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M'ossbauer Spectroscopic and  Re3a=cd Chmracterization 

of Fischer-Tropsch Catalysts 

Contract No. DE-AC-22-?gPC1035 

Forward 

This annual report for the year ending February 28, 1981, is based on the 

M.S. thesis in Applied Physics recently submitted by Mr. Cary C. Lo. The work 

was done under the direction of Dr. L.N. Mulay, Professor of Solid State 

Science at The Pennsylvania State University, University Park~ PA 16802. 

The report gives details of (i) the expensive instrumentation (most of 

which was not purchased from DOE type federal funds,)(ii) the planning of 

experiments, (iii) the necessary sophisticated theoretica3 background for the 

experiments performed, and finally, (iv) a careful interpretation of the results 

for which new theoretical and computational expertise had to be developed. 

Mr. Lo was given a half-time graduate assistantshipfor about 3 terms. 

The Physics Department provided him with a teaching assistan~sh~p to help him 

and the principal investigator to complete the research and development work for 

the above DOE Contract. Dr. K.R.P.M. Rao worked as a part-time research associate 

on the project to set up our new instrumentation and returned to India in mid- 

October 1980. 

The research will appear in the form of a chapter in "Recent Chemical 

Applications of D[ossbauer Spectroscopy" in July 1981 (American Chemical Society 

Monograph Series) and will result in several other publications. These publications 

will be co-authored by research collaborators from PETC. The principal investi- 

gator wishes to acknowledge the enthusiastic cooperation received from Drs. 

Blaustein, Rao and Schehl. 

April 1981 L.N. Mulay 
Professor of Solid State Science 
The Pennsylvania State University 
University Park, PA 16802 
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ABSTRACT 

Medium pore (dia r~6A) zeol£tes such as ZSM-5 and Silicallte 

i~preEnated with Group V7II metals provide selective catalytic pathways 

for the conversion of coal-derived synthesis gas to g~ollne or oleflns. 

Mossbauer and magnetic studies on these catalysts conta/n~n E Fe or Fe + 

Co are reported. The zeoli~es were Impre~aated %-ith metal nitrate 

solutions, reduced and carbided t~ yield the active catalyst. The 

freshly impreEnated samples sh~ed ~e 3+ ~ype spectra. The ZSM-5 (14.7Z 

Fe) and Sillcalite (13.6Z Fