2.

Computer Simulation of Combined Effects af
Hyperfineé Field Distribution and Magnetic
Relasation on the Mossbauer Spectrum aof Metallie
iron. 1Irxon pentacarbonyl, representing 20 percent

of the total spectral area, was added to the six-peak

metallic iron spectrum. A) Mossbauer spectrum
{sam= as Fig. 3{) taken at 77 K after 19 hours of

Fe(c015 decomg .sition at 383 K on Grafoil oukgassed

at 295 K {(Table 1 =- sample 1). 2) Simulated
Mossbauer Spectrum. C€) Assumed hyperfine Field.
éistribution. D} Assumed paxticle radius
distribution (for sami-spherical particles).

In the simulation it was assumed that the
anisotroby energy constant was 5 x 10 e:gs/cns.

T = 77 K and the peak area ratios for the sixz-peak
pattern were 3:3:1:1:3:3.

144



145

O Jp o

.

}

= Q0




146 .

00

= o

et

.lLﬂ

1.002
1.000
0.998
0.995

ALISNILNI JALLVI3Y

~100 -7.5

0.994
0.982

7.5

25 50

0.0
VELOCITY ( mm /s)

-2.5

-3.0



INTENSITY

RELATIVE

Las

0.95

090t

A
a.norhﬁ*mm e

N

|

Loz

1.00}-amt, -
2,

0.98

Q.96

0.94L

l.o2

1.00|wpvnn

0.98

0.96
Q.94 WIS PR RN
=10 -5 (] S 10

VELOCITY {(mm/s)

F.‘a,wm 3

14"



148.

ol d

[4)

4y by

(s24) IWIL
o8

9

| _

1o




149

. |M: n,ﬁ‘c_ur

T T T

ol bl el ol B
(s44) INIL

b=




INTENSITY

DISTRIBUTION FUNCTIONS

RELATIVE

™ T

Lamd 5

~& 0

S 0

B (¢)
VELOCITY (mm/s)
:_,,-""" |
jc

-

260 280 200 320 340 360 380 400

HYPERFINE FIELD {(iKOe)

/T N
A i // \\
s 55 60 & 70 7

PARTICLE RADI! (nm)



