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ABSTRACT 

A high pressure vessel has been tested and shown to be 
m 

eEfedtive for the simultaneous collection of methanation 
~w 

kinetics a~d in situ M~ssbauer spectra. Using this cell, 

the deactivation of an alumina-supported nickel catalyst 

(Ni/AI203) was studied before, during and after the dosing 

of Fe(CO) 5 onto the sample under methanation reaction conditions. 

This iron-induced deactivation was initiated h~ passing CO at 

high pressure (4 MPa) over an iron catalyst (at 473 K) for the 

in situ production of Fe(C0) 5, followed by mixing the C0 with H 2 

and passing this synthesis gas mixture over the Ni/A1203 catalyst 

at temperatures and pressures near 620 K and 0.2 MPa. The 

Mossbauer spectra collected under these methanation reaction 

conditions (with H2/CO partial pressure ratios near lO) showed 

the iron on Ni/AI203 to be present as an iron carbide. Treatment 

in hydrogen o£ the iron-deactivated catalyst at 620 K gave rise 

to a M~ssbauer spectrum characteristic of metallic iron, 

indicating that the iron on Ni/AI203 is not in direct contact 

~ith nickel (i.e. an PeNi alloy is not formed nor does iron form 

a monolayer coating over nickel crystallites) . Furthermore, for 

Fe/Ni atomic ratios o~ approximately 0.03, the methanation 

kinetics over an iron-deactivated Ni/Al203 catalyst approached 

those characteristic of iron alone. This sensitivity of the 

methanation kinetics to small amounts of iron, combined with 

the observation that iron and nickel are not in direct 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 speutra oE 

iron-deactivated Ni/Al203 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 iron 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 de=omposition 

of Fe(CO) 5. This leads to continued deposition of iron in the 

pore mouths of the support~ exacerbating the problem of iron- 

induced deactivation of nickel methanation catalysts. 
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I. M~ssbauer Spectroscopy Cell for in situ 

Catalyst Characterization and Reaction 

, 
Kinetics Studies at High Pressures 

t 

Revised from a paper accepted for publication 

in Review of Scientific Instruments 



I.A. INTRODUCTION 

The key problem in studying iron-induced deactivation of 

nickel methanation catalysts is to construct a high pressure 

vessel that allows methanation kinetics and in situ spectroscopic 

studies to be conducted on the same ~ample. Our previous report 

detailed preliminary data from such a high pressuru ~ossbauer 

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 

M~ssbauer spectrum. For this reason, we have spent considerable 

time modifying the design of the M~ssbauer spectroscopy cell. 

It should be noted that this is the first high pressure Mosshauez 

spectroscopy cell ever constructed for reaction kinetics studies. 

A detailed description uf this cell is presented below. 

Several designs of Mossbauer spectroscopy cells for in situ 

catalyst characterization have been described elsewhere (1-6). 

However, these cells cannot he used at pressu:es sign££icantl¥ 

higher than atmospheric pressure. Furthermore, the'~eometEies 

involved allow the zeaatant gas mixture to flow over, hut mo..~ 

through, a thin layer o f  catalyst OE a eatalyst.~afe~° The 

ex£stence of a bulk gas phase con=entEatiom gra~/ent in the 

dizect~on pezpemd~culaz to the catalyst layer oz wafe~s vezF 

pzobabl~ foe these configurations. Zn this respect, the pEesen~ 

study involved the construction of a simple M~ssbauer spectroscopy 

cell that provides (i) the capability of operating at pressures up 

to 6.8 MPa and temperatures up to 773 K, and (il) a flow arrangement 
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which allows a reactant gas mixture to flow downwards through 

the catalyst bed at a rate which minimizes gas phase concentra- 

tion gradients. In addition, this cell facilitates studies of 

different layerc of catalyst in a packed bed reactor. In this 

application, the cell is used in tandem with a "prereactor" 

and/or a "postreactor." 

I.B. APPARATUS 

I.B.1. The H.i.~h-Pressure Cell 

A s¢hematlc diagram of the high-pressuE~ M~ssbaueE spectros- 

copy cell is shown in Figure lo The cell is deslgnea to operate 

with a vertical 7-ray beam. The cell body is constructed of 

2.54 cm 0D x 2°06 cm ID 316 stainless steel tuhlngo The ends of 

this tubing were welded to ConFlat flanges (Va=lan #954-5067)~ 

The use of type 316 stainless steel eliminates the fo~matEon of 

Fe (CO) 5 and minimizes the formation of Ni(CO)4 at high carbon 

monoxide partial pressures (7) . The upper portion of the cell 

was bored to create a seat for a quartz basket in whlch the 

catalyst was held. This basket was made of a 7o0 cm length of 

quartz tube with an outer diameter which was slightly smaller 

than the inner diameter of the bozed stainless steel tubing 

but lazge= than the Inner diameter o f  the o=~glnal stalnless 

steel tubing° F~gu=e 2 is a photograph Qf thi~ quaET.~]~.~ket. 

(with the thermo=ouple used to measure the tempeEatuxe oft he 

catalyst bed, as discusse~ later}. The upper 501 cm or this 

quartz tube had one quarter of its periphery cu~ out'so that 

i t  w o u l d  n o t  b l o c k  t h e  f l o w  o f  g a s e s  i n t o  t h e  c e l l .  A t  t h e  l o w e ~  

end of the basket a coarse screen was fashloned f~om two ~atually. 

perpendicular sets of two parallel quartz = o d s ,  fastened to 



one another and to th? quartz tube. The diameter of these rods 

(I-2 mm} was kept small in order to maximize tile o ~ e n  area 

for 7-ray transmission through the quartz screen. A thln'layer 

of pressed quartz wool, upon which catalyst pow4er of interest 

can be evenly distributed, was then placed On the quartz screen. 

Two small holes in the wall of the upper portion of the haske~ 

facilitated its removal from the high pressure cell aS ~he end 

of each experiment. A quartz hook was attache~ beneath each of 

these holes to fix the position of ~he thermocouple use~ to 

measure the temperature of the catalyst bed (see Figure ~)° Two 

pieces of 0.64 cm OD 316 stainless steel tubing were welded to 

the cell body to provide for entrance and exit of'reactant gases. 

The 9as enters the cell through the upper tube, and the reactor" 

operates with down-flow of gas throuqh the "catalyst sample. 

Heating of the cell is accomplished by passing electrical ¢u~Tent 

through @25 Nichrome wire, with an overall reslstance o~ 15.5 

at room temperature, wound around the cell "In'a manner such 

that no magnetic field was created in the cell during passage 

of current. This was done by folding the wire at ~ts mldpoinh 

and wrapping the two halves around the cell in parallel with one 

another. An iron/constantan the=mocouple was.'welfled t~ the 

outer cell wall for cell temperature measurement and c o n t J : o l .  

In addition, a flexible =hromel/constantan thermo=ouple was' 

~ntroduced into the cell through a tee (Swagelok) in the gas 

entrance tube, wound around the'hooks on the quartz tube, and 

then placed in direc~ contact with the catalyst powder. The 

pressure seal for Introduction of this thermoconple hhrou~h a 



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

tube was made using a high strength epoxy {Devcon F}. This 

thermocouple measures the temperature of the catalyst he~ under 

reaction conditions. 

~eryllium dis=s, mounted on" ConFlat flanges, serve as 

y-ray transparent windows when bolted onto the t:p and bottom 

of the Mossbauer spectroscopy cell. These Be discs (HIP-50} 

weed supplied by Kawecki Berylco Industries, Znc. The~ were 

3.48 cm in diameter and 0.23 cn thick. This thickness was 

chosen to provide high 7-ray transmlssionr yet allow high 

pressure operation. (The thickness was calculated usin; 

tabulated equations (8), mechanical properties Qf HIP-SQ (9) 

and a safety factor of 2.) Indeed, the upper limit on the 

pressure at which the cell can be operated is set hy the 

strength ~f the beryllium windows. The strength of the 

windows depends not only on the type and thickmess of the 

material used, but also on the metho~ used for mounting the 

heryllium windows. Good mechanical strength was achleved u~ng 

HIP-50 beryllium# electron beam wel~ed by Electrofusion Co. to 

ConFlat flanges. An aluminum/stalnless steel tzansitlon rlng ~Y 

~etween the beryllium disc and the ConFlat flange 16 required h~ 

the welding process, an~ standard copper g~kets are used fc~ 

sealing the ConFZat flanges to the body oft he =ell. It shoul~ ;" 

he moted that HIP-50 beryllium contalns 600 ppm of iron ~mpu~it~r. 

The contribution of this iron to the HSssbaueE spec~rumwillhe." 

• "'" m" 

eiscusse~ later. 
.. 

Before sealing the Be'window (wlth its assoclatea ConFlat 

flange} to the M~ssbauer spectroscopy cell, a thin (ca. 0.I mm 
.... 

4 



thick) K~ton film (DuPont 500 F131} was place~ between the" 

copper gasket and the ConFlat flange welded to ~he cell h0dy. 

The two flanges were then bolted together. Once the cell is 

pressurized, the Kapton film i-3 sealed asains~ the copper 

9asker thereby pzevennlng any condensable component from 

rea=hlng the beryllium window. This a v o i d s  the P--oblems 

associated wlt~ cleaning the Be windows follow~n U studies of 

catalFti= reactions involving species that may condense or 

deposit on th~ windows, Finally, the temperature o~ the 

Be windows can be regulated using two turns o f  w a t  e E - c o o l e d  

copper ~ublng at each end o f  the c e l l ,  S;u~e .copper tubing 

(0.64 cm each siee~ 0.32 cm XD), rathe= than round c'oppeE 

tubing, was used to provlde larger cGn~a=ting area betwee~ 

the copper cooling coil and the cell hody~ The tubings w e r e  

mechanically wound around the ends of the cell~ 

I.B.2. The prereactor and Postreactor 

A prereactor and a postreactor were mounted on the Mos,~bauer 

spectroscopy cell inlet and outlet, respectively. These two 

reactors ace Identical an~ are made of 316 stalnless ~teel tu.~. In~, 

1.27 cm OD and ?.62 cm in length. They were connected to ~he 

M~ssbauer spectroscopy cell uslng Swagelok fittings. To keep the 

catalyst powder in place within ~ach = e a c t o = 8  pieces of 200 mesh" 

screen were placed between th~ ends of the tubing and the Swa~elo~ 
o 

f i t t i n g s  o. An i ~ o n / c o n s t a n ~ a n  t h o E m o e o u p l e t  s o l d e r e d  to" t h  .o~ 

a 0 + 3 2  cm OD t h e z ~ m o ¢ o u p l e  w e l l ,  was  ~]Lacecl  a t  t h e  cen t=e=  o f  ' t h e  

] : e a c f . ' o r  t h r o u g h  t h e  r e a c t o r  ~ , a ' l l .  T h e  ~ r e r e a c t : o ] :  i s  l o c a t e d  . . : 

a b o u t  ~LO cm u p s t r e a m  o f  t h e  H ~ s - b a u e r  spec~.~rosco_plr c e l l e  whi ;Le ' . .~e  



postreacto~ is located a b o u t  lO  cm downstream. This a~an.gemen~ 

allows the zelative amounts og catalyst in the p=eEeacto= an~ • 

postreactor to be varied, while keeping =ons~an~ th~ t o ~ l  ~ o l : m ~  
Q .  

of catalyst £n both reactors plus ~e N6ssbaue~ sPect~os¢opT cell. 

In this way, NBssbauez spectroscopy studies of the longltu~inal 

va=iation of catalyst states in a packed catalyst bed a~emade 

possible. 

The addition of these two reactors to the N~ssbaue= spectros- 

copy cell allows one to vary oyez a wide range the ~ea= "~an~ space 

velocity (i.e. reactant volumetric flow rate divided by we£gh~ oE 

catalyst bed) and the extent o f  reactant conversion (to pzoaucts) 
• • ., o .. 

through the entlre reactor network. FoE example, the rea~0~ : 

network can be operated at the low conversions typical of labor- 

atory studies or at the high conversions of interest to Inaustz~." 

In fact, this is done keeping an "optimal". amount of ~ssb=ue= 

isotope (e.g. 57Fe) in the M~sshauer spectroscopy cell...Spec.~-£%.~ 

tally, too much N~ssbauer isotope in the e~.~ll results £n broad " 

spectral features that compllcate data anal~sis ( 2 ) .  

I.e. PERFORHANCE 

The ultimate pressure limit of the hez~lllum wlnd~ws, has 

not been studied, but the windows have passed static pEessD=e 

tests at 6.8 MPa and 773 K carried out at ElectEofuslon Co. 

Coolinq water flowing through the co¢llng =oils at the'en~ =E ; 

the N~ssbauer spectroscopy cell was effective in keeping the 

beryllium windows at temperatures below 3 5 3  K e v e n  when the =el~ 

body was maintained at a temperature as high as 656 K. The thin " 
o 



l a y e r  o f  p r e s s e d  q u a r t z  w o o l  i n  t h e  q u a r t z  c a t a l y s t  b a s k e t  i s  

c a p a b l e  o f  h o l d i n g  c a t a l y s t  p o w d e r  £n  t h i s  d o w n - f l o ~  d e s i g n .  No 

p o w d e r  was  o b s e r v e d  on  t h e  l o w e r  b e r y l l i u m  window a f t e r  t h e  

e x p e r i m e n t s .  The  maximum t e m p e r a t u r e  a t  ~ t i c h  t h e  c e l l  c a n  b e  

o p e r a t e d  i s  d e t e r m i n e d  b y  t h e  maximum e l e c t r i c  c u r r e n t  t h a t  t h e  

Nichrome wire winding can carry (ca. 4+.5 A). The cell has never 

been operated at its limit. However, it is known that the =el~ 

can he 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 N~ssbauer spectrum. The 

computer-fitted quaarupole splitting was 0.576 mm/sec. It agrees 

with the publlshed value of 0.58 mm/seo for an iron In beryllium 

solution (i0). The peak positions, widths and dips were 

essentially constant in runs for which the temperature of the 

empty cell was varied from room temperature to 523 Ko Theoreti- 

cally, such a background correction should require, for exampled 

a second-order Doppler shift adjustment. However, as'mentloned 

earlier, water-coollng was used to keep the temperature of the 

beryllium windows lower than the cell temperature° The 

calculated change in isomer shift from r o o m  temperathre {using 

the high temperature approximation (10)) is only ca. -0.040 mm/sec 

when the windows are at 353 K, the maximum temperatur~ observe~. 

The largest, measured d~fference in isomer shifts among blank • 

runs was ca. 0.010 mm/sec. In short, In computer-f£ttlng i_~nsiitu" 

spectra of Iron-containing oatalysts at temperatures UP t o  a t  

least 523 Ke the contribution from i r o n  imp=rities In the 

herylllum windows =an be eonstralned to ~e ~he same as ~ha~ 
Q 

observed during room temperature blank.~nso£ ~he cell Itsel£~' 
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N ~ s ~ b a u e ~  spectroscopy zelles e n  t h e  ~ e Z Z - ~ e f ~ n e d  Dopp '~e=  

• v e l o c i t y  o f  t h e  r a d i o a c t i v e  s o u r c e  w£~h  z e s p e ~  ~ th ,a  s ~ a ~ o n ~  " '"  

a b s o : ~ b e z  { i . e .  t h e  e a ~ a l y s ~  I n  t h e  c , . . £ 1 ) .  ~ h ~ s  mza~es ~ h e  H ~ s m b a u e ~ ;  

spectrum sensitive to a n y  v~b=atlons o£ ~he ca~%~ pow~e~ ~n -" 

the MOssbauez spectroscopy cell. To test for such effects, sponge 

~ z o n  p o w d e r  was  s t u d i e d  a s  a m o d e l  c a ~ a l y s ~  . in  t h e  z e a c Z 0 r .  

p a r t i c u l a r ,  110 mg o£  s p o n g e  i r o n  p o w d e r  (w&~h g r a m ' u l e  sizes 

e 

5 - 3 2 ~ )  w a s  e v e n l y  d i s t r i b u t e d  on t h e  l a y e r  off  q u a ~  woo~ i n  %he 

quar~: ~a~alys~ basket. Four M~ssbaue~ spec~e w~re ~hen co~lec~ed 

i n  h y d r o g e n  u n d e r  v a r i o u s  f l o ~  c o n d i t i o n s .  ~ h e  s p e c t r a  a r e  s h o w n  

i n  Y ~ g u r e  3 .  T h e  s o l i d  l i n e ~  i n d i c a t e  ¢ o m ~ u ~ e ~ - ~ £ t t e d  a b s o r p t i o n  

peaks. The experimental conditions and results a~e summarized ~n 

T a b l e  X. T h e  s u p e r g i c i ~ l  l i n e d :  ~ e l o © i ~ i e s  were =alculated o n  

t h e  b a s i s  o f  t h e  c r o s s - s e c t i o n a l  a r e a  o f  ~ h e  h i g h  P = e s s u : e  c e l ~ .  

5 p e : ~ r u m  a was  collected u n d e r  stati¢~dzogen p : e s s u ~ e  at zoom 

t e m p e r a t u r e .  T h e  l i n e  w i d t h s  oZ t h i s  s p e u t m n  a r e  u s e d  a s  

standards ~o=: assessing t h e  e x t e n ~  o g  ~ a t a l y s ~  v £ ~ - ~ o m  u n d e r  

v a z ~ o u s  f l o w  c o n d i t i o n s .  T h i s  i s  ~ u s t i f i e d  b ~  ~ k e  a b s e n c e  o ~  

b o t h  g a s  £1ow t h r o u g h  t h e  t h i n  c a t a l y s t  l a y e r  a n t i  c o o l i n g  w a t e r  

= ~ n n i n g  t h r o u g h  t h e  c o o l i n g  © o i l s ,  T h e  l i n e  v i d t h s  o~  s p e c t r a  

t h r o u g h  d a r e  c o m p a r a b l e  w i t h  ( b u t  a l i t t l e  b r o a d e r  t h a n )  t h o s e  

o f  s p e c t r u m  a .  ~ h u s ,  o n e  m a y  c o n c l u d e  t h a Z  v S b z a ~ i o n  o f  o a t a I y s t  

p o w d e r  i n  t h i s  d o w n - g l o w  a r r a n g e m e n t  i s  m t n i m m l  f o r  t h e  r a n g e  o~  

£Iow rates considered. 

F o r  c a t a l y s t  t e m p e r a t u r e  m e a s u r e m e n t  an  t h i s  c e l l w  i t  i s  

essential to have a thermocouple in ¢~ontact with the ¢a~aoMs~ 

b e d ,  a s  s h o w n  f o r  e x a m p l e  i n  F i g u r e  2 .  Zn p a r t i c u l a r ,  i t  h a s  
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been observed in this cell that the cell-wall"temperature 
. ° 

(measured by the the=mooouple welded ~o t~e outer ~all wall) can : 

he 40 to 50 g higher than the catalyst temperature (measured 

by the thermocouple in contact with ~he catalyst he~) when the 

catalyst is under high pressure (ca. I000 kPa) ¥ischeE-TEopsch - 

synthesis conditions Cca. 520 K). Zt has also been observed" 

that the cell-wall temperature can be 50 K lower than tile 

catalyst temperature when an  exotheEmi= re,orlon, e.g. methana~ion 

over a Ni catalyst, is carried out at high conversions. Xt shou~ 

he noted that in addition to using a ~hermocouple in the catalyst 

bed, one can use the known temperature dependence o~ the isomer 

shift and/or the magnetic hyperflne gleld for well-deflned 

materials (e.g. iron (Ii), magnetite (12) and copper £errite {13)) 

to directly determine the temperature of the catalyst pa=tlcles 

themself. This method is potentially o~ value in studies of 

exotherm~= rea=tlons where small partlc!es =£ catal~tlc 

material may be at temperatures hlgheE than the powdered support 

whose temperature Is measured by the therme~ouple Immersed in the 

catalyst bed. The disadvantage of thls method, however, 19 that 

the chemical state of the M~ssbaue= i s o t o p e  ~n the catalyst 

unde~ reactlon conditions £s no~ known ~ p r ~ o = i .  ~n general, 

a temperature Eeadlng from a theEmocouple in contact w~th the 

catalyst bed, in comblnat£on with the known temperature 

dependence of M~sshauer parameters, probably gives the most 

reliable means of temperature measurement. To concEude this 

discussion of temperature measurement, it is noted that the 
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H~ssbauer  s p e c t r a  o f  F igu re  3 i n d i c a t e  that significant Eadlal 

temperature gradients were not present in the:layer of oatalys~ 

in the quartz basket. A dlstEibutlon o£ magnetic hype=£1ne 

fields =esultlng from a nonuniform temperature OE the =at~s~ 

bed would give rise to a broadening o£ the H~ssbaue= spec~=ump 

ana this was not observed experimentally |see 71gu=e 3 an~ 

Table Z) o Speclfically, it can be caloulatefl ~hat "t~e slightly 

broader lines of spectrum C, compared to spect=.um a," Ehdl- 
., 

care a radlal temperature gradient of at m~st I0 K for'the 

conditions =epo~ted In Table Z. ,~" 

Figure ~ shows i__nnsit._.uuM6ssbaue~ spectra of a p=omQ~e~ i c o n  

c a t a l y s t  (Harshaw 6 8 9 A - 2 - 2 - 6 G  powaer)  under  h i g h  p z e s s u E e  P i s c h e ~ -  

T r o p s c h  s y n t h e s i s  c o n a i t i o n s .  S p e c t r u m  a was o o l l e c t e a  f r o m  0 . 1  g 

o f  c a t a l y s t  i n  t h e  M6ssbauer  s p e c t r o s c o p y  c e l l ,  .~rhila s p e c t r u m  b 

was obtained f~om 0oi g of catalyst in the cell with 6.5 g o~ 

catal~st in the pzereaotor. For these two spec~ra~ the s~mples 

in the M~ssbauer spectroscopy cell thus =orrespon~ to the Lop an~ 

the bottom port~on of a 6°9 g catalyst bed, zespectively. ~he 

difference in the catalyst states between the. top ~aye= ana the 

bottom layer of this iron catalyst bed :ts eas$ly seen. ~he 

catalyst state of the top layer of this promoted iron c&talys~ 

bed can be identified as a x-oarb£de phase (14). The bottom layer. 

of th~s p=o-oted ~=on catalyst bed ©ons~s~s o~ a.m/=tu=e o f  

magneti~e and x-ca~blde. Zn other experiments the ¢omposi~on 

o~ the bottom layer of the iron catalyst bea was foun~ to depen~ 

o n  t h e  extent of CO c o n v e r s i o n .  

P 
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The capability of this high pressure N~sb&ue= spectroscopy 

ceil, with pre- and post-reagtors, for klnet¢cs studies h~s hee~ 

established at both IndL~stEially Impo=tan~ high ¢ o n v e = s i o n  

l e v e l s  a n d  z e s e a r c h - o z i e n t e d  l o w "  c o n v e r s i o n  l e v e l s .  A,s az l  

exampl.e of the forme~ application, the data l£sted in the" : - 

c3ption of Figure 4 agree very well with published Eesults 

from flow-tea=tots under similaE ~eaction =on~i~ions CI~). "~s 

an example of low-converslon (ca. 5%) datae the methana~.i=n 

klneti=s observe~ over a Ni =atalyst ~n a ~bula=~ high 

pressure reactor (see Appendix A) have also been reproduced in 

the high pressure M~ssbauer =ell (with the pre- and post-reactors 

empty). 
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Fig. 1.  

F i g .  ~.  

F i g .  3 .  

P i g .  4 .  

F i g u r e  C a p t i o n s  

¢ 
The h i g h  p r e s s u r e  N ~ s s b a u e r  c e l l  wi~h c o p p e r  9 a s k e t s  

a n d  K a p ~ o n  p ~ o % e c t ~ e n  £ i l m s  o m i t t e d .  

a .  

b .  

C.  

d.  

B e r y l l i u m  window 

C o n F l a t  ~ l a n g e  

S t a i n l e s s  s t e e l  t o  a luminum t r a n s i t i Q n  r l n g  

Copper  t u b i n g  f o r  c o o l i n g  w a t e ~  

e° ~ i c h r o m e  h e a t i n g  e l e m e n t  

f .  ~ h e r m o c o u p l e  

g .  Q u a r t z  c e t a 1 ~ s t  b a s k e t  

h .  S t a i n l e s s  s t e e l  c e l l  body  ( 2 . 5 4  em OD} 

i .  S t a i n l e s s  s t e e l  t u b i n g  ( 0 . 6 4  cm OD) 

~. R o ! e s  t o  f a c i l i t a t e  b a s k e t  r e m o v a l  a t  t h e  end  

o f  e a c h  e x p e r i m e n t .  

k .  Q u a r t z  h o o k s  r e =  f i x i n g  t h e  p o s i t i o n  o f  t h e r m o -  

c o u p l e .  

P h o t o g r a p h  o f  q u a r t z  c a t a l y s t - b a s k e t .  

M~ssb~uer  s p e c t r a  o f  i r o n  powdez u n d e r  v a r i o u a  

h y d r o g e n  f l o w  c o n d i t i o n s .  The e x T e r i m e n t a l  

c o n d i t i o n s  a r e  s u m m a r i z e d  i n  T a b l e  Zo The c e n t r a l  

d o u b l e t  due  t o  t h e  i r o n  i m p u r i t i e s  i n  t h e  b e ~ l l ~ u m  

~ l n a o w s  can  be s e e n  i n  s p e c t r u m  a .  Z n . o t h e r  s p e c t r ~ w  

t h e  p e a k  w l t h  p o s ~ t i v e  Dopple~  v e l o c ~ t F  s u p e r i m p o s e s  

on  l l n e  4 ( c o u n C l n g  f rom l e f t  t o  r £ g h t )  o f  t h e  i r o n  

s e x t u p l e t .  The s o l i d  l i n e s  a r e  c o m p u t e ~ - f i t t e ~  

r e s o n a n t  a b s o r p t i o n  p e a k s .  

Z_nnsit___~uM~ssbauer s p e c t r a  o f  an  i r o n - c o n t a i n i n g  F i s c h e r -  

T r o p s c h  c a t a l y s t .  

1 5  



( a )  The  t o p  l a y e r  o~ t h e  i r o n  c a t a l y s t  b e d .  

( b )  The  b o t t o m  l a y e r  o f  t h e  £ r o n  c a t a l y s t  b e d .  

T h e  s p e c t r a  w e r e  c o l l e c t e a  u n a e =  t h e  £ o / l o w ~ n g  

o p e r a t i n g  C o n f l ~ t i o n s :  T m 570  K,  P ~ 994  ~ a ~  

H 2 f l o w  r a t e  ~ 20 c m 3 / m £ n ~  a n d  H2/CO = a t ~ o  = Z . 5 4 . "  

T h e s e  o p e = a t i n g  ¢ o n a l t l o n s  r e s u l t e d  £ n  8 6 . 5 ~  CO 

c o n v e r s i o n ,  a n d  5 . ? t  a n d  3 6 . 8 ~  s e Z e c t i v i t ~ e ~  t e w a = d  

CH 4 a n a  C 0 2 ,  r e s p e c t l v e l y .  The  s o l l d  l £ n e s  a = e  

c o m p u t e r - f ~ t t e d  a b a o r p t l e n  p e a k s .  T h e .  c o m p u ~ e r -  

f i t t e d  p e a k  p o s i e £ o n s  a ~ e  s h o w n  b y  m e a n 8  o ~  s ~ i c k  

d i a g r a m s  C a n d  D. c c r r e s p o n d i n g  k o  a b s o r p t i o n  p e ~ k s  

f r o m  £ r o n  c a r b i d e  a n d  i r o n , £ m p u ~ £ t i e s  i n  t h e  

b e r y l l i u m  w i n d o ~ s #  r e s p e c t i v e l y .  Zn s p e c t r u ~  b ,  

k a n d  B d e s i g n a t e  t h e  t e t r a h e d r a l  a n d  t h e  

o c t a h e d r a l  s i t e s  I n  a c l o s e - p a c k e ~  o x i d e  l a t t i c e .  

: e s p e c t l v e l y .  
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II. Deactivation Studies of Ni/A1203 Methanation Catalysts 
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II.A. EXPERIMENTAL 

The methanation reaction was oarried out in the high 
B 

pressure Mossbauer spectroscopy cell. The design and operation 

of this cell were described above. After the standard reduction 

(see Appendix A}, the 5.74 wt. % Ni/y-Al203 catalyst was loaded 

inho a quartz cell and sintered by heating it in flowing hydrogen 

at 1073 K for 14 h. This pretreatment prevented the reaction from 

igniting while studying kinetics at high temperatures {ca. 623 K). 

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 Mossbauer spectroscopy 

cell, followed by 2.5 h reduction at 723 K in flowing hydrogen 

(PH2 ~ 308 kPa). 

The Fe(CO) 5 used in deactivation studies was produced in situ 

by reacting high pressure CO with iron supported on alumina in a 

"carbony! reactor." This approach avoided the hazards associated 

with handllng the highly toxic Fe(C0) 5 liquid. The carbonyl 

reactor was made of a piece of 316 stainless steel tubing, 

1.27 cm 0D x 1.02 cm ID and 7.62 cm in length, and located 

between the precision needle valve and back pressure Tegulator 

(see Appendix A). The reactor was operated at PCO = 4.0 HPa and 

T = 473 K for i__n_n sit____~u produutlon of FeCCO)5° After passing 

through this reactor, the Fe(CO) 5 entrained CO was then mixed 

with H 2 to produce synthesis gas of the desired composition. 

The Fe(CO) 5 was then carried into the ~ossbauer cell by the 

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

The high pressure thermal conductivity cell for monitoring gas 



22 

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

this application to prevent Fe (CO) 5 from decomposing prematurely 
Q 

on the heated filaments. 

The supported iron catalysts used in the "carbonyl reactor" 

(9.8 wt. % Fe on ~-AI203) were prepared by multiple incipient wet- 

ness impregnation using 80/200 mesh low surface area ~-A1203 and 

aqueous Fe(N03) 3 solution. To synthesize a catalyst containing 

Fe with its natural abundanue of 57Fe, Fe(NOn}3-PH20 (Baker 

analyzed reagent) was used for preparation of the impregnation 

solution. The impregnation solution for synthesizing an 57¥e- 

enriched catalyst was prepared by first reducing 57Fe203 powder 

(Oak Ridge National Lab.) in flowing H 2 at 723 K for 24 h, then 

dissolving the reduced mass in 30 wt. % HNO 3 (at room temperature) 

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

essential £or collecting in situ Mossbauer spectra at minimal 

concentrations of Fe.) The iron catalysts were dried at 388 K 

for, at least, 2 h after each impregnation. Once the desired 

metal loading was reached, the sample was then {i) dried overnight 

at 388 K, (ii) reduced in flowing H 2 at 723 K for 24 h, {iii) cooled 

in flowing H 2, and (iv) flushed with He at room temperature. 

Passivation of the reduced sample~ 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 i__nn sit____uuu production of Fe|CO} 5. 

The decreasing methanation activity of a Ni catalyst was 

monitored during exposure of the catalyst to a given CO/H 2 gas 

mixture containing Fe(CO) 5. The "carbonyl reactor" was then 

bypassed, and the deactivated catalyst was treated in flowing H 2 
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until no CH 4 could be observed in the effluent,gas from the 

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

partially deactivated catalyst were then stud~ed using the 

procedures described earlier (see Appendix A). In situ Mossbauer 

spectra were collected either under methanation reaction 

conditions or at room temperature after quenching the catalyst 

in flowing hydrogen. The rationale for computer-fitting these 

M~ssbauer spectra, in the presence of a spectral component from 

the iron impurities in the beryllium windows of the cell, ~s 

described earlier in this report. 

II.B. RESULTS 

The methanation activity of a supported Ni catalyst before, 

during and after the introduction of 57Fe(C0) 5 are shown in 

Figure i as a function of time on-stream for Run 2. Similar 

results were observed for Run I, where Fe(CO) 5 with the 

natural abundance of 57Fe was used. Before the introduction 

of Fe(CO)5, the fresh catalyst sti~wed a 15~ decrease in aotivity 

during the initial 3 h. Thereafter, the catalytic activity 

remained relatively constant, showing only a 15% decrease in 

activity over a period of 24 h. (All percentages will be 

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 

catalytlc activity then dropped sharply bY 50~ within 8 h. No 

induction period was observed during the second exposure of the 

catalyst to Fe(CO) 5. In particular, the catalyGt showed an 

initial sharp decrease an activity by 50% within 8 h, followed 

by constant activity thereafter. The deactivation studies carried 
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out after completion of each Fe{CO} 5 dosing followed the same 

trend as that observed during the second Fe(CO) 5 treatment, no 

induction period was present. It should also be noted that ca. 

30-50% of the lost catalytic activity for the iron-containing 

catalyst could be recovered by H 2 t~eatment at reaction 

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 i. "The published 

results (I) of methanation over Fe/AI203 and Ni/AI203 catalysts 

are also included in Table 1 for comparison. As easily seen 

therein, increasing the amount of Fe deposited on the Ni-catalyst 

(i) decreeses 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) {see Figures 4 and 5}. 

M~ssbauer spectra of the iron-containing catalysts after 

various treatments are shown 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 M~ssbauer spectrum indicates the presence of metallic 

iron in both ferromagnetic and superparamagnetic states (Figure 6). 

The existence of ferromagnetic iron (6-peak pattern) is evidenced 

by the two small, outer-most absorption peaks at ca. + 5 0 mm/s m • • 

The singlet with slightly negative isomer shift is a~tributed 

to superparamagnetic metallic iron. Additional information can 



be seen in the room temperature spectra following hydrogen 

treatment Csee Figures 7, I0, 13). In additlon to ferromagnetic 

and superparamagnetic metallic ~ron, as observed in the in sit____~u 

spectrum, the presence of a small amount of Fe 2÷ Is manifested 

by the broad shoulder at +2.0 mm/s. The other absorption peak 

of the Fe 2+ doublet is masked by the inner two absorption peaks 

of ferromagnetic metallic iron and th~ singlet of sup~rpara- 

magnetic metall~c iron. 

No ferromagnetic metallic iron aan be seen in the in situ 

spectra of the catalyst under methanation reaction conditions 

(see Figures 8 and 14). The complexities involved in identifying 

the iron-containing phaseCs) of the catalyst under reaction 

conditions will be discussed later. The room temperature spectra 

(Figures 9, Ii and 12) of the catalyst after reaction conditions 

indicate the presence of Pe 2+ species and an iron-carbide phase. 

The partially collapsed, broad absorption peak is typical of 

an iron-carbide phase, while the absorption peak at +2.0 mm/s 

is the higher velocity peak of the Fe 2+ doublet noted above. 

II.C. DISCUSSION 

The kinetic paTameters (i.e. tho a=tivation energy and the 

partial pressure dependencies of the rate) of the Fe-free Ni 

methanation catalyst (see Table i) agree very well with those 

measured in a high pressure tubular reactor (see Appendix A). 

Such an agreement confirms that the high pressure Mossbauer 

spectroscopy cell is indeed capable of providing valid kinetic 

data, despite its vastly different ~onfiguration from the high 

pressure tubular reactor. 

The kinetic parameters follow a systematic trend with 

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

25 
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from those of a Ni catalyst to those of an Fe ~atalysto This 

is seen in Table 1 by ~omparing the kinetic parameters of the 
o 

Ni catalyst after various Fe(CO} 5 doses with those parameters 

reported for Ni/A1203 and Fe/AI203 {i). Thus, the decomposition 

of Fe(C0) 5 on a supported Ni catalyst can convert the Ni catalyst 

to a pseudo-Fe catalyst. Such a conversion could be a~Qomplished 

either by covering the Ni surface with, at least, a monolayer 

of Pe, or by forming Fe 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 order to effectively 

diminish the accessibility of the Ni particles within the pores 

to the reactant gas molecule~. These two models for the iron- 

induced deactivation of nickel under methanation reaction 

conditions will be discussed below. 

The solid state properties of supported Pe-Ni alloy catalysts 

after Fischer-Tropsch synthesis at atmospheric pressures have 

recently been characterized using Mossbauer spectroscopy (2-5}. 

The results obtained, however, were contradictory. Raupp and 

Delgass {2,3) found that no hulk carbides were formed on a 

5% Fe -5% Ni/SiO~ catalyst at synthesis conditions. Their 

particle size is sufficiently small that the room temperature 

spectrum shows a broad superparamagnetic singlet. On the other 
| 

hand, Unmuth et al. (4,5) reported the formation of ~- or 8 - 

carbide on a 4% Fe -I% Ni/SiO 2 catalyst after temperature- 

programmed reaction in a 3H2:C0 reaction mixture. However, their 

particle size (8.9-12.8 nm) is larger than that of Raupp and 

Delgass. Thus, the different catalyst states at similar 

ceaction cgnditio,s may_be attributed to the different Fe/Ni 
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ratios and/or the different pazticle sizes used by these two 

research groups. 

The formation of carbides on supported and unsupported 
I 

iron catalysts unaer Fischer-Tropsch synthesis conditions has 

been extensively studied (2-12). The formation of a specific 

carbide phase depends on particle size, support, and synthesis 
w 

conditions. ~ -carbide (Fe2.2C) has been observed on silica 

supported catalysts (3,5,6). E-Carbide (Fe2C) has been detected 

on silica s,~pported catalysts (3,5), on promoted~ fused iron 

catalysts (8,9,11), and on unpromoted, unsupported iron catalysts 

(7,12). The formation of X-carbide (Fe5C2) has been evidenced 

on promoted, fused iron catalysts (9,10) and on various supported 

catalysts (3). While M~ssbauer spectroscopy is a powerful tool 

in identifying iron carbide phase(s) that show magnetic hyperflne 

splitting (i.e. for iron carbide particles greater than ca. 10 nm 

! 

in size), the Mossbauer parameters for supezparamagnetic E - and E- 

carbides (i.e. for particles smaller than ca. 10 nm in size} are 

similar to each other (see Table 2). Thus, the unambiguous identifica- 

tion of iron carbide phase(s} in the superparamagnetic state is 

difficult. 

The phase diagram for Fe-Ni alloys (13) shows the existence 

of abcc, iron-rich phase (u-~hase) and of a fcc, nickel-rich phase 

(7-phase). The hyperfine magnetic fields of Fe-Ri alloys with 

various compositions have been measured at room temperature (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, i0, 

13) show a broad sextuplet of ferromagnetic metalllc iron with a 
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hyperfine magnetic field of 329-334 k0e. This is essentially 

identical to the 330 kOe magnetic field of bulX metalliQ iron. 

The spectrum in hydrogen at 623 K (Figure 6) shows t/lis 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 function of 

the particle size and the magnetic anisotropic barrier energy, 

K (15,16). Thus, the particle size can be estimated, provided 

that the value of K and the blocking temperature 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/cm 3 and 623 K respectively. In short, it can be 

concluded that the decomposition of Fe(CO)5 on an alumina-supported 

~i 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 Mossbauer spectra collected under reaction conditions 

(Figures 8 and 14) show an asymmetric doublet. The scarcity of 

published M~ssbauer spectra for iron carbides at elevated 

temperatures and the similarity of Mossbauer spectra for superpara- 

magnetic iron carbides (Table 2) make the in situ identification 

of the carbide phase impossible. The room temperature spectra 

following quenching from reaction conditions (Figures 9, Ii, 12) 

show a partially collapsed spectrum due to small iron carbide 

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 ii. Despite the pending identification of the carbide 

phase, there is no doubt that the iron deposited via decomposition 

of Fe(CO) 5 forms a carbide under methanation conditions. T~_S 



suggests that either the Fe and Ni are not alloyed with each 

other (2,3} or an Pe-rich alloy is formed (4,5}. This important 

question will be addressed below. 

Assuming that the recoil-free fractions of iron-containing 

phases in the catalyst bed are equal to that of iron impurity 

in the Be windows, the atlount of Fe deposited on the catalyst 

due to decomposition of Fe(CO) 5 can be estimated for Run 2 

(where iron enriched in 57Fe was used. The total amount o~ iron 

deposited equals 0.51 mg after ii h of Fe(CO) 5 dosing (estimated 

from Figure 7) and 0.55 mg after 24 h of Fe(CO} 5 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 

(where iron containing the natural abundance of 57Fe was used} 

indicate that 0.14 mg of Fe had been deposited on the Ni/AI203 

0atalyst after 66 h of Fe(CO) 5 dosing. This corresponds to an 

Fe/~i ratio of 0.84%. In view of the very small Fe/Ni ratios 

for both Runs, it is not possible to cover the Ni surface with a 

monolayer 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(CO} 5 decomposition, 

in the kinetic properties of the Ni catalyst cannot he 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 

of an Fe-Ni alloy or an iron monolayer over Ni# is not responsible 

for the changes in methanation kinetics when Ni/AI203 is dosed 

with Fe(CO) 5. 
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Having dismissed a direct interaction between Fe and Ni, 

the pore-mouth blocking 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 Gf 

the AI203 pores at the pore entrance. The 7-A1203 support 

(Davison SMR-7) has a specific surface area of 260 m2/g and 

pore volume of 0.8 cm3/g (determined using N 2) or i.I cm3/g 

(determined using H20)(17 ). The calculated average pore diameter, 

based on the above mentioned physical properties, is 12.3 nm or 

17.0 nm. The size of the metallic iron particles was estimated 

above to he 7.0 nm. Thus the size of the Fe particle formed 

via Fe(CO)5 decomposition is indeed comparable to the average 

pore diameter. 

Carlton and Oxley (187 studied the kinetics of heterogeneous 

decomposition of Fe(CO) 5 on a heated filament (diameter = 0.32 cm). 

They found that the rate of decomposition is controlled by the 

diffusion of Fe(CO) 5 from the bulk gas phase to the gas-solid 

interface at temperatures higher than 473 K. At 623-633 K, the 

decomposition temperatures employed in this study, it may he 

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) 4 

is diffusion-controlled in the same 7-A1203 support and at 

similar temperatures. This is why most of the FeCCO) 5 would 

decompose at the pore-mouths, forming Fe particles of comparable 

size to the average diameter of the pores. Studies of Fe(CO}5 

decomposition also suggest that pore-mouth ~locking is the mode 

by which iron modifies the catalytic properties of support'ed Ni. 



As shown in Appendix B, Pc(CO) 5 decomposition on carbon leads 

to the formation of highly dispersed metallic iron. Furthermore, 

the metallic iron particles formed in this manner serve as 

nucleation centers for the further decomposition of Fe(CO} 5. 

This is another mechanism by which the iron is preferentially 

deposited near the pore-mouths of the catalyst. Moreover, the 

results of Appendix C show that the rate of Fe(CO) 5 decomposition 

is increased as the surface of carbon is outgassed at higher 

temperatures, or as the number of defect sites on the carbon 

surface is increased. Indeed, the c=rbon 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 Co outgass 

this carbon deposit. This is the third mechanism by which the 

rate of Fe(CO) 5 decomposition 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 M~ssbauer spectra. 

It has been shown in the literature (19,20) that iron on alumina 

at loadings less than ca. 1 wt. % cannot be reduced to the 

Fe 2+ metallic state. Instead, is stabilized by interaction with 

the support. Furthermore, we have very recently been studying 

the decomposition of Fe(CO) 5 on A1203 and TiO 2. Here it is also 

• Fe 2+ found that at low iron loadings (less than ca 1 wt. %), is 

formed upon decomposition of Fe(CO)5~ and metallic iron is only 

formed at higher iron loadings. As noted earlier~ however, the 

contribution of Fe 2+ is of minor importance in the Mossb~ner 

spectra of the iron-containlng Ni catalyst. Since the average 

Fe loading in the catalyst is ca. 0.i wt. %, the absence of a 
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significant spectral signal from ~e 2+ indicates that the local 

concentration of iron must be at least ten times higher than 

the ~verage concentration. Clearly', this high local'concentra- 

tion of iron must be present near the external surface of the 

al~mina support, i.e. in the pore mouths. 

Additional kinetic evidence for the validity of the pore- 

mouth model for iron-induced deactivation of nickel methanation 

c~talysts 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 much faster than 

on Ni in the same H2/CO gas mixture (5). Thus, the carbon 

deposited on the iron-containing catalyst would be present 

preferentially near the pore mouths. In this way, the removal 

of this carbon during hydrogen treatment should significantly 

increase the activity of a deactivated catalyst, as observed 

experimentally. 

~I.D. CONCLUSIONS 

The iron deposited on a supported Ni catalyst during exposure 

to Fe(CO) 5 under methanat~on 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) 5 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 iron to form 

carbon deposits compared to nickel. These carbon aeposits deactivate 
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the iron catalyst for methanation, and they further block 

the pore mouths. In addition, the presence of such ~arbon 

deposits (with high defect concentration~ and iron partlcles 

~.n the pore mouths creates nucleation centers for the further 

decomposition of Fe(CO)5, leading to continued deposition of 

iron near the external surface of the support. 
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Table i: Summary of Kinetic Parameters (a) for ~i/Al203 Before 
and After Fe(CO) 5 Dosing 

Run 1 
Fresh Ni/AI203 Catalyst 

Catalyst after 22.5 h 
Fe(CO) 5 dosing (natural iron) 

Catalyst after 66 h 
Fe(CO) 5 dosing (natural iron) 

Run 2 
Fresh Ni/A1203 Catalyst 

Catalyst after II h 
5 7 F e ( C O )  5 dosing 

Catalyst after 24 h 
5~Fe(CO} 5 dosing 

5% Ni/Al20~b) 

15% Fe/Al203(b) 
E A 

(a) rCH 4 = A e-~ PH2PcoX y 

(b) 

EA (kcal/mole) x y 

2 6 . 8  0 . 6 6  0 . 0 3  

18.7 1.05 0 . 0 9  

28.2 0.65 0.ii 

20.7 0.96 0 . 0 6  

1 8 . 6  1 . 0 4  0 . 0 6  

25.0 0.77 -0.31 

21.3 1.14 -0.05 

Results of kinetic studies from reference (I). 

2 8 . 0  0 . 6 5  0 . 0 4  
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Table 2: Mossbauer Paramete~a of Various Iron Phases 

llne position 
Phase is (ram/s) QS (mm/s) (ram/s) 

superparamagnetic 0.25 0.96 -0 23 0.73 
E'-Fe2.2C 

superparamagnetic 
E'-carbide 0.25 0.9 -0.20 0.70 

superparama~netic 
8_Fe2C ( ) 0.36 0.76 -D.40 0,74 

Fe2+ {b) 1.06 1.97 0,075 2.05 

Fe impurities 
in Be windows (=) 0,124 0.588 -0.17 0.42 

Ref. 

(8) 

(7) 

(a} Pa2:ticie size determined by electron micros=opy is smaller 
than I0 nm. 

(b) Particle size is smaller than 4.0 nm. 

(c) Computer-fitted parameters of a blank run, 



37 

Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure Captions 

Deactivation studies of Ni/AI203 (Run 2} for 
PH2 = 18 6 kPa. " = 130 kPa and, PCO 

Q : Fresh Ni/AI~O~ catalyst at 613 K 
m : Ni/AI203 caEalyst at 613 K after the 

first dea=tivation etudy and kinetic 
studies 

: Ni/AI203 catalyst at 623 K during the first 
57Fe(CO) S dosing 

A : Ni/Al~0~-catalyst at 623 K after ii h 57Fe(CO) 5 
dosin~ " 

0 : Ni/AI203 catalyst at 633 K during the second 

57Fe(CO) 5 dosing 

• : Ni/AI203 catalyst at 633 K after 24 h (cumulative) 
57FelC0)5 dosing 

The last point in each series of deactivation studies 
was collected after H 2 treatment at the respective 
deactivation temperature for at least 2 h. 

Arrhenius plots of Run 1 for PH2 = 282 kPa and 
PCO = 23.4 kPa. 

D : Fresh Ni/AI203 c~talyst; E A = 28.0 kcal/mole 
0 : Ni/A1203 catalyst aster 22.5 h Fe(C0} 5 dosing 

(natural iron); E A = 26.8 kcal/mole 
A : Ni/A1203 catalyst after 66 h Fe(CO) 5 dosing 

(natural iron); E A = 18.7 kcal/mole 

Arrhenius plots of Run 2 for PH2 = 281 kPa and 
PCO = 23.4 kPa. 
5" 
4: 

0 : 

Fresh Ni/AI203 catalyst; E A = 28.2 kcal/mole 
Ni/AI203 catalyst after Ii h 57Fe(CO) 5 dosing~ 
E A = 20.7 kcal/mole 

Ni/AI203 catalyst after 24 h 57Fe(CO}5 dosing; 
E A = 18.6 kcal/mole 

Partial pressure dependence of methanation rate from 
x y 

Run 1 (rCH 4 = kPH2Pco). 
D: Fresh Ni/AI203 catalyst at 623 K; x = 0.065, y.= 0.04 

0: Ni/AI203 catalyst at 633 K after 22.5 h Fe(C0) 5 
dosing (natural iron); x = 0.66, y = 0.03 

A: Ni/AI20 ~ catalyst at 643 K after 66 h Fe(CO) 5 dosing 
{natural iron}; x = 1.05, y = 0.09 

Partial pressure dependence of methanation rate from 
x y 

Run 2 (rCH4 = kPH2Pco). 

~: Fresh Ni/AI203 catalyst at 613 K; x = 0.65, y = 0.ii 

4: Ni/AIgO 3_ catalyst at 623 K after 11 h 57Fe(C0)5 dosing; 
x = 0.96, y = 0.06 

O: NI/AI203 uatalyst at "633 K after 24 h 57Fe(C0) 5 dosing; 
x-=- 1;04, y~= 0~06 - 
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Figure 6 

Figure 7 

Figure 8 

Figure 9 

Figure 10 

Figure ii 

Figure 12 

Figure 13 

Figure 14 

Figure 15 

M0ssbauer spectrum at 623 K in hydrogen after II h 
5?Fe(CO) 5 dosing and 2 h hydrogen flushing. 

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

In situ H~ssbauer spectrum collected during the 
deactivation studies at 623 K after the first 57Fe(CO) 5 
dose o 

Room temperature M~ssbauer spectrum in hydrogen after 
quenching the sample in hydrogen following collection 
of Figure 8. The partially collapsed carbide has 
been computer-fitted with a broad singlet. 

Room temperature M~ssbauer spectrum in hydrogen after 
heating the sample in hydrogen at 623 K for 40 min 
(until no CH 4 was detected in the effluent from the 
cell) followlng collection of Figur~ 9. 

Room temperature M~ssbauer spectrum in hydrogen after 
exposure of the sample to methanation reaction conditions 
for 0.5 h (PH .= 284 kPa, PCO = 35.8 kPa, T = 623 K) and 

quenching in ~drogen, following collection o~ Figure lOo 
The partially collapsed carbide has been computer-fitted 
with a broad singlet. 

Room temperature Mossbauer spectrum in hydrogen after 
second 57Fe(CO) 5 dose and quenching in hydrogen, following 
collection of F~gure 11. The pa~t~ally collapsed 
carbide has been computer-fitted with a broad singlet. 

Room temperature M~ssbauer spectrum in hydrogen after 
heating the sample in hydrogen at 633 K for 30 min 
(until no CH 4 can be measured in the effluent from the 
cell) follow~ng collection of Figure 12. 

In situ M~ssbauer spectrum collected during the 
deactivation studies at 633 K after the second 
57Fe(~O) 5 dose. 

Room temperature hyperfine magnetic fields for bulk 
Fe-Ni alloys (14}. 
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Czltezia :Eo:~ Stable Ni PaztiQle Size unaez MeChaniCian' 

Reaction Conai~ions: Nickel TEanspo=~ and PaE~=le SEze 
• . 

GEowth via r~Ickel Ca=hon~l 

Revised from Semi-annual Progress Report, May 1980; 

and accepted for publication in the 
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ZZIoA. EXPERIMENTAL 

III.A.1. High _Pressure Reaction S yst_em 

Kinetic data were measured In the all 3 1 6  stainless steel 
o 

reaction system shown schematically ~n Fig. I° The system =an .. 

be operated at pressures up t o  6.8 MPao Tho reactor is made of 

a 1.27 =m O.D. ~ 1.02 =m I.D. tubing. ~he use of type 316 ~taln- "" 

less steel p~events the formation of Fe(CO} 5, and minimized ~he 

fo~matlon of Ni (CO)~e from the reaction between CO and the tub~ 

wall at high CO pressures and high temperatures (I) o Composition 

changes of both Eeautant mlxtu=es an~ effluent gases can be 

monitored =ontinuously using a Gow-Mac high pressure tharmal 

conductivity cell. The klneti= data were measured after the 

system had reached steady state, as.determlned by the steady 

voltage output from the thermal conductivity cell. The portion 

of the system downstream from the reactor was wrapped with heating 

t~pe to prevent water from condensing. Analyses of both effluent 

gases and reactant mixtures were carried out using a Carle Basic 
o 

8700 gas chromatograph operated at 388 K with 1.8 m of 80/~00 

mesh S~herocarb column. 

Hydrogen (National Cylinder Gases) was purified by passage 

through a Deaxo unit followed by an activated 13X molecular 

sieve trap atroom temperature. Carbon monoxide (~atheson, 

CoPo grade} was purified by passage through a system compose~ 

of a copper turning trap (with 60 =m of preheating section) 

at 593 K, and activated 3A and 13X molecular sieve traps at r o o m  

temperature. Such an arrangement was effective In completely 

removing Fe(CO)5 from the CO stream. 



IIZ.A.2. Partic!e Siz 9 D~termination s 
% 

Hydrogen =hemisor~tlon measurements were ca=mled Ou~ i n  
m 

an all-glass hlgh vacuum syste~ desc~2bed elsewhere (2)~- 

Prior ~o chemlsorp~ion measurements at room temperature . 
,, *. 

whethe~ on fresh oz used catalysts, the sample.was Teduced 

In flow£ng hydrogen (atmos~'hezi= presst~e, 5 0 - 1 0 0  cn3fmlm) at 

723 ~ for I h, evacuated'for I h at th£s temperature ~nd then 

c o o % e d  under ~acuum to r o o m  temperature. Oeso~p~ion ~so~e~ms, 

raahe= ~han adsorption isotherms, were measured, because "" 

hydrogen ehem~sorptlon on Ni involves a fast chem~soEp~.~on 

process followed by a slow, activated chem~sorpZlon p~ocess (3-5). 

A s~milar procedure has been used fo~ ruthenium (6) and n~ckel- 

copper ¢atalysts (7) . The amount o[ strongly adsorbed hydrogen 

was estimated by extrapolating ':he initial portion of the 

desorption isotherm back to zero pressure. X-ray d~ffra¢tion 

measurements were made on a Pic]cer biplanar dlffractome~er. 

Magnetization measurements were carried out using a Cahn RG 

microbalance and an Alpha model 4800 electromagnet. 

III.A.3. Catalyst Preparation and Treatment 

SUpported n$~kel catalysts were prepared by ineIplemt 

wetness impregnation, ~sing O . S  ml of NI¢N03) 2 solution per 

~ram'o£ 80/100 mesh T-~1203 powder (Davlson, SMR-?}. ~teE 

impregnation, the catalysts ~ere deled overaight at 393 K. The 

"standard" ~ednctlon procedure consisted of treating the 

catalyst in flowing hydrogen [PH2 = 308 kPa) while the sampXe 

temperature was "(i}' slowly increased to 403 K Cover a pe----iod oE 

40 rain), ~li~ helc] at 40.~ K for 0.5 h, |ii~.) held at $33 K for" ' 

O.5 he and.4~-v-} .-h~Id -st -72-3 -K -f~r a.S -h. 
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a n d  p r e s s u r e  w e r e  t h e n  a d j u s t e d  t o  t h e  d e s i r e d  v a l u e s  b e f o r e  ": 

the H2/CO reactant mixture was introduced. . 

Sp~ce velocities (at reactor ~nlet conditions), oE 40,000-- . 

60,000 cm3og-l.h-I were used to keep CO conversions Io~ s o  

tha~ data analyses c o u l ~  be c a r = i e ~  out ~n ~eEm~ of 

differential r e a c t o ~  model. A p : o c e d u z e  s£=tla= to that 

used by Vannlce (8) was used to malntain a Uclean" m e ~ a l  

surface. Speclf£cally, afte~ each datu~ p o l n ~ ,  C O  flow was 
:. 

stopped and R 2 a~one was passed oyez the catalyst surface ~o 

effect =atalyst =egeneratlono T~picall~a t h e  catalyst was 

e~posefl to H2/CO for approximately 0.5 h during the colAectlon 

of each datum point; • this was followed by a 2 h ~egeneratlon 

treatment in H 2. The e~it g a s  was monitored by gas 

1 

,o" ° 

chromatography during this regeneration. Zt was eshabllshe~ 

~hat the CH 4 concentration in the R 2 stream dzoppe~ to zero 

wlthin the 2 h regeneration perloao 

Runs designated bY the prefix "A" were carEie~ out using 

a 10:1 mixture of 100/120 mesh y-Al203 powder an~ 80/100 ~esh 

NI/7-AI203 catalyst. The mixture was physically separated 

uslng a IO0 mesh sieve after the kinetic studies. This 

s e p a r a t e d  c a t a l y s t  w a s  t h e n  u s e d  f o r  x - r a F  d i f f r a c t i o n  and  H 2 

c h e m l s o = p t i o n ' s t u d i e s .  T h e  u s e  o f  a d i l u t e d  e a t a l y s ~  a l l e w e ~  .. 

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

ve=slons t o  b e  kep~ l o w  between kinetic runs c a r r i e d  ou~  ove~ 

Greatly different temperature ranges. Zn the deautivati0n 

studies (series A4), the catalyst was not regenerated using 
° 

hydrogen flushing afte~ each datum point, as had been the 

p r o c e d u r e  i n  s e r i e s  2 a n d  3 .  T h i s  a p p r o a c h  m a d e  t h e  d e a c t i v a t i o n  



s t u d i e s  f e a s i b l e  w i t h i n  a r e a s o n a b l e  t i m e  s p a n .  

C h e m i c a l  a n a l y s e s  o f  © a t ~ l y s t  s a m p l e s  w e r e  c a r r i e d  o u t  

b y  G a l b ~ a i t h  L a b o ~ a ~ o ~ i e s .  I n c .  
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III.B. RESULTS 

Experimental conditions a~e summarized in Table I. The. 

first digit in the run number des~yna~es, the batch number oE 

the catalyst Preparation. The pEeEix "A n means that the. cata1~s~ I' 

studied has been diluted with T-Al2O 3 powder.. The tempezatuE~ 

An parentheses indicates the highest tempe=aide recorded 

after the zea¢tant mlxtuEe was int~oduced~ Temperatures 

connected by.he "~" sign ~ndicate the tem;e==~u=e range 
" :  

studied using s~ep temperature ~ncrements o f  15 tc 25 K fro= 

the lower limit t o  the uppez limit. The "time on-stream" 

refers to the total period of time du=i~g which th~ catal~s~ 

was exposed t o  H2/CO mixtures under specifie~ =onaitlon~. The 

results of catalyst characterization .are summarized in Table 2. • 

The suffi~ ~F" denotes a "fresh" catalyst, which has experienced 

only stanflard hydrogen zeduction. The values of c~:,.:=lated 

metal luading are obtained from the concentration and Volume o f  

the'impregnation solution and the amount of .~-RI203 powder use~" 

fo~ catalyst Preparation. S~nce the height of the ¢a~aly~t 

bed was typically 5.1 to 6.4 cm, ~t was possible to dlstiuEuls h 

the upper po=tlon from the lower po=tlon of the catalyst he~. " 
• .° 

After klneti¢ studies, the catalyst was removed from the hlgh 

pressure Eeaetoro The first half of the catalyst,poured OU~" 

o f  the  r e a c t o ~  was t hen  l a b e l e d  t h e u p p e z  p o r t i o n  o~ the 

catalyst bed, and the second.half the ioweE portion of the 

cetalyst ~ed. Such a ~iffe~entiat~on between the upper and 

the lower portions of the catalyst be~ was made for runs 2-4 

and 3-I. 

The rap~d loss of activity for methan~t~on at relat~velF 

h~gh ~O-p~essure-is-s~o~nIn-Fig. 2. These data ~- 



.'.'.%- 

characteristic of ope=a,~.ion in an "unsafe" zeglme. Figure 3 

shows typlcal results in the search for "safe" ope=atlng 
a • 

conditions. "Safe" operatlng conditions are ~ ° def_ned as those 
. °. 

for which the cata'lyst malntains a stable activity oveE'a peE~ocl  

o f  tlme long enough foe kinetics s~u~les (~;.e,. seve=al hon:s 
• . • . "° " 'a .i. 

e~posuEe to a B2/CO mixture}. Similarly, t h e  "unsa.~e" ope=ati_~: 
• . 

©onaitions a:e those under which the.ca~alys~ =a~no~ .  malnta~ ... 

a stable act£v£~yo Thus~ a ~empeEa~uze of-688 K Is "~lassi£~e~ . -. 
., ." , ° 

as safe, whale temperatures oE 526 ~ and 588 K are classified ~.- 

as unsafe~ when P~ = 305 kPa and PCO = 18.6 kPa (Fig. 3). The • 
2 

results of the sear¢h for safe operating conditions are shown " 

in Fig. 4. For each partial pressure of CO, there Is a lower 

llmit in temperature for safe operatlng =onditlons. Abuve 

this threshold temperature the catalyst does not nnae~go 

rapid deaatlvation in terms of the time frame of our studies. 

The partial pressure of H 2 plays only a minor role, if any, 

in the deactivation processes. The deactivation rate remaine~ 

essentially unchanged when the H 2 pressure was doubled for a 

run at 602 K and PCO = 33.8 kPa. 
r" -... 

~fter the safe operating regime was mapped, several funs 

(the 14 series) were designee a n a  cazrlea o u t  ~ o  stua~ . 
. .o' "*" 

~£ffe~ences £n catalyst structure after use ~n ~he sere'and . 

unsafe regimes. The most Important alfferences ~n catalyst 

strncture are those in Hi particle sizes, as determined" 

b y  x - r a y  d i f f r a c t i o n .  The  t i m e  o n - s t r e a m  i s  o f  o n l y  

m i n o r  i m p o r t a n c e .  As i n d i c a t e d  i n  T a b l e  2 ,  t h e  Ni p a r t i c l e  

s i z e s  f o r  t h e  = a t a l y s t s  a f t e r  o p e r a t i o n  i n  t h e  s a f e  r e g i m e  

I r ' IPSlTS¢:  "4--~ I~,. ,q.._"/ " ~ A _ I D  . , - - , 1  ~ A _ l " l ' J  . . . .  " 

I Reproduced from I best available copy 



d e t e r m i n e d  by x-ray diffraction, regardless of the time on-stream. 

x-r'ay diffraction was also unable to measure ~ h e  Ni particle 

sizes £n fresh samples (3F and 4F|o On the other h~nd, 

the Ni partlcle sizes in the catalysts after operation 

in the unsafe zepime (~uns A4-6, A4-B and A4-12} are always 

much larger than those in fresh samples. .In addition, the Ni 

-~zti=le sire in a catalyst after 16 hours of operation JJ~. 

the un=afe regime (run A4-8} was not much larger than those 

obtalnee a f t e r 3  hours o~ treatment in the unsafe regime 
& 

(runs A4-6 and A4-12). The Ni particle s~ze aete=mlnatlons using 

H 2 ahemisozption always gave larger values than those'obt~ine~ 

hy x-ray diffraction (Table 2}. The calculation of particle 

size based on H~ themisorpt~on h~s taken into account the 

~=t that not a~l the Ni present on the alumina support =an be 

zednced to a metalli= state. Magnetic measurements indicate~ 

that 72% of the Ni loading was reduced to the metallic state 

during the standard ~eduction procedure. 

The kinetics of the methanation reaction w~e studie~ under 

safe operating conditions in separate experiments using an 

alumtna-~iluted catalyst (s~milar to the A4-series). 

Addltlonal studies of the temperature (see Figure 5} an~ 

partial pressure dependence of the rate (not included i n  
• °~ , .  

Table I) indicate that the best fit of the data is of t h e  

f o r m  : / 

wheze 

reH 4 = A e ~ RT j p0.63H2 PCO-0"0 

R = 1.987 c a l / g m o l e - E .  

¢I} 

6O 



I~I.C. DISCUSSION " 

•• 

ITI.C.I. Nickel Trans.portat.lon and Particle S~ze Growth 

The calculated values of metal loading agree v~ry well with 

the results of chemical analyses fo~ runs 2-1e 2-3 and 4F. The 

°. small differences between calculated and analytical values In 

61 

• . •:- • 
• ° 

.°• ~. 

• . .'0 

series A-4 are attributable to the physical separation technique ;;'~ 
. .  :. ~ . ~  

• . • . - ? ~ :  

employed. In contrast, the resulta of the chemical analyse~ for. ..:. 

r u n s  2 - 2  a n d  2 - 4  a r e  n o t  £ n  a g r e e m e n t  w i t h  "the e a l c u l a t e ~  

metal loadingso ~he Ni metal on the catalyst has been 
I 

almost completely stripped Zrom the catalyst bed i n  

run 2-2. Zn run 2-4, the upper portion of the catalyst 

bed uontained far less Ni metal than the calculated- . 

value of the metal loading, while the lower portion of t~e 

=atalyst bed contained far more Ni metal than the calculate~ 

value of the metal loading. The average value of the results 

o f  the chemical analyses, 5 . 2 0 % ,  indicates that there was 

probably no signlfica~t stripping of Ni from the catalyst 

bed. These phenomena show that Ni can be transported with the 

gas stream from the upper portion to the lower portlon'6f the 

catalyst bed, and that, in t h e  extreme case~. Ni can even'he 

strippe~ from the b e d .  " ' - "  

The .results from run 3-1 show a mote subtle effect" 

of Ni transportation. On one hand, the results of the " 

chemical analyses for run 3-I indicate that there ~s 

only m~nor Ni transportation. The'average value of the metal 

loading based on chemical analyses, 6.06%, agrees well with 

the value of the ~ priori calculation, 5.96%. A small amount 

of Ni, however, appears to have been tramspoE~ed f~nm ~= 

....... • .-'. •- ;: 

• a •'T •° 

• , ••°° %°-~: 

.° : - 

% 

m n 

4 

"°. 

° 

• • . . . -. 

• • o....,. 

° 



i s  the observation that the Ni particle sizes determined b~ 

x-ray aiffra¢tion are very large (23-43 nm) cbmpa=e~ t o  the 

typical size of Ni particles in fresh c~talysts (3v4 ~ 

(Table 2 ) .  

6 2  ".: " 

Two mechanisms have been propose~ f o e  the growth o£ metal- 

p a r t i c l e  s i z e s  i n  s u p p o r t e d  o a t a l y s t s  (9) ¢ the  ¢=¥stalm£gEa-- 

tlon mo~el and the Interparticle t~ansport model." The ¢~ys~al 

migration model (10,11), envisages the growth in" particle size 

as resulting from migration of metal particles over the support 
:. 

surface, followed by oo11~sion and ooalesoence. This mo~el £s 

not believed to be applioable for the conditions of the pEesen~ 

study. Spec'ifically, this mechan.ism requlres a high" mobillty of 

•°, 

metal partlcles on the surface of the" support; howeverc the 

Tammann temperature of Ni, 964 K, is m~ch higher'than the 

temperatures Involved in these runs. ~ndeed, 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 thai'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 runs A4-7, A4-9 and ~4-%~ (whlch'have 
• . 

experienoed temperatures as high as.741 K) is t o o  sma1~.to 

be ~etermlned by x-ray diffraction indicatlng~/lat the 

temperatures used in this study were not high enough t o  ~ause 

surface migration of metal partlcles. This concluslon Is also 

o • 

. °°• 

s u p p o r t e d  by r e p o r t e d  o b s e r v a t i o n s .  R i c h a r d s o n  a n ~  Ccump (13) 

s h o w e d  t h a t  t h e  d i s p e r s i o n  o f  a N i / S i O  2 a a t a l ~ s t  w a s  v e r y  s t a b l e  

at 673 K in helium. Williams et~1..(14)-showe~-Gh~t-the nlukel 



3-" " 
o 

surface area of a coprecipitated Ni-AI203 catalyst ~eu~a~n~Q 

constant during a I000 hour treatment at 6T3 :I~ ~n a s t ~  a n d  

hydrogen mlxtu=e. Zt als~ rema~ne~ constant ~u=~ng '4uc~a~.men~ 

at 1073 K ~n hydrogen. Temperatures 4n ho~h studies were " 

higher than the temperatures employe~ in z~ns 2--2, ~-4 and. ~-I. 
.. ." 

The second mo~el f0= particle s~ze ~r~h, ~h~ In~eEpaz~cle 

t=ansporz model (15,16) involves escape oE atomic o= molecular 

=etal ~pecles from c=~stallltes, mlg=at~on of. these sp'ecEes" "~ i' 

along the surface ~o~ vapor phase ~ranspo~t), an~ ~heir ze=aphu~e " 

by crystallites via collision or read~oEp~ion, 

the Interparticle transport model Is postulated to explain the " 

phenomena abservea in the p~esent st~ies. ~pou exposure 

to an appropriate H2/C0 reactant mixture, the N~ me~a~ 

particle reacts with ~so~bea cO Or w~th CO m~lecuEes ~. 

m e c h ~ n l s m  similar to 

the gas phase to fo~m Ni ~CO} 4 spe=4es. The formatlon o f  

Ni(CO) 4 from Ni on SiO 2 maintalned in a CO atmosphere has - 

been reported by Vannice and Garten (17}. The formatio= of 

Ni(CO) 4 under room temperature CO chemlsorptlon conditions . 

£naicates the ease with which it ks formed (18). Va~ HeeZten 

e ta_~1. (19) have in fact rai~ed the possibility o~ ha~in~ 

Ni(CO} 4 as an Knte~mediat~ for the ~ransport o~ Ni.fromsmal£ 

to ~aEge Ni particles in a Hi on SiC 2 catalyst.. Produ=~ "" 

NI(CO) 4 nolecules can leave the metal particle and dif.Cuse 

through the gas phase and/oF over the catalyst suppozt. 

D e p e n d £ n g  o n  t h e  o p e r a t i n g  c o n d i t i o n e d  t h e s e  s p e c c e ~  t h e n  

d e c o m p o s e  t o  ~ e t a l l i c ~ i  o n  e i t h e r  a n e a r b y  ~ i  p a ~ t l c l e  o r  a 

Ni particle on a catalyst granule downstream from the original. 

° 

I n d e e d ,  N l f C O )  d p a r t i a l l y  d e c o m p o s e s  a t  t e m p e r a t u r e s  a s  l ow  



64 

t i o n  o f  N i  c a t a l y s t s  by  d e c o m p o s i n g  N i ( C O )  4 on R1203 E i b e ~  a t  

4 7 3  K. The  I n d u s t r i a l  p r o ~ u c t £ o n  o f  h £ g h  p u r £ t y  Ni  p e l ~ e ~ s  i s  

c a r r i e d  o u t  b y  d e c o m p o s i n g  N i ( C ~ )  4 a t  4 4 3 - 5 2 3  K (22 ) .  T e m p e r a -  

t u r e s  e m p l o y e d  i n  m o s t  o f  o u r  r u n s  aze  h i g h e r  t h a n  t h e s e  

d e c o m p o s £ t £ o n  t e m p e r a t u r e s .  F i n a l l y ,  u n d e r  © e ~ t a l u  c o n a l ~ £ o n s ~  

t h e  N i ( C O ) 4  m o l e c u l e s  may e v e n  b e  £ 1 u s h e d  o u t  o f ' t h e  reac~oz, 
c a u s i n g  t h e  s t r i p p i n g  o f  Ni  m e t a l  g ro in  t h e  c a t a l y s t  b e d  a s  . 

w i l l  be discussed later. 
• " . 

As p o i n t e d  o u e  e a r l i e r ,  o n e  o £  t h e  p r o m i n e n t  6 i f f e ~ e n c e 5  " 

b e t w e e n  c a t a l y s t s  a f t e r  o p e r a t i o n  i n  t h e  s a f e  r e g i m e  a n d  

c a t a l y s t s  a f t e r  o p e r a t l o n  i n  t h e  u n s a f e  r e g i m e  i s  t h e  N£ 

partlcle size determined b y  x-ray diffraction. ~fte~ 16 

hours of treatment at 653 X in the safe reglme (run A4-9} a 

catalyst still has a Ni particle s i r e  comparable t o  that oZ 

a fresh sample• Hcwevere after 3 hours of t~eatment at 

Inwe= temperatures in the unsafe regime (run A4-6| a cataE~st 

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

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

factors are (i) the CO partlal pressure~ which was higher in 

the unsafe treatments than In the safe treatment, and (ii) the 

temperature, which was lower in the unsafe treatments than in the safe 

treatmentS. Thermoaynamlcally the higher CO pressure and the 

lower temperature used in the unsafe treatment favor the forma- 

tion of Ni(C0) 4. These data are consistent with the argument 

that the deactivation p r o c e e d s  via the interpartlcle transport 

model rather than via the crystallite migration model. 
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III.Co2. Kinetic and Th~rmodynami~ AspeCt s .of Ni(CO)~,~orma~ign 

Thermodynamio data for the reaction 

Ni ÷ 4CO(g).--_.. Ni(CO)4(g ) 

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

by Goldberger and Othmer (26) were used for =alculatlng ".'.. 

equilibrium partial pressures of Ni(CO}4o The calculated values . . 

are t~ulated £n Table 3. . .: 
. , .. 

...° "~. 

Goldberger and Othmer (26) ~ found 'that the =a~e of HE(CO) 4 . :. 

formation reaches a maximum at 348 K at all CO p~essures studie~, 

while Kipnis and Mikhailova (28,29) have determined the kinetic "' 

rate expression for this reaction. Accordingly, f6r all runs in 
Q . , 

the present study, the rate of NiCCO) 4 formation would be 
i 

approximately 10-6mole/=m2.h in the absence of gaseous Ni{CO}4o .. 

This corresponds to about 102 monolayers of l~i removed from 

each Ni particle per hour. 

due to the fact that a much larger Ni particle size, 38 ~, was used 

in the studies of Kipnis and Mikhailova (28,29).) Yet, small Ni 

particles (consisting of several tens of munOlayers) are in fact :~. 

stable for long times in runs 3-2, A4--11B A4-9 and A4-7. Thus, 

the kineti=s of Ni(CO) 4 decomposition must also be considered to . 
- 0 

interpret the phenomena of the present study. In short, it has been 

found (30-'33')' that the rate increases with increasing temperature up to 

{These kinetic data are only semiquantitat~'ve 

appro~imately 400 K, while above this temperature the rate-determlning 

step in the thermal decomposition is the gas phase diffusion of Ni(C0) 4 

to' the surface of metallic nickel (30,32). In other words, the 

intrinsic rate of Ni(CO) 4 decomposition on metallic Ni at 

temperatures higher than ca. 400 K is fast compared to the rate 



• . •  • 

of gas phase dlf£usion of ~:i(CO) 4 to the lqi surface. In the "' -'. 

present case, the fas~ rates of Ni(CO) 4 formation and decomposit~ion 

suggest that thermodynamic equilibrium with respect to forma~on • "" •'" 

of Ni (CO) 4 from nickel and carbon monoxide is achieved at 

the surface of the Ni partlcles during methanation. 

~he equilibrium partial pressures of Ni{•CO) 4 

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

•." 

o 

from the catalyst bed to 1.3  x 10 -8 Pa for a ~n In ~he saf~ 

~eglme. Under those conditions for which "~he thermodynamics 

of NI{CO) 4 formation are unfavorable (small Ni(CO)4 partial pnessur~)', 
• • o - 

~he flux of Ni(C0) 4 ~ay from each Ni particle is expected to be 

• • ... • 

.. -" ...':: . 

• •% 

smal? The Ni particle size distr~butlon is then stable, ~ecause " 

the various particles do no~ exchange nickel via Ni(CO} 4 
. . 

transport. When the reaction conditions ace =hanged snch~a~ 

the N~(CO} 4 partlal pressure at the Ni surface ~s £ncEease~e 

the flux of NI(CO} 4 away from the Ni partlcle~ is expected to increase• 

However, as long as the decomposition of Ni(CO) 4 is East 

compared to the rate of dlffuslon, the Ni (CO]4 will subsequently 

decompose near the site at which it was formed. Thls.pro~ees a 

me=hanlsm for exchange of lqi between nelghbo=ing Hi particles. 

There would not be any growth in particle size if Ni{CO) 4 

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

H o w e v e r ,  t h e  ~ a t e  a t  w h i c h  a p a r t i © l e  g a i n s  m e ~ a ~  atoms b y ' h e  

p ~ o c e s s e s  d e s c r i b e d  i n  t h e  i n ~ e r p a r t l c l e  t r a n s p o r t  m o d e l  i s  

p r o p o r t i o n a l  t o  t h e  e f f e c t i v e  d i a m e t e r  o f  t h e  p a r t i = l ~  { 1 5 ) .  

K i p n i s  a n d  ~ i k h a i l o v a  (25) h a v e  r e p o r t e d  t h a t  n i c k e l  ~ a ~ b o n y l  

i s  e a s i e r  t o  f o r m  f r o m  s m a l l e r  l~i p a r t i c l e s .  H e n c e  o n e  e x p e c t s "  ""  

l a r g e r  p a ~ t ' i c l e s  t o  g r o w  a ~  t h e  e x p e n s e  o f  s m a l l e r  o n e s ,  an~ 

t ~ [ s - ~ s - t h e  m e c h a n i s m  by  w h i c h  t h e  ~ i  ~ , . ~ 4 . ~ .  - - - -  --  
Reproduced ~om i 
best available copy I 
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T h i s  expectation ~s confirmed b~  observations o f  Evan~ an~ 

s~mpson (34) on an industrial process producing Ni pellet~ 

.67 

via decomposition of Ni(CO} 4. Finally, as the temperature is 

decreased, the intrinsic rate of N£(CO} 4 decomposition decreases 

° 

faster than the rate oZ Ni(C0} 4 diffusion. This allows ~he 

NI(CO) 4 to diffuse and decompose further from the sere "a~" 

which it was originally fo=medo ~t su~flciently low.~'enpe~atu~as', ". 

t h e  .i co) 4 W o u l d  b e  a h ' . e  , :o  diff.s  o u t  o f  t ,s " 
° . o  

• o 

£n which £t was formed, and then he decomposed in ano~h~ 

granule further downstream In the ¢atalys~ had, Xnth'e ~m~tln~ 

case of slow intrinsic =ares of NI(C0) 4 dec0mp0si~£on,'-~he" 

Ni(cO) 4 would be swept from the .catalyst bed hy the gas flowing 

through ~he ~eactor. 

Inspection of Table 3 shows that the experimental observe-" 

tlons are in accord with the above arguments. The various 

experimental runs are listed in the order of decreaslng 

equilibrium NI(C0} 4 partlal pressure~for the tempeEatu~e~and 

CO partial pressuresused in the methanation studies. The 

presence oS an asterisk as an entry in the table indicates 

that one or more o f  the following phenomena'were o b s ~ x v e a E n .  

the ~un in question: ( i )  IOSS of Ni from the catalyst ~e~, 

( i i )  t r a n s p o r t  o f  N£ d o w n  t h e  c a t a l y s t  bedw ( i i i |  g ~ o w t h  o f  
a 

Ni particle size, and (iv) stable nickel partlnXe ~ize and 

catalytic activity. 

It c a n  b e  s e e n  ~ h a t  t h o s e  r u n s  w i t h  t h e  h i g h e s t  NI{CO] 
4 

p a r t i a l  p r e s s u r e s  c o m b i n e d  w i t h  t h e  s l o w e s t  i n t r i n s i c  N i ( C O } d  

~ e c o m p o s i ~ i o n  r a t e s  s h o w e d  t h e  m o s t  d r a m a t i c  e f f e c t s  o f  N i  

• r a ~ S p O ~ t ~ t ~ l .  -~Th~ - ~ r l n s i c  ra te  o f  ~ i (CO) .  decomo~s~t i~ . .  
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which increases with increasing temperature, is used for 

comparison among various runs, since the effect~ of Ni(CO) 4 

diffusion are considered separately.) For e~ampl~, ~the conditions of 

run 2-2 corresponded to the highest equilibrium Ni(C0) 4 partial 

pzess~'~e with the slo~es~ Ni(CO)4 ~ecompo~It4on rate, am~ -" "' 
• , 

significant loss of Ni f~om the ca~al~st he~ was observed " ' 

i~ t~is Eun. Run 2-4 ha~ a sma~leE~.(.C0]~ ~E~um paz~ pzessuEe 

• , o  . °  

with a highe= ~i(CO)4 decomposition =ate; less =emovaE oE~ " . 

f r o m  the bed was observed. On ~he.o~er h~n~, s~gq~EEc~ 

tEansport of Ni down the ~atalyst b e d  ~as o b s e r v e d  during 

this run. Th~ equ~librlum Ni(C0}4 part~al pressure oE E an 

3-1 was sti!l lowe~ while the ~i(CO)4 aec?mposltion EaSe ~as 

higher; less extensive Ni transport down the ¢atalys~ ~e~ . 

was observed, colnpare~ ~o run 2-4. FurthermoEe, ~o loss oE 

~ i  f r o m  t h e  c a t a l y s t  b e d  was o b s e r v e d  f o r  r u n  3 - 1 .  The 

conditions of runs A4-8, A4-6 ~nd A4-12 gave equi!ibrium 

~i (CO) 4 partial pressures lower th~n Eun 3-I~ ~=cor~ing~T, 
• • 

~O transport of Ni out of the catalyst bed o= down ~he catalyst 

bed was observed. Howe~er, the Ni.p~t~cleS were ObSe~ve~to 

I n c = e a s e  I n  s l z e  n n ~ e ~  t h e s e  r e a c t i o n  a o n ~ i t i ~ n s o "  T h a t . .  
• g 

the equilibrlum NiCCO}4 pa=tlal pzessu=e was" still highenough, 

to allow Ni parti¢les wlthi~ a giveu% ©atalyst g~nule tO 

exchange matte= via N£(CO) 4 transpoEt. Finallyt the ~Owest 

e q u i l i b r i u m  N i ( c 0 ) 4  P a r t i a l p r e s s u ~ e s  w e r e  t h o s e  o~ r u n s  3-2 ,  

A 4 - 1 1 ,  A4-9  and  A 4 - ? .  I n d e e d ,  t h e  s i z ~  o f  ~ f  p a r t i c l e s  a id  

Q 

0 

n o t . i n c r e a s e ,  and  t h e  c a t a l y s ~ s  m a i n t a i n e d  s t a b l e  a c t i v l t T  

d u r i n g  e a c h  o£ t h e s e  r u n s .  The t e m p e r a t u r e s  a n d  CO p a = ~ a l  

p ~ e ~ s u = e s  o f  t h e s e  ~uns  c o ~ z e s p o n d  t o  s a f e ' o p e = a t i n g  ©on~il=J.ons. 



.0 ¥1gure 4 shows calculated equilibrium partla~ pressure 

curves for N£{CO) 4 as a functlon o f  temperature and c o  p ~ = t i a X  

pressure. The equilibrium curve fo~ PNi(C0) 4 m 1.0.. x 10"6pa.. .:. 

outlines t h e  border b e t w e e n  t h e  safe ope~atlng zesSme . "  

and the unsafe reglme. ?his is to he expeate~, because, as ". 
% 

menti6ned earlier, thermodynamics plays an ~mportan~ .. "" 

wole £n  dete~nln~, ~he conditions goE kage ope=a~.~on. , ~hus~ : 
oo . • 

the equ£1£br~um partial pressure o £  NilCO) 4 can be used as - "  

. . °  

an empirical c~iterlon for determln~ng the "sa£e~y" of a. given 

set of operating .conditions. 

,L 

°° 

S i m i l a r  d e a c t i v a t i o n  b e h a v i o r  has  been  o b s e r v e d  f o ~  a 

commerc~,al 30~ Ni/a-Al203 catalyst (35).and a 5% NI/AI203 

monolithic catalyst (36). The co=responding equillhrlum NiCCO) 
4 

partial pressures are 7.18 x 10 -2 Pa and 2.7 x 10 -6 - I.@ x IO-~Pao 

respectively. These values are larger than the suggested safe " 

value of 1o0 x 10-6pa. Van Meerten e t a~lo (19) have recentl~ 

shown by mag,~ ,e t izat ion  measurements  t h a t  t h e  Ni p a r t i c l e  
Q 

size of a 4.88% Ni/Si02 catalyst grows gradually d u r i n g  , 

m e t h a n a t i o n .  The e q u i l i b r i u m  Ni (CO)4  p a r t i a l  p r e s s u r e  
• , 

c o r r e s p o n d i n g  t o  t h e i ~  o p e r a t i n g  c o n ~ ' i t i o n s  i s  4..0 x ZO-6pa .  
m t 

These farts suggest that the present criterion for judging the "safety" 

.Of opezat~ng conaitlons can be applied to other system~ w~th .'- 

higher metal loadinNs and/or differen~ geomet=yo The prev£ousl~ ...-.t. 
m 

stated =on=luslon concerning the insensitivity of thls~ "..'. 
• . , 

deactivation process to the h~drogen part$~l pressure is also 
o 

supporte~ bZ these stu~ieSo ~annice and Garten (351" used a partial ", 

pressure of H 2 which is t~Ice that employed ~n this study. 

Bartholomew (36) £ound no difference in deactivatlon behavior "" 
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III.C.3. Blockage of Surface Sites 

For Al203-suppo=~ed cata2ysts the large= Ni particle sizes 

determined by hydrogen chemisozptlon relative to those dete~mlne~ 

by x-ray diffraction have been previously attributed to metal- 
u *  . . 

., 

support in~ezactlons, e.g. formation of a sur£a=e spinel {37).~.. 

Hence, magnetIzatlon measurements were used to study the 
• . . • 

• • o. 
• o . °  

reducibility of a typical NI/AI@O~ catalyst. After ~ h e .  .. 

standard =eduction procedure a catalyst showed 72% :~e~u=ibillt~ 
• • 

(run 4F). This value was used to correct the me~al Ioafl~ngs 

used for =al=ulatlng the particle slze based on N, =hemiso~p~ion. 

For a freshly reduced sample (4F) the particle size determine~ 

hy H 2 =hemlsorptlon is 3.2 nm, a value which agrees ver~ well 

with those determined by magnetization measurements. The 

Langevin 1ow-fleld estimate at 300 K gives" 3.4 mm# while ~h~ 

Langevin high-field estimate at 77 K gives 2.8 rim° However~ 

after exposure t o  H2/CO reaction mlxtu=es, the reducibiiity- 

© o r r e c t e d  Ni Particle sizes determined by h y d z o g e ~  chemiso~phion 

are consistently la=ge~ than those determlned~z-ray alff=~=- 

~£on. The difference is too large to he a~t=£bnte~ ~o ", 

experlmental uncertainty and ~t cannot he expia~ned'b~ the 

presence of a Particle size d£str£butlon. The catalyst 

~uEface must be blocked, probably by carbon deposltlon. 
o* ~ 0. 

' In estimating the percentage =overages of the surface (see Tahl~. 

2), it is assumed that the actual'~i particle s~ze afte~ ~peratlon. 

in the safe zeglme is th~ same as that for zun'4F, and that the Ni 

particles are spherical. The first assumption Is suggested by the 

fact ~hat these catalysts are indistinguishable b~ x-ray dlffra=tion 

measurements. The x-ray diffraction data, however, were suggesti~ e 

of nonspherical Da~3~ ~ ........ 

% 
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While the assumption of a spherical particle shape may invalidate 

the quantitativ~ aspect~ of the surface cove=age =alculations, 

the qualltative trends in the values for catalysts ~exposed t o  

different operatinq conditions can still be observe~. (Xt " 

noted that the calculated surface coverages are sensitive .. 
i I 

• o 

. ° ° - 

Thls adds further support "to the belief "that the 

to the paztlcle shape assumed.) In short~ the extent 
° 

of surface blockage (by carbon) is approximately t h e  

same, after catalyst ope~atlon in elthez Safe or unsafe 

reglmes. 

primary difference between the safe and unsafe operating 

conditions is the extent of Ni patti=to growth, "an~ not ~£fferences 

in the extent of su_~face caveEage by carbon° 

iII.C.4. ~ethanation Kinetics 

The A~rhenius plots shown in Figure 5 indicate ~at the " 

catalyst activity decreased by only 50% after 21 days on-s~weam. 

The activation energy increased by 25 kJ/mole during this mil~ 

o 

deactivation process. • The activation energy for methane format,s, 
f| 

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

because most of the kineti¢ data w e r e  collected after 
, i  

long times on-stream. This value is within the range o f  ~epozted 

" values for AI203 supported. Ni catalysts 137). ~he d~pendence 
• . " ° .  

of the rate on ~eacta~t-partial ~ressures is somewhaE'aiffe=ent" 
a' • • 

from those reported for kinetic studies at lower temperatures 137)." 
h .. 

However, for" methanat~on# as the results o f  Bartholomew'(36) 
• • 

"indicate, the partial pressure dependence £s a f u n = t i o n  of the . 



: ° 

t e m p e r a t u r e  s t u d i e S .  F o r  p u r p o s e s  o f  c o m p a r i s o n  t h e  t n z n o v e ~  

numbers for methane formation are extrapolated and r e p o E l : e d  

at the conditions used by Vanniee (37}. FoE catalysts emplo~e~ 

An the safe region (runs A4-9 end A4-11), the values a~Eee 

i 

well with zeportea values. However, foe =dialysis empl0ye ~ 

In the unsafe region (runs A4-6 and R4-8) the value8 awe a= 

order Of magnitude lower ~han reported values, al~houghthe~ 

agree w£th each other. ~n run A4112, the =a~alyst ha~f~i~s~ 

e~pezienced the same treatments as employed in run E~-6 (see 

Table I}. The catalyst was then brought Inho the safe reg~on. 

The turnQve= number fQZ ~he datum point c o l l e c t e d  in ~he s~E~ 

=eg£on was £ndistinguishable from those for =atalys~s~hat never 

~ been exposed to operation in the unsafe regime. This fa=t 

may £ndicate that the mechanism of methanation in the unsafe 

region is different from that An the safe reglon. Consequently, 

the use of the rate expression determined from operation in the 

safe ~egion for data ~Mtrapolation of runs in the unsafe =eglme 

can give erroneous results. 

72 
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C O N C L U S I O N S  "' 

activity for methanation is constant with time. In the bunsafe- 

regime, the catalyst dea~:~ivates wlth time aue tO ~-~ lw~ease An 
• . ° • 

Ni particle size° ~p=oximately 50% o f  t h e  Ni. 8u=fa~ is • "-"" 
- - ...pI 

cove=ea by inactive carbon, but ~s Is the same au=ing . • .. 

operation of the catalyst In both safe and" unsafe Eeg!aes. • 

Particle size growth in Ni/Al203 me~hanation catalysts aur£ng 

operation in the unsafe region results f=0m the F.ozmat~n of 

Ni (C0}4, ~iffus~on of this species through the ga~ p'hase aaa/=~ 

over the catalyst surface, an~ subsequen~ aecomposltiom of 

The conditions of the present stud~ can ~e ~iv£ded £n~o 

two different operating regimes. Zn the. "safe" =egime#'the 

nickel pa=tlcles a~e stable agalnst increases In s_ze a~x~'the =at~ly~i=' 

-, 

Ni(CO)4T Thermodynamic considerations can be used to Pr~=t 

whether a given set of reaction conait~ons correspond to'thu 

safe or unsafe ~egime~ of operation. Speclf~cally,. ¢onaitlons 

for which the equilibrium partlal pressure of Hi(C0) 4 ~ less 

than ca. 10 -6 Pa will Give stable methanation achivity foe " 

cetalysts consisting of nickel on alumina~ Conversely, 

reaction conditions giving much higher equilibrium pa=tL~l 

p r e s s u r e s  o f  N i ( C O ) 4  w i l l  l e a d  t o  t r a n s p o r t  o f  ~ i .¢kel . - . th~on.gh 

t|le catalyst bed ana ultimat.ely to the a-.emoval of nickel f~om 
• ,' 

the catalytic reactor. Xn aaaition, the mechanlsm of ~hanation 

In the unsafe regime map be alffe=ent from that in the'safe " ." 

r e g i m e .  
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Run N o .  

2 - 2  

Table I: Experimental Conditions 

Pressure (kPa) ~'i.-,e 
~2/CO on-st=em= 

Tem P . (K) H_2 C_OO ratlo . ,(mln) 

39"#  -~" 4"#7 365  123  2 . 9 8  ] . 3 2  
7 2 3  rereauction 60 
474 • ~ 580 3 7 8  121 3.12 202 

77 - 

Ope~- 
atin~ 
Reglnu~ 

Unsaf~ • 

2 - 4  

2 - 3  

2 - 1  

3 - 1  

428 ~ 543 
723 rereduction 
523 ÷ 598 
423 

446 ~ 561 
723 Eere~uctian 
4 5 7  ~ 5 5 5  

5 2 7  ( 7 2 8 )  
4 8 5  ~ 5 2 9  

4 ? 3  
7 2 3  r e r e d u c t i o n  
4 7 3  
4 9 9  

381  1 2 4  3 . 0 7  140 
150 

381  1 2 4  3 . 0 7  64 
381  1 2 4  3 . 0 7  22 

355  1 1 7  3 . 0 3  236  
150  

352  1 1 8  2 . 9 9  83 

461 1 5 0  3 . 0 7  2 6  
436 145 3.01 252 

334 79 4.22 ~00 
150 

334 79 4 . 2 2  2g 
334 79 4.22 49 

. Unsafe 

'7-- 

' U n s a f i ~  

UnsaEe 

~4-8 513 
562 
590 

307 85 3 . 5 9  930  
307 85 3 . 5 9  22 
307 85 3 . 5 9  17 

Unsafe 

A4-6 523 
547 
573 

307 85 3 . 5 9  124 
307 85  ~ . 5 9  26 
307 85 3 . 5 9  12 

Unsafe 

A 4 - 1 2  

3-2 

A4-11 

1%4-9 

5 2 4  
5 4 9  
5 7 2  
6 5 5  
6 3 9  H 2 

6 4 7  

5 2 1  
5 2 2  

6 4 4  
7 4 1  
5 7 7  

653 
638 

flushing 

(576)  
(575) 

296 81  3 . 6 8  
292 80  3 . 6 6  
292 80  3 . 6 6  
294 1 7 . 9  1 6 . 4  

294  1 7 . 2  1 7 . 1  

345 18.6 18.5 
345 19.3 17.9 

300 1 7 . 2  1 7 . 4  
277  4 0 . 7  6 . B 1  
300  1 7 . 2  1 7 . 4  

298  1 9 . 3  1 5 . 4  
298  1 9 . 3  1 5 . 4  

128 
27 
23 
33 
32 

24 

4 4  
1 4 8 7  

54 
50 
6;. 

4 5  

Unsa£e 

Safe 

Sa~e 

S a . f s  

s a f e  

A 4 - 7  Saf~-  6 5 1  302 1 7 . 9  1 6 . 8  49 
7 4 1  285  4 2 . 0  6 . 7 2  54 
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Fig. I 

fIGURE CAPTXO~S 

Schemati= Diagram of the all Stai~less-s~el S~stem 

for H i g h  Pressure Kineti=s Studles (mos~ o=--OES 

v a l v e s  o m l t t e a ) °  

: on-off valve 

= regulating valve 

: =beck valve 

: safety hea~ 

: three way valve 

= pressure gage 

1 

2 

3 

4 

5 

6 

? 

8 

9 

1 0  

11 

12 

13 

14 

15 

81: 

: Deoxo unit 

: copper turnln~ trap 

: 3A ~olecular sieve trap 

: 13X molecular sieve ~=ap 

: filter with 2 ~ filter element 

: Tylan FM-360 flowmeter wlkh reaaouh 5ox EO-14 

: Chatham prec is ion needle valve 

z Grov~ 90W back pressn=e =e~ato=- 

: Grove 15S small v o l u m e  regulator 
t 

z Gow-Mac 10-454-25 WX thermal =onduc~£v£ty =ell 
,.o 

with 4 0 - 0 0 1  p o . e r  supplier" " 

= V a l c o  V-6-HPaX C 2 0  samplin E valve 

z ~inberq 54356--V three--zone furnace w~h 59744-A 

c o n t r o l  c o n s o l e  

= 316 S.S. tubular reaekoE 

= Valco CV-8-HPaX C20 sampling va~e 

: auxiliary exit, which can ~e c o ~ n e = t e d ' t o  ~et 

test meter for ~lowmeteE :alibra~ion 



F~G- 2 

F i g .  3 .  

F ~ g .  4 .  
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IV. Appendix B .  

T 

Iron Pentacar6onyl Decomposition over Grafoil: 

I. Production of Small Metallic Iron Particles ~ 

Revised from Annual Progress Report, October 1979; and 

published in the Journal of Physica!_Cbemistry 

8_/4, 1814 (1980). 

~References 1-27 provide an introduction to the 

properties of small, metallic particles and 

the decomposition of metal =arbonyls. 



IV.A. EXPERIMENTAL 

IV.A.I. Iron PentacarbonTl Handlin~ 

Iron pentacarbonyl, used as received from Apache Chemical 

Co., is a toxic, air and light sensitive material. Therefore 

for these experiments, a system was developed for handling 

the Fe(CO) 5 in a low light, air-free atmosphere (see Fig. l|.° 

As preparation for introducing the Fe(C0| 5 to the Grafoil 

sample, the transfer bulb and the glass manlfolfl were first 

evacuated to a pressure of ca.l Pao Next, the evacuated 

section was opened to the bulb containing the liquid carbonyi, 

resulting in the rapid transport of carbonyl to the manlfola 

and transfer bulb. At ambient temperatures the final vapor 

pressure is typically 3.3 kPa. The Ziquld-contalnlng b u l b  

and the transfer bulb were then isolated 2tom the manifold 

and a pro-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 

subsequek~t deposition of iron on the walls of the manifold 

(which occurs readily upon contact of Fe(CO} 5 with oxygen}. 

Finally the transfer bulb was mounted directly on the H~ssbauer 

spectroscopy cell, and through appropriate valving the vapor 

in the bulb was allowed to enter the cell and adsorb on the 

treated Grafoil sample. The size of the transfer bulb (250 ¢~) 

was chosen such that it contained the appropriate amount of 

Fe(CO) 5 vapor at room temperature to provlae.monolayer coverage 

of a 5 g Grafoil sample. This amount of iron is sufficient to 

Give a M~ssbauer spectrum in a reasonable time period (ca. 10 

hours}, but it is not great enough to cause detrimental mthick- 

28 
mess line broaaenlng" effects. 
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I V . A . 2 .  M ~ s s b a u e r  S ~ . e c t r o s c o p ~  

T h e  N ~ s s b a u e r  s p e c t r o s c o p y  e e l 1  ( s e e  F i g . ' 2 )  was  m o a e l l e ~  

a f t e r  a n  i n f r a r e d  c e l l  d e s c r i b e d  by  D e l l a  B e t t a  a n d  S h e l e f .  29 

The  n e c e s s a r y  w i n d o w s  f o r  ~ - r a y  t r a n s m i s s i o n  w e r e  made f rom 

131  T e f l o n - c o a t e d  K a p t o n  ( D u P o n t ) .  S p e c i £ i c a l l y ,  t h e  K a p ~ o n  

( 0 . 0 1  mm t h i c k )  was u s e d  f o r  i t s  e x c e l l e n t  t h e r m a l  s t a b £ 1 £ t  F 

( u p  t o  c a .  7 0 0  K ) ,  a n d  t h e  T e f l o n  c o a t i n g  ( 0 . 0 0 4  mm t h i c k  on  

e a c h  s i d e  Of  t h e  K a p t o n )  w a s  u s e d  t o  r e d u c e  t h e  p e r m e a b i l i t y  

o f  t h e  p o l y m e r  c o m p o s i t e  a n d  t o  p r o v i d e  a l e a k - t i g h t  s e a l  w i t h  

t h e  c o p p e r  g a s k e t s  o f  s t e n d a r d  c o n f l a t  f l a n g e s .  T h e s e  w indows  

w e r e  s t a b l e  a t  a l l  t e m p e r a t u r e s  u s e d  i n  t h e  p r e s e n t  s t u d y  

{ 7 7 - 6 2 3  K ) ,  a n d  t h e y  p r o v e d  t o  be  s t a b l e  t h r o u g h  d o z e n s  o f  

vacuum cycles to pressures as low as 6 x 10 -4 Pa. 

Constant acceleration spectra were obtained with aR 

Rustin Science Associates, Inc. s-600 M~ssbauer spectrometer 

equipped wlth an electromagnetic Doppler velocity motor. The 

source was 50 mCi of 57Co diffused into a palladium matrix, 

and it was obtained from New England Nuclear, Inc. The pulses 

from the proportional counter detect~r (Reuter Stokes) were 

amplified, shaped and gated using Austin Sclence Associates 

elect~onlcs. These shaped pulses were then sent to a 

Tracor Northern NS-900 multichannel analyzer. The MCA was 

Interfaced direct1~ ~o a PDP-II minl-computer, greatly 

facilitating data storage and analysis. Doppler vel~city 

was calibrated with a I mil'Fe foil, and isomer shifts are 

reported relative to this'standard absorber. Positive velocity 

corresponds to the source moving towards the absorber. 

The spectra, collected using a triangular wave-form, were 
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the data to an assigned number o~ Lorentzian lines superimposed 

on a horizontal base line. The fitting procedure is "least squares" 

with a random stepping O f  free parameters. All s~tuplets fitted 

in this study were constrained to be symmetric about the zero 

veloclty channel {corrected for isomer shift}. 

IV.A.3. Graphite Sample 

The sample was made from 38 circular discs {2.54 =m diameter} 

of GTA-graae "Grafoil" (Union Carbide). This mater~al ~as 

made by pressing high purity, naturally occurring Hadagasua~ 

graphite flakes into thin ~heets. 31 Grafoil has two 

properties which proved useful for the present experiments and 

for several Mossbauer spectroscopy studies of moleoulaE adsorption 

32-35 
as well. First, there is a high degree of a~Ignment 

between the basal planes of the graphite microcrystals and the 

macroscopic Grafoil sheets. Neutron diffraction stuales 36 

have shown that the orientation ~Istribution of the m£crocr¥~tal 

basal planes is peaked parallel to the GraEo~l sheet with a 

full wldth at half maximum of 30 °. Secondly0 the material ha~ 

been measured 37 to have an average surface area of 22 m2/g, 

almost all of which is the highly uniform basal plane surface. 

The high surface area is required to make M~ssbauer spectroscopy, 

An the transmission mode, a surface sensitive technique. 

IV.B. RESULTS 

A 7 . 9  g graph£te sample was "activated" by treatment in 

oxygen at 970 K~ resulting in a 8.5% reduction in sample welght. 

Followlng this oxidation, the sample was evacuated to ca. 10"3Pa 

for I0 h at 723 K a~d then cooled to room temperatur~ under 

vacuum. The cell was subsequently sealed off ~r6m the pumps 



and Fe(CO)5 introduced from the transfer bulb. 91 

Table 2 summarizes the pretreatments and H~ss~auez 

spectroscopy run conditions for a series o f  experiments dealing 

with Fe(CO}5 adsorption and aecompositlon on Grafoil° Spectrum 

1 (Figure 3A} was taken by cooling the sample to 77 K in the 

presence of Fe(CO)5. The resulting quadrupole doublet is very 

similar to that of solld Fe(CO)5 , as w~ll be d£sgussed late=. 

The sample was then quickly heated (over a $ minute perloe| to 

378 K, maintained at this temperature for 55 minutes, an~ 

eubsequently cooled to 77 K. The resulting slx-peak sp~otral" 

pattern (Figure 3B} indicates that the Fe(CO) 5 has been 

decomposed to metall~c iron by the 378 K heat treatment. ~fter 

collection of Spectrum 2, the sample was warmed to 295 K, an~ 

Spectrum 3 (Figure 3C) was then taken at this temperature. 

Finally, this series of experiments was concluded by heating 

the sample to 450 K for 10 h and collecting Spectr:m 4 (F~gure 3D) 

after cooling to 295 K. The iron, after this treatment, can again 

be qualitatively identified as being in the metallic state. 

It must he noted, however, that while the six-peak patterns of 

Spectra 2 and 3 indicate the presence oE metallic Iron, the isomer- 

shifts, llne widths and magnetic hyperfine fields are not those 

of massive metallic iron samples. This can be seen quantitatively 

in Table 2, where the results of computer analyses of Spectra I-4 

and a l-mil Fe foil are summarized. Ineeed, this a~fference is 

very slgnlficant, and will be a~dressed at length in the discussion 

section. The gas phase over the GraEoll surface, under conaitlons 

corresponding to Spectra 3 and 4, was sampled mass sPact~oscopically~ 

an~ the results of these analyses are given in Table 3. 
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Transmission electron micrographs were made {Figure 4) 

OE FeCCO) 5 dec~mpo?ed on single crystal Ticonderoga graph£tep38 

cleaved in order b~ achieve the thinness required for transmission 

electron microscopy {TE~). The cleaved graphite flakes were 

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

10-2pa. F~11owing cooling to zoom temperature, the flakes were 

exposed to ¥e(CO) 5 and decomposition was carried out for one 

hour at 378 K. The system was then pumped out and oxygen 

introduced very slowly in order to minimize ox~datlve hea~In~ 

of the iron particles. 

It is assumed that the particles seen in Figure 4 are 

oxidized iron particles, and therefore do not necessarily 

represent the morphology of particles formed upon the initial 

decomposition of Fe(CO)5o However, it is also assumee that the 

particle location does not change during the o x i d a t i o n  process. 

In the following section, the spectra are discussed and 

evaluated in more detail. In short, it will be shown that upon 

heating to 378 K, Fe(CO) 5 decomposes to form small metallic 

particles that interact with and "wet" the graphite surface. 

These particles in turn sinter and may become paztia11~ cazbidea 

following heating above 440 K. 

Iv.c. DISCUSSION 

TV.C.I. Fe(CO) 5 Adsorbed on Graphite-Spectrum I 

Figure 3A is the spectrum of Ze(CO} 5 adsorbed on graphite 

at 77 K. These two peaks were not observable at room tempeEaturej 

suggesting that the Fe(CO) 5 Is ~nly physisorbed on ~he surface. 

In fact, the M~ssbauer parameters obtRined Cquad=upole spIEtt£ng = 

2.51 mm/sec and isomer shif~ relative to iron = --06~/se=} aE~ similar 

to those given in the literature for solid Fe{CO} 5 (quadrupol~ splitting 
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= 2.57 mm/se= and isomez shift relative to iron = -.09 mm/sec).39 

In the present study, however, the observed qua~rup~le splitting 

is slightly smaller than that reporte~ in the literature. 

Similar reductions in the quadrupole splltting of FeCCO}:- 

and ~e(CO)4R have been interpreted to arise from the displace- 

ment of the equatorial CO groups out of ~he equatorial plane. 

This results in a more nearly tet=ahedral arrangement of four 

of the CO groups and hence a quadrupole splitting somewhere 

between the expected trigonal bipyramid value ~nd the much 

smaller tetrahedral value..40 This suggests that there is a 

weak interaction between the Fe(CO)5 a~d graphite, which leaves 

the Fe(CO)5 structure altered only by a slight displacement of 

the equatorlal CO groups. AIso, the faCt that the two peaks of 

the quad~upole doublet are of equal area suggests that there is 

no significant orientation of the Fe(CO)5 molecules relative to 

each other on th~ graphlte surEace. 4! This is consistent 

with the statement that the Fe(CO)5 is physisorbed on graphite. 

Iv.c.2. Interacti0n of Metallic Iron ~ith Graphite - Spectra 2, 3 and 4 

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

The spectra of Figures 3B,C,D are qualltatively those of 

metallic iron. Furthermore, It is reasonable to assume that this 

metallic iron is formed preferentially at edges or at other 

dislocations on the graphite surface. Experimental evidence 

for'thls statement is found ~n the transmission electron micro- 

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

from other studies to support this claim. 

For example, studies with carbon blacks, which like Grafoil 

are prlncipally composed of the basal planes of ~arbon 

c E v s h a l ~ . n  4 2 . 4 3  ~ . .  = . . . .  



=rystallite edges 44 and other imperfections.45 Oxygen 

attacks these sites and must be removed before the carbon is 

"activated". For this reason, the Grafoll sample (see Table i} 

was pretreated in a manner intended to maximize the total number 

of ohemically active sites. First the graphite was subjected 

to a mild burning in order to increase the total crystallite.edge 

area. Then the surface was ou~gassed at 725 K. Total oxygen 

"~6,47 desorption requites vacuum heating to 1273 Kr but it " 

has been shown that a significant fraction Qf ~he surface o~¥gen 

can be removed as CO or GO 2 at temperatures as low as 500 K. 

Furthermore, heating at high temperatures, ca..1000 K, has been 

shown to significantly reduce the reactivity of graphitee45e 48.49 

possibly due to an anneallng of basal plane d~slooat~ons in~t£ally 

introduced during mechanical processing. Hence~ cleaning at 

725 K represents a compromise (between removlng, all surface 

oxides and annealing out surface defects} likely to yleld a 

chemically active graphite surface. 

Studies of the kinetics oE oxygen chemisorption on graphlte 50 

sho~ that following cleanlng~ the re-adsorption of oxygen 

Is a function of the temperature, pressure ana nature of the surface 

sites. These studies suggest that although the most strongly 

aasorbing sites are covered (at 10 Pa of oxygen and 300 K) ~n 

seconds, the majority of s~tes, which are less a¢tive ~tay 

uncovered for variable lengths of time extending to several 

hours. Since the Fe(CO)5 was admitted to the cell only a few 

minutes after in situ graphite cleaning, it Is concluded that the 

Grafoil surface retains a large fraction of its active sites 

prior to carbonyl admission. Furthermore, ~ndependent experlments 

with the cell used £n this study suggest that o x y g e n  ~eaks over 
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the duration of the eMperiment were minimal. That is, Fe(CO} 5 

did not oxidize to a detectable extent after more than five days 

in the cell, whereas deliberate introduction of oxygen i n E o  the 

cell immediately led to the room temperature oxldat£on of all 

the Fe(CO} 5 in the cell. 

IV.C.2.b. Orientation of Iron Particles o n  Graphlte 

The relative areas of the six hypezflne-split peaks in 

Figures 3A~B,C indicate that the metallic iron particles are 

oriented on ~he Grafoil suEfaceo Speuiflually, the relative 

peak areas in a hyperfine-split spectrum are a function of the 

average angle between the radiation of ~he source and the magnetia 

field at the iron in the sample. Xn a randomly oriented sample, 

the relative intensities of the spectral peaks is 3:2=I:I:2:3. 

For complete alignment of the magnetic fields perpendioular to 

the V-ray direction the ratio is 3:4:1:1:4:3, while for alignment 

of the magnetic fields parallel to the 7-ray direction the 

ratio is 3:0:1:1:0:3. The relative peak areas of the" observed 

spectra (see Table 2) are, thus, qualitatively indicative that 

the metallic iron magnetization is oriented approximately parallel 

to the Grafoil sheets. This would be consistent w~th the close 

proximity of nelghbo=in9 iron particles along ~teps an~ edges of 

the graphite surface {as discussed above}, with the corresponding 

"interaction anisotropy" responsible for aligning the ~ron" 

magnetization parallel to the Grafoil sheets. Alternatively, 

this could be explained by a "spreading" of the iron particles 

over the graphite surfa=e~ w~th the =orresponain~ magnetic shape 

anisotropy responsible for aligning the iron magnetization 

parallel to the Grafoil sheets. Evidence that the iron partlcles 



do, in fact, "wet" the graphite surface will be presented later 

in this discussion. 

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

The isomer shift provides additional evidence that the 

iron is interacting with carbon. The.positive isomer zhlft {~ith 

respect to bulk metallic iron} of the iron after the heat t~eat- 

ment at 378 K indicates that the electronic propertles of the 

iron are significantly diffezent from those ~f bulk metalli= 

iron. The origin of this effect is probably the intera=~-~en 

between iron and carbon, leading to an increase in the ratio 

of electrons in thep- and d-orbitals to electrons in the s- 

orbitals of iron. Heating to 450 K then decreases the extent 

of electron transfer between carbon and iron s~nce the ~somer 

shift approaches the value characterlst~ of bulk metallic iron 

following this treatment. In addition, the magnetic hypeEfine 

field increases to that value for bulk metall~= iron CSpec~z~zm 

4, Figure 3D), and the total spectra area increases'by ca. 15%. 

These spectral changes are all suggestive that the iron paz~icles 

sinter during extended ~eating at 450 K. 

Although Spectrum 4 is composed primarily of the six peaks 

of metallic ~ro~, it is possible that there is a minor contribu- 

tion being made by one or more secondary.iron-containing phases° 

It proved very difficult to fit this, or these, secondary phases 

because of peak overlap and peer counting statlstics. However, 

several attempted computer fits, each using widely differing 

starting parameters, ylelded broad secondary (ca. 15% of the total 

spectral area} sextuplets with an average hyperEine fiele of. 

about 245 kOe. This suggests the possible presence oE some form, 

-D~ lY6r~s, of iron ca£b-i~e. 

96 



T a b l e  4 s h o ~ s  t h e  r e s u l t s  o f  t h e  mass s p e c t r o s c o p i c  

e x p e r i m e n t s  d e s i g n e d  t o  p r o b e  t h e  e x t e n t  t o  w h i c h  c a r b o n  

d e p o s i t i o n  ( a n d  h e n c e  c a r b i d e  f o r m a t i o n )  c o u l d  o c c u r  u n d e r  t h e  

c o n d i t i o n s  e x p e z i e n c e d  b y  t h e  s a m p l e  i n  t h e  M ~ s s b a u e r  

s p e c t r o s c o p y  c e l l .  The  p r e s e n c e  o f  CO 2 i n  t h e  g a s  p h a s e  

following the 450 K heat treatment, and not following the 

378 K heat treatment, suggests that the disproportionatlo~ o~ 

CO (and the possible formation of iron carbides} could ooour 

only during the high temperature treatment. The formation of 

carbides from the dissociation of CO on iron particles is 

51,52 already well documented in the literature. 

IV.C.3. Quantitative spectral Analysis - Spectra 2 and 3 
T 

IV.C.3.a. Relaxation Effects 

53,54 
Recent theoretical work suggests that modes of 

collective magnetic excitation will result in a reduced hyper- 

fine splitting for magnetic micro-crystals held below their 

bl~cking temperatures, T B (where T B is the temperature 

above which superparamagnetic relaxation becomes important). 

This phenomenon has been observed by several investigators 53-55 

and has been used to determine approximate partlele 

sizes using the formula: 

measured splittin~ 
bulk splitting = i - kT/2KV (1) 

where the measured and bulk hyperfine splittings are observed 

at temperature T, k is Boltzmann's constant, V is the 

particle volume and K is the magnetic anisotropy energy 

constant. The magnetic anisotropy 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 



crystalline, shape anisotropy, surface anisotropy) make ~t 

difficult to precisely predict the valu~ of K for a given 

system. However, a typical range of K for metall~c iron ~s 

from approximately 104 erg/cm 3 (magnetocrystalllne anisotrop¥} 

to 107 erg/cm 3 (shape or surface anisotropy). 56 With these 

values the average metallic iron particle volume can he 

computed using the above formula for the observed re~uctlon in 

average magnetic hyperfine field. The results of this cal¢ula- 

tion are summarized in Table 4. 

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

the outer lines in Figures 3B and C is an !naicatlon that there 

is a distribution of hyperfine fields, 57 which in the model 

of collective magnetic excitations would be attributed to a 

distribution of particle sizes. (A distribution of quadrupole 

s~littings would result in a uniform broadening of all six 

lines.} Hence, the values listed in Table 4 refer only to the 

mean particle diameter. The close agreement between parti¢le 

sizes calculated from the spectra collected a~ 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 an_~d broad spectral peaks can'be interpreted ~n terms of 

magnetic relaxation is made through computer simulations of 

54 
Mossbauer spectra. Following M~rup, Tops~e and Lipka, 

spectra were generated taking into account (i) the combined 

effects of colleotive magnetic excitationsr, which result in a 

reduction in the observed hyperfine field and (i£) superpara- 

magnetic relaxation, which results in the collapse of the six- 
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p e a k  p a t t e r n .  ~ o r  e a = b  p a r t i c l e  s i z e  o f  t h e  p a r t i c l e  s i z e  

distribution, the associated anisotrop¥ energy barrler was 

calculated (for a given anisotropy energy constant) and used 

to determine both the reduction in hyperfi,e sp1itti~g {see 

Equation (I)) and the superparamagnetic relaxation time 

T58,59 
These values were then used to generate a M~sshauer 

spe¢trum for each particle size using the analytical exp~sss£ons 

60 
for line shape given by Wickman. ~hen, by summing the 

Mossbauer spectra for the different particle sizes of an 

assumed particle size distzibutlon, a global Nossbaue= spectrum 

was computed and compared with those spectra obtained 

experimentally. 

Several examples of simulated (roo~ temperature~ spectra 

are presented in Figure 5. In each ¢ase the spectrum is 

accompanied by a plot of the p~rtlcle size distribution° The 

anisotropy energy constant was varied over the ¢oDplete range 

of physically reasonable values {from ca. 105 - 107 erg/=m3}z 

and all meaningful particle size dist:cibutions for a given 

value of K were also tried, as discussed below. The 

~ssbauer parameters of iron were chosen such that as the 

particle size increased the peak positions and relative peak 

intensities approached those of bulk metalllc Iron (at 300 E) 

with its magnetization perpendicular to the ~-ray a£=ectlon. 

Xt was deduced from these simulations that foe any glven 

anisotropy barrier, only a very small range of part£cle radii 

exlsted ~ith particles (i) sufficiently large that a super- 

paramagnetlc central peak not be present and (il) sufficiently 

s~all that the reduced magnetic hyper~ine £ielas be observed. 
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In no case could spectra be generated which had aEl of the 

qualltahive features of the spectra obtained experimentaIEy. 

For example, in the experimental spectrum at r o o m  temperature 

(Figure 3.C) the ahsorbance of the innermost peaks (lines 3 

and 4) and outermost peaks (lines 1 and 6) are very neaEl~ the 

same due to the large relative broadening of the outer peaks~ 

Thus, although magnetic ~elaxation effects oan indeed 

quantitatively explain t h e  reduced magnetic hype=f~ne fields 

and their temperature dependence+ these effects oannot 

quantitatively explain the significant rel~tive bEoadenlu~ 

of the outer lines. The origin of this relat£ve broadening 

must be the presence o f  a hyperfine field dlstribuL~on in 

addition to that produced by magnetlc relaxation an~ the 

particle size distribution. 

IV.C.3.b. Hyperflne Field Distribution. Effects 

The surface layers of iron crystals and films have b e e n  

~ho~n to have magnetic hyperfine fields slgni~icantly different 

from those of the bulk as revlewed recently by Tops~e etal. 61 

I n  some c a s e s ,  t h e s e  d i f f e r e n c e s  may be s i m p l y  d u e  t o  t h e  l o s s  

of three-dimensional translational symmetry at th~ surface° 

62 
While several theoretical {and experimental} studies suggest 

that this effect should lead to a reduced hyperg£ne field at the 

63,64 
surface, other studies note that the surface maF show 

an enhanced hyperfine fleld. 65 Some calculations also point 

to the presence of a hyperfine field distribution near the 

surface, the breadth of which increases as the Curie temperatuze 

66 
is approached. In addition to these effects o~ trans~atlonal 

symmetry, large deviations from bulk magnetic properhies have 

been attributed to the nature of the chemical hona~ng at the 



XO1. 

s u r f a c e .  F o r  e x a m p l e ,  t h e  a d s o r p t i o n  o f  g a s e s  h a s  b e e n  s h o w n  

t o  a f f e , c t  t h e  s u r f a c e  m a g n e t i c  p r o p e r t i e s .  6 7 ' 6 8  T h e  e a s e  

o f  CO a d s o r b e d  o n  i r o n  i s  o f  p a r t i c u l a r  i n t e r e s t  i n  t h e  

p r e s e n t  d i s c u s s i o n ,  a n d  i t  h a s  b e e n  r e p o r t e d  t h a t  t h e  

= h e m i s o r p t i o n  o f  t h ~ s  m o l e c u l e  i n c r e a s e s  t h e  s u r f a c e  h y p e z -  

f i n e  f i e l d  o f  i r o n  b y  c a ,  5 - 1 0  k O e .  T h e  c h e m i c a l  e f f e c t s .  

a t  a n  i r o n / s o l i d  i n t e r f a c e  h a v e  b e e n  s h o w n  t o  be  e v e n  l a r g e r .  

S p e c i f l c a l l y ,  t h e  a v e r a g e  h y p e ~ f i n e  f i e l d  f o r  a n  i r o n / s o l i d  

i n t e r f a c e  h a s  b e e n  f o u n d  t o  b e  a s t r o n g  f u n c t i o n  ~ f  t h e  

s o l i d  m a t e r i a l  w i t h  w h i c h  t h e  i r o n  s u r f a c e  £ s  I n  c o n t a a t  

( s e e  T a b l e  5 ) .  I t  c b e  s e e n  f r o m  ~ h i s  t a b l e  t h a t  t h e  

average hyperfine field may be either !argez oz smaller 

than that in the bulk, depending on the nature of the chemical 

interaction between the two solids. Furthermore, many 

investigators report the existence of a distribution of 

hyperfine flelds near the surface. In addition, i~ should 

"be noted that the presence of demagnetizing flelas for 

single domain particles may also be expected to alter the 

average hyperfine field, giving rise to an increase of up 

to 20 kOe for metallic iron. 75 

Fo~..the case of the iron/carbon system, there ~s 

eonslderable evidence in the literature that the presence 

of carbon In the atomic vicinity of icon can both increase 

and decrease the magnetic hgpezEine f~ela. 76-78 Xn 

particular, an Iron atom having car~on atoms as nearest 
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n e i g h b o r s  w i l l  p o s s e s s  a r e d u c e d  m a g n e t i c  h y p ~ r f i n e  f i e l d  

d u e  t o  l o c a l  e l e c t r o n  i n t e r a c t i o n s  b e t w e e n  t h e  d - o r b i t a l s  

o f  i r o n  a n d  t h e  s -  a n d  p - o r b i t a l s  o f  c a r b o n .  79  Z t  h a s  

~ n e r a l l y  b e e n  f o u n d  t h a t  n o n - m a g n e t i c  a t o m s  i n  a m a g n e t i c  

l a t t i c e  w i l l  r e d u c e  t h e  f i e l d  l o c a l l y .  8 0 e 8 1  I n  a d d £ C i o n o  

an  i r o n  a t o m  h a v i n g  c a r b o n  a t o m s  a s  s e c o n d ,  t h i r d  a n d  

f u r t h e r  n e x t - n e a r e s t  n e i g h b o r s  w i l l  p o s s e s s  a n  i n c r e a s e d  

7 6  m a g n e t i c  b y p e r f £ n e  f i e l d  d u e  t o  l a t t i c e  s t r a i n  e f f e c t s .  

The  e f £ e c t  o f  t h e s e  n e x t - n e a r e s t  n e i g h b o r s  d e c r e a s e s  

g e o m e t r i c a l l y  w i t h  i n c r e a s i n g  d i s t a n c e  b e t w e e n  i r o n  a n d  

c a r b o n ,  a p p r o a c h i n g  z e r o  a s y m p t o t i c a l l y .  

It has been shown that the effects of carbon are not 

limited to carbon dissolved in a lattice. Carbon-metal . 

Interfaces also have changed magnetic behavior. Gradmasn et al. 82 

suggested that a reduction in the magnetic moment of carbon 

covered 60 Ni/40 Fe oligatomic films could be caused by the 

filling of metal Ud-hoies" in the interface layer by the 

coverlng carbon atoms. 

The results of Table 5 suggest that the effects of caEbon on 

the magnetic hyperflne field of iron, in fact, are restrlctea t O  

the Fe/graphite interface, in contrast to the presence of ¢arbon 

"dissolved" in the iron. That is, the mass spectroscopic analysi~ 

of the gas phase over the iron following Fe(CO) 5 deoompositlon at 

378 K gives no evidence for the presence of CO 2. This obse=vatlon 

~naicates that dissolved carbon could not have been produced at 

this temperaturo via the Bouaouard reaction {the disprcportionation 



o f  CO t o  q i v e  C and C 0 2 ) .  F u z t h e z ~ o ~ e ,  g r a p h i t e  i s  t h e r m o -  

d y n a m i c a l l y  stable (at these temperatures) wit~ respect t o  the 

Eormatlon of ~ron carbides or signiEieant amounts of carbon 

dissolved i~ iron. 

While it is not possible to predict the magnetic hyper- 

f i n e  field distribution resulting from the iron/graphite and 

Izon/gas inter~aces, it is clear from the above discussion ~hat 

a magnetic hyperfine field distributio~ should, in fact~ exist. 

Thus, computer slmulatlons were carried out by  aa~ing an 

independent magnetic hype~fine fiel~ distribution tO the 

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 reduce~ 

magnetic hype~fine field~ (magnetic relaxatlon), the broad 

background dip centered at zero veloclty (magnetlc relaxation} 

and the relatlve broadening of the outer p~aks (hyper£1ne field 

distribution). It ~ thus suggested that the presence of a 

magnetic hyper£1ne field distribution (due to the iron/graphite 

and iron/gas interfaces) and magnetlc relaxation eEfects are 

zespon~ible for the general features of Spectra 2 and 3. It is 

not suggested, however, that the values for the adjustable 

paramete=s of this simulation necessarily have quantitative 

v a l l a l t y .  

ZV.C.4. prgposed Iron Mor~ho!ogY 

The computer simulations performed in this investlgation 

show that any model of the particle morphology (prior to the 

450 K h~at t~eatment) must explain the exlsten=e of both 

magnetic relaxation and a dlstributlon of hyper£1ne flelds. 

3 . 0 3  • 



• l q 4  
T h e  r e l a x a t i o n  p h e n o m e n a  a r e  u . a m b i g u o u s l y  a t t r i b u t e d  t o  

a f i n i t e  p a r t i c l e  v o l u m e .  H o w e v e r ,  t h e  d i s t r l b u t l o n  o f  h y p e r - -  

f i n e  f i e l d s  m a y  a r i s e  f r o m  t h e  p r e s e n c e  o f  t h e  F e / g r a p h £ t e  a n d /  

or Fe/Gas interfaces. The experiments conducted £n this study 

were not sufficient to distinguish these two into=facial effects. 

Fortunately, both of these interracial effects lead to Ehe same 

morphological model. That isw to fully explain the distribution 

of hyperfine fields, the particles must have a high su-Tface 

t o  volume ratio. Hence, the metal partlcles are m o d e l l e d  t o  

b e  " r a f t - l i k e "  s t r u c t u r e s  o f  t h e  o r d e r  1 nm t h i e ~  a n a  s e v e r a l  

tens of nm in lateral dimension. The c h o l c e  of the order of 

I nm £or the raft thlckness explains the observed Importance 

of interracial effects (hyperfine field distrlbution]. The 

large lateral dimension is chosen for consistency 

with the particle volumes estimated from the magnetic relax~tio~ 

effects (reduced hyperf~ne field, see Table 4). 

Finally, it is postulated that the particles are preferentially 

located at di~locations, steps and other imperfections on the Grafoil 

surface. There are two types of evidence which support this 

suggestion: (i} a general understandin 9 of the behavior and 

location of "active sltes" on a graphite surface, and (il) 

transmission electron mi=rographs of iron particles decorating 

steps and edges of single-crystal g=aphlte surfaces. Du~ing 

heating to 450 K, both the H~ssbauer spectra and mass spectroscopic 

gas phase analyses suggest that CO may alsproportionate on the 

metallic iron surface, creating partially carblded partlcles 

and CO 2. The metallic Iron partlcles also sinker, resultlng in 

a spectral component with parameters =lose to those of bulk metallic 

i r o n .  
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Sample % BUTm-off 

~4~ssbaue= 8 . 5  

TABLE • - -  SAMPLE PREPARATXO~ 

a p p r o x ,  mass {~) T?mp.  

7.9 733  K 

J l C L ~  ~ 

Time PresSul~,.e 

10 h ~ s -  10"2P a 

TEM 0 - 1273 ~ 2 h r s .  10 -3Pa  
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TABLE 3 - -  MASS SPECTRAL ANALYSES OF GAS PHASE OVER 

GRAFOIL AFTER Fc(CO) 5_ DECOMPOSITION 

Sample 

1 

2 

Weight 

r-----CLEANING--------1 

Temp. (K) Tire 

1.67 723 10 hrs. 

1.47 723 I0 hrs. 4 5 0  

r--DECOMP0SITION---I C0/C02 

Temp. (K) Time Ratio 

383 2 hrs. >i000/I 

1 0  h r s .  - 7 0 / 1  
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TABLE 4 - RELAXATION MODEL COMPUTATIONS 

Mean Parti¢le" L a t e z ' a ~  
Energy Anlsotropy Diameter (nm3 Dimension {nm} 

Constant, K T (K) (A) {B) 
,,,, , i • _ , ,i i i lu, i 

107 ergs/cm 3 295 4.3 1 2 . 9  
77  4.3 12.5 

105 ergs/cm 3 295 20 89.5 
77 19 8 2 . 8  

(M 

(B) 

Calculations based on the assumption that the partlcles 
are hemispheres. 

C a l c u l a t £ o n s  b a s e d  o n  t h e  a s s u m p t i o n  t h a t  t h e  p a r t i c l e s  
are square "rafts" i nm thick. 
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TABLE 5 - RESULTS FROM MOSSBAUER STUDIES OF THE MAGNETIC 

PROPERTIES OF THIN IRON FILMS 

Film M o = p h o l o g y  

Vacuum - I/IO monolayer 
layeEs Co 

Vacuum - I/IO monolayer 
layers natural Fe 

I00 nm Cu - ~5 nm 

natural Fe 

57Co_  102 

5 7 C o  _ 102 

57¥e - 10 nm 

Average &pprox- range 

hypezfine of hyperfine Temp. 

f J . e l e  f ~ ;e l es  K 
i i i i  , J , ,  , e  _ m 

330 2 4 0 - 3 8 0  4 . 2  

2 9 0  2 1 0 - 3 7 0  4 . 2  

290 2 1 0 - 3 7 0  77 

2 0  nm ~4gF 2 - 2 . 4  nm F e  - 2 0  nm H g F  2 ( 3 2 0 )  

2 0  n n  ~IgF 2 - 2 . 4  nm F e  - 2 0  nm H g F  2 { 3 7 0 )  

20 nm MgF 2 - 1.6 nm Fe - 20 nm ~IgF 2 (300) 

20 nm ~:gF 2 - 1.6 nm Fe - 20 nm MgF 2 (375) 

40 nm NgO - 1.6 nm Fe - 40 nm MgO (330) 
40 n~ ~IgO - 0.8 nm Fe - 40 nm llgO (380) 

Ref. 
m 

56 

5 nm siO 2 - 0.5 nm ¥e - 5 nm Sio 2 (325) 

5 nm SiO 2 - 1.5 nm Fe - 5 nm SiO 2 (330) 

30 nm Cu - 0.5 nm Fe - 30 nm Cu 290 

30 nm Ag - 0.5 nm Fe - 30 nm Rg 358 

62 

69 

30 nm Ag - 2.0 nm Fe - 200 nm Ag 325 

30 nm Ag - 2.0 nm Fe - 200 nm Ag 348 

( 3 0 0 - 3 3 0 )  300 70 
( 3 ~ 0 - 3 9 0 )  4 . 2  70 
( 2 5 0 - 3 4 0 )  300 70 
( 3 2 0 - 3 9 0 )  4 . 2  70 

( * )  300 71 
( 3 5 0 - 4 0 0 )  4 . 2  71 

( 3 0 0 - 3 5 0 )  7 7  72 
( 3 1 0 - 3 5 0 )  300 72 

( 2 6 0 - 3 3 0 )  4 . 2  73 
( * )  4 . 2  33 

3 2 3 - 3 2 7  300 74 
- 4 . 2  34 

~ u m b e r s  i n  p a r e n t h e s i s  a r e  a p p r o x i m a t i o n s  m a a e  o n  t h e  b a s i s  o f  
v i s u a l  i n s p e c t i o n  o f  p u b l i s h e a  s p e c t r a o  

(very little broadening) 
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el__- 

L i s . t  o f  F i g u r e s _  

Figure I: Carbonyl Handling System. ~) To vacuum pump, B) 
Thermocouple pressure gauge, C) Liqoifl. nitrogen 
trap, D) Holecular sieve t r a p ,  E) Bulb c o n t a i n i n g  
l i q u i d  F e ( C O )  5 ,  F) C a r b o n y l  t r a n s f e r  b u l b .  
G) Mercury manometer 

Figure 2: N~ssbauer Sample Cell. "A) Thermocouple feed-through~ 
B) Ground glnss ~oint for at~achlng carhonyl ~ransfe= 

'" bulb, C) Liquid nitrogen reservoir, D) Sample, 
E) Beaded heater, F) Conflat flange, G}Vaouum l~ne, 
H) 131 Kapton windows squeezed between copper gaskets, 
~) Hea~er wires 

Figure 3:  M~sshau~r Spectroscopy Re¢o~d of. FoCCO) S D e c o m p o s ~ t i 6 n  
on  G ~ a ~ o i l .  A) Fe(CO) 5 f ~ o z e n  o n  G r a f o l l  a t  77 K,  
B) Spectrum at 77 K following fle=omposltlon at 378 ~, 
C) Spectrum at 295 K following decomposition at 378 K. 
D} Spectrum at 295 K following heat treatment at 450 K 

0 
O 

0 
0 

Figure 4 : 

Figure 5: 

¥igure 6: 

Transmission Electron Micrograph following, decomposltlon 
of FetC0) 5 at 3?8 K on Cle~ned, Single C~ystal Graphite 

Specimens. 

Computer Simulations of Collectivo and Superparamagnetlu 
Relaxation Effeots on M~ssbaue~ Spe=tra~ In all thEe~ 
simulations pictured, K = 5xlO-- ergs/=la 3 and T = 300 K. 
The only parameter varied in the three examples shown 
was the particle radius dlstr~bution {prlnte~ t6 the 
right of each spectrum). It was assumed for computation 
of the particle volumes (and hence relaxation time T) 
that the partlcles w~e hemispherical. 

Computer Simulation of Combined IType'r~ine ~ield 
Distribution and Relaxation Effects. A) Mossbauer 
spectrum at 300 K following decomposition of Fe{CO)~ 
at 378 K '(same as Figure 3C), B) Simulated Mossbau~ 
s p e c t r u m ,  C) A s s u m e d  p a r t i c l e  r a d i u s  d i s t r i b u t i o n  | f o e  
h e m i s p h e r i c a l  p a r t i c l e s ) ,  D) A s s u m e d  h y p e r f i n e  f i e l d  
d i s t r i b u t i o n .  I n  t h e  s i m u l a t i o n ,  Z t  w a s  a s s u m e d  t h a t -  
K = 5 X 1 0 5  e r g s / c m 3 ,  T ~ 3 0 0  E ,  a n d  t h e  p e a ~  a r e a  r a t i o  
was. e q u a i  t o  3 : 3 : 1 : 1 : 3 : 3 .  
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V. Appendix C. 

ZHON ~E~TACARBO~YL DECOHPOSZTZOH OVE~ GRA~OZL: 

ZI. Effect of Sample Outgassing on Decompositio~ K~netics 

Revised from Semi-annual Progress Report, May 1980; 

and accepted for publication in Applications 

of Surface Science. 
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V.A. EXPERIMENTAL 

V.A.I Graphlt ~ Sampl~ - The samples for both Mosshauer spectroscopy 

and volumetric gas phase studies were made from GTA grade 

"Grafoil" {Union Carblae). This material is compoced of high 

purity, naturally occurring Madagascar graphite flakes, pressed 

into sheets approximately 15 mll thick (i). Grafoil has two 

properties which pzoved useful for the present study. First 

there is a high degree of alignment between the basal plaRes 

of the graphite microcrysta!s and the mac=oscopic Grafoi~ Sheets 

|2) Secondly, the materlal has been measured (3) ~to have 
I 

an average surface area of 22 m2/gm, almost all of which Is the 

highly uniform basal plane surface. The high surface area is 

required to make Mossbauer spectroscopy, in the transmission 

mode, a surface sensitive technique (4 -7 ). The.high surface 

area also serves to make Grafoil a convenient material for use 

in the volumetric gas phase measurements. 

V.A.2 ~ossbauer Spectroscopy- The M~ssbauer spectroscopy cell 

and equipment have been described elsewhere (8) ,. A sample made 

from one inch diameter Grafoil ~iscs was outgassed in vacuum 

(10-4pa) in the M~ssbauer spectroscopy ¢eli at a desired 

temperature in the ranc3e from 77 to 523 K. Following outgassing, 

an amount of Fe(CO) 5 was permitted into the cell such that ca. 
o 

2% of the Grafoil surface would be covered by iron if monolayer 

iron particles were formed during decomposition. A spectrum 

of Fe(CO) 5 frozen on the Grafoil surface at 77 K was then taken. 

Next, decomposition at 383 K commenced. At various stages in 

the decomposition process uhe.sample was cooled to ambient 

and/or 77 K, and a M~s~bauer spectrum recorded. 

The spectra, collected using a tri~lgular .~a~ ~_~m_, ~ere 



folded and fitted u~'~ng the program MFIT (9) 
i 
. A det~il~ d 
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description of the use of this program is provided elsewh~re (8}. 

All isomer shifts are Eeported 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 analyse.s is shown schematically in 

Figure I. Each Grafoil sample was.first outgassed at a desired 

temperature in the sample cell. A liquid nitrogen trapped 

diffusion pump (backed by a mechanical pump) pEovided ~he vacuum 

for this sample pretreatment, the residual pressure being 

approximately 10-4pc. Following completion of sample outgassing, 

Fe(CO) 5 from the transfer bulb (see Figure i} was permitted into 

the main manifold. Again, the amount of Fe(CO) 5 permitted into 

the cell was stringently limited, as discussed above for the 

Mossbauer spectroscopy studies. The pressure of the Fe(CO) 5 

vapor in the manifold was then measured with the precision 

pressure gauge (Texas Instruments). Next, the sample cell was 

opened to the manifold, allowing Fe(CO) 5 vapor to enter the 

sample =ell and adsorb on the Grafoil surface. The drop in 

manifold pressure (measured with the pressure gauge) was used 

to determine the total amount of Fe(CO) 5 which had (i) adsorbed 

on the Grafoil surface or (ii) entered the gas phase of the 

previously evacuated sample cell. For the present study, the 

Grafoll sample size (ca. 2.0 g) and the initial pressure of 

in tl~e manifold (ca. 103pc} were chosen such that the Fe(CO) 5 

the majority of the Fe(CO) 5 (ca. 90%) was, in fact, adsorbed 

on the Grafoil. Following exposure of the sample to Fe{CO} 
5 

the sample cell ~as closed and the remaining Fe(CO) 5 in the 
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manifold (ca. 102Pa) 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 K and 

subsequently held at this temperature for I hr. After this 

thermal treatment, the sample cell was rapidly cooled to roqm 

temperature, opened to the previously evacuated manifold and 

the pressure o~ the gas phase measured. The cell was then again 

isolated from the main manifold, heated to 383 K and held at 

that temperature for one hour. During this and subsequent 

thermal decomposition steps, the gas in the manifold was not 

evacuated. This procedure was repeated consecutively until 

the gas phase pressure im the manifold reached a constant value. 

It should be noted that the increase in gas phase pressure can 

be attributed solely to the decomposition of Fe(co)5, since 

heating Grafoil alone for extended periods of time at 383 K 

causes no measurable increase in gas phase pressure. Furthermore, 

mass spectroscopic analysis of the gas phase following complete 

Fe(CO) 5 decomposition showed primarily CO, with trace amounts 

(less than 1%) of other gases such as H20 and CO 2. In addition, 

the low initial pressure of Fe{CO)5 prior to the thermal 

decomposition steps (less than 102pc) ensures that th~ pa=tlal 

pressure of CO is significantly greater than that of FeCCO} 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}5 ks present An the 

gas phase. These measurements were ma~e by immersing into 

l~quid nitrogen the glass appendage shown An Fig. "I. Finally, 



control studies established that CO does not adsorb (to 

sig,ificant extent) on the surface of Grafci! ~t room 

temperature or 383 K. Thus all CO molecules released duzlng 

Fe~CO) 5 decomposition must either (1) enter the gas phase or 

(ii) adsorb on the surface of decarbonylated Iron species. 
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V.B. RESULTS 

V.B.1. ~!~ssbauer SpectroscOpy - Experiments were designed to 

qualitatively determine (i) the effect of ou~gassing the Grafo~l 

on the ¥e~CO) S decomposition process and (il) the idenCic F of 

the i.-on surface species present at various stages of the de- 

composition process. Table Z summarizes the outgasslng condi- 

tions follo:sed for each of the two samples studied. 

Figure 2 shows the ~sshauer spectra [at 77 E) of ~he twu 

samples af~-.r therzal decomposition of Fe(CO} 5 for 1 hE at 

3~3 K. Th ~ . sample outgassed at a low terperature {samp~.~ l} 

shows a t;o-peak MSssbauer spectrum indicative of Fe(CO}5, as 

seen in Figure 2A (quad=upole split -- 2.51 ram, 

isomer shift = -0.059 (10)). Xn contrast, the sample 

outfassea at a high tempe--ature (sa~,p1e 2) shows a six-peak 

spectrum £r~.icatlve of metallic iron, as seen in F~gure 2~. 

It can readily be concluded Chat the rate of Fe(CO) 5 ee=o~posi- 

tlon is faster on the Grafoil sample sub~ected to the mere 

r i g o r o u s  outgasslng. In Figure 3, H~sshauer spectra (at 77 K) 

are sho~n as a function of Fe~CO) 5 decomposition tame for the 
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s a m p l e  o u t g a s s e d  a s  l ow  t e m p e r a t u r e .  I n  p a r u i c u I a r ,  F i g u c e s  

3A, 3B,  3C, a n d  3D c o r r e s p o n d  co  1 ,  4 . 5 ,  14 a n d  25 h r  t h e r m a ~  

d e c o m p o s i t i o n  ~ i m e s ,  r e s p e c t i v e l y .  I t  i s  £ m p o r t a n ~  ~o n o ~ e  t h a t  ' 

o n l y  t w o  d i s t i n c t  i r o n - c o n t a i n i n g  p h a s e s  c a n  b e  i d e n t i f i i e d  

d u r i n g  t h e  c o u r s e  o f  t h e  d e c o m p o s i t i o n  p r o c e s s .  T h e s e  a r e  t h e  

q u a d r u p o l e  d o u b l e t  o f  Fe{CO)  5 a n d  t h e  m a g n e t i c a l l y  h y p e r f i n e  

split sextuplet of met.allic iron. Accordingly, no evidence can 

be found for the presence of other iron ca=bon¥1s (e.go Fe2(co)9 | 

or sub-carhonyl species. Finally, while the six-peak patterns 

In'Figures 2B, 3B, 3C an6 3D are qualitatlvel¥ those of metallic 

iron, the H~sshaue~ parameters are net those of massEve iron 

particles. The interpretation of these spectral features will 

be discussed later in this paper. 

V.B.2. Volumetric Gas Phas.e Measurements -. A pri=ary objective 

of these neasurements was to determine, after complete Fe(CO} 
5 

decomposition, the Co(a)/Fe ratlo~ where, CO(a) represents the 

number of CO molecules adsorbed on ~ron, and Fe T represents-the 

number of iron atoms produced by the decomposition 

process. This ratio is, in fact, a measure of "the metallic 

iron dispersion (dispersion being defined as the ~raction of the 

iron atoms that are surface atoms). Indeed, th~ calculatlon of 

this ratio is s~ralghtfQrward knowing the final pressure of CO 

in the gas phase and the initial amount of Fe(CO) 5 exposed to 

the Grafoil sample. The r~sults of such determlnat~ons for 

Grafoil samples subjected to different pretEeatments are summarSzed 

in Table 2. Listed therein are the parameters of the outgass£ng 

treatments given each sample, and the corresponding Co(a}/Fe ratios. 
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os. 

a n d  ~ I m e s  r ~ q u i r e d  t o  r e a c h  99~ o f  c o m p l e t ~  ~ c ( C O )  
5 

d e c o m p o s i t i o n .  I t  i s  c l e a r  f r o m  t h i s  t a b l e  t h a t  t h e  

C O ( a ) / F e  r a t i o  a f t e r  c o m p l e t e  d e c o m p o s i t i o n  i s  t h e  same i n  

a l l  c a s e s ,  a p p r o x i m a t e l y  e q u a l  t o  0 . 5 .  X t  can a l s o  be  

seen in Table 2 that the time required to complete the 

Fe{CO} 5 decomposition dec=eases as the ~utgassing {below 

773 K) pretreatment becomes more rigorous. This result is 

consistent with the M~ssbauer spe¢tEoscopy result. However, 

on the GEafoil sample treated at 2273 K the rate of 

decomposition is seen to be somewhat slower than the samples 

outgassed at 773 K and 673 K. This is explaine~ in the 

discussion section. 

As demon~tzated by M~ssbauer spectroscopy, Fe(CO)5 

and metallic iron are the only two Iron-contalning species 

p~esent during the decomposition process. Xf 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 follows that the 

CO(a}/¥e ratio would equal 0.5 at all stages of Fe{CO) 5 

decomposition. It is then possible to determine the extent 

of Fe(CO) 5 decomposition versus time by simply measuring the 

gas phase CO pressure versus time. Since five CO molecules 

are released when one Fe{CO} 5 molecule decomposes, and since 

CO(a)/Fe equals 0.5, it follows that 4.5 molecules of CO are 

released into the gas phase per molecule of Fe{CO} 5 decomposed~ 

Accordingly, the extent of Fe(CO) 5 decomposltion, x, is given 

by: 
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nco  

4 . 5  n F e ( C O ) 5  

w h e r e  riCO i s  t h e  numbec o~ qas phase  CO n o l e c u l e s  ( i n  t h e  
Q 

LS t h e  number =~ m a n i f o l d  and samp le  c e l l )  and nFe(CO)$  . 

Fe (CO)5 m o l e c u l e s  i n i t i a l l y  e x p o s e d  t o  t h e  G r a f o i l  s a m p l e .  

F i g u r e  4 s h o w s  p i e r s  o f  x v e r s u s  t i m e  f o c .  Grafi 'a£l  s a m p l e s  

s u b j e c t e d  Co v a c i o u s  o u C g a s s i n g  9 r e C c e a C m e n t s .  T h e s e . c u ~ e s  -' 

s h o w  q u a n t i t a t i v e l y  t h a t  t h e  r a t e  ' o f  FeC~OI 5 d e c ' o m p o s i t £ o n .  

i n c r e a s e s  w i t h  t h e  s e v e r i t y  o f  t h e  o u t p a s s £ n g  s t e p  |helo.w 773 K ) .  

F i s u = e  5 i s  a s e m i - l o g  p l o t  o f  (1 - x )  v e r s u s  t i m e .  ~ f t e c  ~h~  

initial stages of reaction, Fe(CO) 5 ~ecomposi~ion on GraEoll 

is a first order process, desczibed by an ex.ponen'tial 

decay of {I - x} with time. 

v. c. DISCUSSION 

u.C.I Mos.sSaue.- Spect.~o3copy- As show, above, the results of 

M~ssbaueE s p e c ~ . ' o s c o p ~  inelca~e that only two ~ron-contalnln~ 

species are presen~ du.-ing the course of Fe(CO) 5 decompose'riot 

over Grafoi1: metallic iron and i r o n  pentacarbon¥1. Yet Et 

was also noted tha~ the Hossbaue= parameters for th.e metalli= 

Iron phase were not identlca~' to those "of hulk metallic ~:on. 

This is shown quantitatively ~n Table 3, which is a su=~y 

of the results of compute= flttlng ~.he spectra shown ~n Figures 

2 and 3.  For bu~k metallic Iron ~he magnetl¢ hype~fine £Eel~ 

should be 340 kOe, ~he line wlaths should be ca 0.25 mm s -I m • 

and the i'somer shift should be .120 mm s -l (relative to the 

isomer shift of metallic iron at 300 E}. It can be seat £n 

Table 3 th~ the spectra of metallic iron produced on Grafoi! 

via Fe(CO) 5 decomposition have a smaller magnetic h:tpeEfi-e 



£ i e l d ,  b r o a d e r  p e a k s ,  a n d  a more  p o s i t i v e  i s o m e r  s h i f t  t h a n  

the spectra of bulk metallic iron. 

The origin of the reduced magnetic hyperfine field and 

the broadened peaks of metallic iron on Grafoil outgassed at 

723 K has been discussed in detail in Part I of th£s Investiga- 

tlon (8). Xn short, computer simulations were performed to 

analyze the Mosshauer spectra afte= complete decomposltion 

of Fe{CO} 5. Zt was suggested on the 5asls of'these simulations 

that the iron particles produced were thin (high surface t o  

volume ratio) "rafts" on the order of I nm th/ok and I0 nm in 

lateral dimension. 

In the present investigation computer simulations were 

made of Mossbauer spectra after various axtents of Fe~CO) 5 

decomposition. This was done in o r d e r  to determine if the 

morphology of the iron particles is the same at all stages 

of Fe(CO) 5 decomposition. Following the procedure established 

in Part I of the investigation, the metallic iron component 

of the spectrum was generated taking into account the 

combined effects of pa=ticle size and surface/interface 

effects. The spectrum of Fe{CO) 5 absorbed 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 Figure 6 for 

the simulatlon of one observed spectrum {Figure 3C). The 

chosen distributions o f  particle volume and magnetl¢ hyperfine 

field that adequately reproduced the metallic iron part o f  the 

observed spectrum are also shown in Figure 6. It ¢an be seen 

in this figure that the simulation reproduces the reduced 
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magnetic hyperfine field and the broad background dip centered 

at zero velocity (both effects due to ~agnetic:relaxation 

caused by the small particle size (11-15)), and it also 

reproduces the relative broadenin 9 of the outer peaks (due 

to the hyperfine field distribution caused by inteEfa=e/ 

surface effects (16-18)). 

It is not implied that the distributions used for the 

simulation necessarily hav~ quantitative valldlty. The 

i~portant conclusion to be drawn is that the s~mul=tlon 

procedure and parameters used to ~nterpret the M~ssbauer spectra 

from metallic iron particles produced after complete Fe(CO}5 

decomposition on Grafoil outgassed at 723 K are the same as 

those used to simulate the spectra from metallic iron particles 

produced after partlal Fe(CO)5 decomposition on less-rigqrously 

outgassed Grafoil. It then follows that the morphology of 

metallic iro~ particles on Grafoil is the same after various 

outgassing pretreatments and extents of Fe(CO} 5 decomposition. 

While N~ssbauer spectroscopy alone Is consistent with the 

presence of thin, metallic iron rafts on all samples, it is 

the combined =onslderation of M~ssbauer spectroscopy an~ 

volumetrlc gas phase measurements that cleaEly demonstrates 

that these thin rafts do, in fact, exist. This w~11 be 

discussed below. 

v.c.2. Volumetric Gas Phase Measurements 
I 

V.C.2°a0 Metallic Iron Morphology --T~tratlon of iron containing 

surfaces with CO has long been used as a means of measuring the 

iron surface area. Adsorption studies have shown that CO 

chemisorbs on small iron particles with the sto~ch~ometry of 

one CO for every two surface iron atoms (19-21). Thus the 
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CO(a)/Fe ratio of 0.5 )braise. repeatedly in these experiments 

after complete Fe(CO) 5 decomposition, suggest~ that es~ent~ally 

all of the iron atoms are surface atoms. This leads to the 

following conclusion: the metallic iron particles are present 

as thin rafts, probably one or two atomic layers thick. This 

conclusion is far more specific than that drawn from hhe 

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 CO(a|/Fe ratio; however, these particles would be 

superparamagnetlc in the room temmerat~re M~ssbauer spectrav 

showing only a spectral singlet or a two-peak s~eetrum. Instead, 

the presemce of thin metallic iron rafts explains both the 

observed CO(a)/Fe ratio and the six-peak ~1ossbaxer spectra. 

Generally small metal particles formed on refractory 

substrates are assu~ed to be thr~e-dimensional (e.g. semi-spherlcal). 

However, there are several instances reported of metal particles 

forming thin, raft-like structures on refractory suhstrates. 

Ruckenstein and Chu (22) suggested that platlnum crystallites 

supported on y-alumina wil! spread t o  f o r m  two-dimensional 

structures when heated in an oxidizlng atmosphere. It has 

also been found that for low metal feedings Ru, Os ~nd Rh will 

form monolayer "rafts" on silica (23,2a) . Metal ~arbonyl 

de=omposltion has le~ to the production of very highly 

dispersed structures as well. Bre,ner e_~t a_~l. [25-28) reported 

that Me(CO) 6 denomposed on hydroxylated T-alumlna produced 

none-dispersed molybdenum species. Nagy et el. f29) contend 

that iron pentacarbonyl decomposltion on H~ zeolites at l o w  
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temperatures produces iron structures which are I00~ dispersed. 
o 

Howard and Nussbaum (30) suggest that th~ oxidation of ¥e{CO)5 

on graphite creates a monoleyer film of Fo203. Thus it is 

clear that there is precedent for suggesting that one or two 

layer thick metal iron particles could be formed at 383"K on 

Grafoil. 

Z t  is n o t  possible t o  determine unequivocally the physical 

basis for the stability og the iron =ag~s~ Eowe~e=, 1% seems 

unlikely that it results f=om a s~ong iron-graphite ~n~e=a=tlon 

as i t  has been shown (8) that the par=i:les sinte= at 450 K. 

Hence, it seems plausible to suggest that the =aft geometry is 

metastable. Tha~ is, the energy required t o  desorh (or dissociate 

(8) } the chemisorbed CO as well as the energy required to 

break ~he weak bonds between iron ana graphite may pEovlde 

sufficient activation ene=gy barriers t o  stabilize iron rafts 

a~ 383 K. 

V.C.2.b. Des?mposinion Kinetics-- In the following discussion 

St is assumed tha~ particle nucleation and growth occur at a finite 

number of si~es o n  ohe G=afoil surface. This assumption is 

consistent with previous studies o f  graphibi¢ materials 

(discussed later|. Z t  is also ~easonable to assume, since 

Fe(CO) 5 is only weakly adsorbea on GcaEoil (8) , that the 

to the nucleation'and growth sites is via a flux of Fe(CO)5 

mobile, a d s o r b e d  s p e c i e s .  Furthermore, the ~ s s b a u e ~  s ~ e e t = o s -  

copy results indlcaee that only two species are present on  the 

Gra£oil surface at any time. Thus, the Fe(CO) 5 d e c o m p o s i t i o n  

may b ~  ~reaC~d ~s e single step process: from molecular 

Fe(CO) to metallic iron particle. Accordingly~ one can 
5 
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dnFe (CO) 
. .  • 5 

d r -  = " k A P n F e  (C0) 5 

where nFe(CO) 5 is the number of Pe(C0)5 molecules in the 

system, A i s  th~ Grafol] area that is swept ou~ (on  an average} 

hy each Fe(CO)5 molecule in one second, P .%s the number 

of nucleation and growth sites pe~ unit area of Gt=foll and 

k ks the probability that a Pe(CO)5 molecule will decompose 

upon e-'-~countering a nucleation a,~d growth site. The obse_-ve~ 

e.~ponential variation o f  decomposition = a t e  with time follows 

simp~-y from this r a t e  expression: 

1 - -kAl~t  

riFe (CO! 5J 
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I t  s h o u l d  be  r e m e m b e r e d  h e r e  t h a ~  t h e  d e c o m p o s i t i o n  k i n e t i c s  

are not first order during the initial stages of ~ecomposition. 

The presence of this "induction period" may be attributable to 

the presence of gas phase Fe(CO) 5 at short reaction times, since 

the treatment of the experimental data assumes that all Fe(CO} 5 

is adsorbed on the Grafuil surface at room temperature. Zt is 

also possible that the rate constant k does not reach a 

constant value unti~ the iron particles have attalnea a certain 

s i z e .  

I n  t h e  p r e s e n t  s t u d y  i t  i s  £ m p o ~ a n ~  t o  n o t e  t h a ~  t h e  

decomposition rate increases as the Gra~oil ou~gassing becomes 

more rigorous (below 773 K ) .  In terms o f  the above model f o e  

the first order decomposition kinetics, this would be interp:eted 

as a dependence of kAD on outgasslng conditions. FOE the 

sake of discussion, this fac=o~ will be divided into two teems: 

"kA an~ -p. The Tirst term, kA, is the decomposition ~a~ 
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per nucleation and growth slt~ nnd the second term, ~, is 

the number of such sites per unit area of Grafoil. 

V.C.2.c. Effects of Grafoil 0utgassin~ --Through analysis of 

the M~ssbauer spectra it is possible to suggest which of the 

factors in the kinetic rate expression (i.e. kA and/or p} ace 

modified during outgassing of Grafoilo Table B contains the 

results of computer analyses of the spectra contained, in 

Figures 2 and 3. For the series of ~pectra on the sample 

having experienced the low temperature outgassing (Figure 3}, 

the average magnetic hyperfine field decreases, the line width 

increases and the isomer shift becomes Sore positive as the 

Fe(CO) 5 decomposition prooess proceeds. Since it is expected 

that the meta111c iron particle size grows with continued Fe(CO}5 

decomposition, it seems reasonable to correlate these systematic 

variations in Hossbauer parameters with increasing particle size. 

In this case it becomes possible to use in situ Mosshauer 

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 ~ssbauez 

parameters for metallic iron cn the more rigorously outgassed 

Grafoll %sample 2; spectrum 2B) are well within the range 

spanned by the Mossbauer parameters for the series of metallic 

iron particles on less-rigorously outgassed Grafoil (sample l; 

spectra 3B, 3C, 3D). In fact, the MBssbauer parameters for 

metallic iron On sample 1 after complete Fe(CO} 5 decomposition 

are very clos= to those on sample 2 after ca. 80~ Fe(CO)5 

decomposition. It is, therefore, suggested that the thin 

iron rafts are of similar size on both samples after comparable 



I t  w a s  c o n c l u d e d  a b o v e  t h a t  kA a n d / o r  p i ~ c r e a s e  a s  t h e  

G~afoil outgassing becomes more rigorous. However, since the 

results of Hossbauer spectroscopy suggest that the iron particle 

size is similar on all samples, it follows tha~ p must be 

essentially independent of the Gra£oil o~tgassing treatment. 

Hence, it must be the term kA in the kineti¢ rate expres3ion \ 

that varies with sample pretreatment. That is, as the 

outgassing treatment becomes more rigorous (below 773 K), 

the number eensity of ~ucleation an~'growth sites remain= 

essen=iall¥ cons=an~, but ~he reac=ivi=y of the Grafoll surfa¢~ 

increases. This may reflect a higher reactivity og the sites 

themselves (increase in k) and/or a faster rata of diffusion 

for =he ~obile Fe(CO) 5 soecies on the surface (increase in ~). 

For example, waterp which could serve as a diffusion harrier,. 

is known to desorb from graphite betwee~ 300 and.gO0 ~ (31,32). 

It seems likely that the nucleation s~tes ~=e "oxygen free" 

edge and/or defect sites on the Gra~oil surface. There ar~ 

three reasons to suggest this model. First, this model is 

consistent wi~h previous TE~ s~udies which show particles 

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

p~evious studies have shown that the only slgn£ficant chemical 

change which occurs on a graphite surface at relatively low 

outgassing temperatures (less than.1000 K) £s the removal of " 

Oxygen-containing species0 ~resumably from edges and defects 

(33-36). Finally, other investigators have "reported that 

the reactivity of graphite i5 reduced by high temperature 

treatment (~.g. 1273 K) due to the annealing of basal plane 

disJocations Ini~ly-~tr~uced--~ur~ng-~e~hanlcal processing 

1 3 6  
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in the rate o£ Fe(C0) 5 decomposition when the Grafoil ouhgassing 

temperature is increased from 773 t o  1273  I. 

V.D. CONCLUSIONS 

Interpretation of the M~ssbauer spectra suggests that the 

metalliu iro~ particles formed following deuompositlon o f  

Fe(CO) 5 on Grafoil at 383 K consist of many iron atoms, yet 

these particles possess a high surface to volume ratio. 

Volumetric gas phase measurements indicate'd that following 

complete decomposition o~ Fe(CO) 5, one molecule of CO was 

absorbed on the sample for every two atoms of metallic iron 

formed. These results suggest that the metallic iron particles 

are thin rafts, probably one or two atomic layers thick, 

covered by a chemisorbed layer of CO. By comparison, previous 

studies of the formation of metallic iron partiules on graphiti= 

material using an impregnation technique have shown that only 

large (ca. 40 nm}, three-dimensional particles can be made in 

that manner (39}. 

It has also been shown that the decomposition of iron 

pentacarbonyl on Grafoil is a first order process wh&ch 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 rate of decomposition without 

significantly changing the number of decomposition sites. 
-, .° 

Outgasslng at 1273 K was found to reduce the r~activ~ty of 

Grafoil, probably due to the annealing of surface, defects 

which previously had acted as nucleation sites. 
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HOSSSAUER 

SA~IPLE 

1 

2 

TABLE 1 - SAMPLE PREPARATZON FOR HOSSBAUER SPECTROSCOPY 

['O[/TGRSC:'r~tG CO~DI"TZONS 7 

M:%SS PRESS. 'ZEH'~. TIME 

" ' 3  2A,3 5.3. 6 . 5 x 1 0  295 5 

2B 7 .9  l - 5 x 1 0  -2 3'23 10 
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TABLE 2 - KINETICS OF Fe(CO) DECOMPOSITION 
5 

:OPY 

p I T .E  EQ.I.ED 
TO COMPLETE CO(a)/Fe 

KINETICS SYMBOL KEY MASS PRESS. TEMP. TIME DECOMPOSITION AFTER CONPLE~ 
SAMPLE (Fi~s. 4 & 5) ~ • (P%} (K) (h%) {hE) DECOMPOSITIO~ 

1 x 1.58 6.5xlO -3 773 4.5 .5 1.97 

2 ~ - 1 . 5 0  6 . 5 x 1 0  - 3  673 5 o5 2 . 0 5  

3 C )  2 . v 2  1 . s ~ 1 0  - 2  573 6 3 2 . 0 1  

4 [] 2.53 1.5XI0 "I 473 2 6 2.00 

5 + 2.57 1.5Xi0 -1 383 2.5 ~I00 1.98 

6 ~ ,  1.B9 1.5x10 -I 383 5 * * 

7 ~ - 2.92 1.5~i0 -2 1273 1 3 1.91 

MSamples used only to determine timos required to complete.¥e(CO)5 
decomposition and CO(a)/Fe ratios after complete aecomposztzon. 

Kinetics only measured for times up to 14 hr; however, in F£gs. 
and ~ it can be seen that samples 5 and 6 show similar kinetics. 
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PLE5 
~IO~ 

TAP, LE 3 - COM~II'ER FVT PAP.:~.'4ETE.c~ ~-~OR MQS~':tK.~EK SPECTRP~ OF ~ETALLIC IRO~ 
PART'J~CLES FOR.'~ED FROM THE X~EP.~,~., DECO~/.~OSZT~ON O~" "rR3N PEh'TA-- 
CA.q~0h'YL ON GP, AFOIL 

i i  i , u  ' . . . .  i , ,  , , . = 

s p E c m ~  J AVG. ZS0:,,~ ]~X,~ w~mT, S ~.C~,,'T O~" I 
TE~. [~fPER~I~IE SHI-='T "(m:n/se=) (mmJ'sec] TOTAT., 

SI~ECTRU,~! ( K ]  FIELD (kCe} (2ela~£~,e .t:o, ~e) 1,6/'2.,5/3,4 .SPECT,"t%L AREA 

2Ao 3A "77 " 0 

3B 77 333 • 019 3.. ifI.2/2.2 55 

3C 77 326 • 158 1.6/1.7/i. 4 80 

~D 77 306 .226 2 o 2 / 2 . 1 / 0 . .  ? I(20 

23 77 329 .140 1 . 5 / 1 . 2 / 0 . 7  100 

I m£1 
Fe foil 77 340 .120 0.28/0.'25/0.23 
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Figure i: Glass Agpara~us for Volumetric Gas Phase Analysis. 
A) Glass a p p e n d a g e  r o e  partial pressure analysis° 
B) Quartz sample cell. C} Molecular sieve trap 
(13X). D) Icon Penta=aEbony! ~EansfeE bulb. 
E} Texas Instruments precision p~essuEe gauge. 
F) Main manifold. G) Vacuum lineo H) Purified 
g a s e s .  

Figure 2 : E f f e c t  o~ O u C g # s s ~ n q  on ~he Ra~e o f  F e ( C O [ ~  
Decomposition. Mossbauer spectra o ~  Fe(CO~5 

decomposed at 383 K for one hour on Grafoll 
which had b e e n  (A) outga=sed aC 2 9 5  K (Table I - 
sample i) and (~) outgassed at 723 K (Table 1 - 
sample 2). 

F i g u r e  3 : M~ssbauer Spectral Record of Iron Containing 
Surface Species Present after Various Sta~es of 
Fe(CO} 5 Decomposition on Gra~oil Outgassed at 
295 K (Table 1 - Sample I). (All spectra r e c o r d e d  
at 77 K.) A) After I~0 hour at 383 K- B} After 
4.5 hours at 383 ~. C) After 14 hours at 383 Ko 
D) After 25 hours a~ 383 K. 

Figure 4: Extent oE Fe(CO) 5 Decomposition at 383 K as a 
Function nE Time and Temperature of Grafoil 
Outgas~ing. The ke~ t~ this figure is given 
in Table 2. 

Figure 5: Kinetics of Fe(CO) 5 Decomposition on Grafo~l at. 

383 K. The key to this figure is ~Iven in 
Table 2. 

Figure 6: Computer Simulation of Combined Effects of 
Hyperfine Field Dis~rlbution and Magnetic 
Relaxation on the Mossbauer SpQctrum of Metallic 
iron. Iron pen~acarbon¥1, representing 20 percent 
of the total spectral.area, wa~ added to the six-peak 
metallic Iron spectrum. A) Mossbauer spectrum 
(same as Fig. 3C) taken at 77 K after 19 hours of 
Fe(CO) S decomp .si~ion at 383 E on G=afoll outgassed 
at 295-K (Table 1 - sample I}° D) Simulated 
HossbaueE Spectrum. C) Assumed hyperfine field. 
distribution. D} Assumed pa=tlcla =adiuu 
distribution (for semi-spherical particles}. 
in the simulation it was assumed that the 
anisot=opy energy constant was 5 x 105ergs/cm3, , 
T = 77 K and the peak area ratios for the six-peak 
pattern were 3:3:1:1:3:3. 
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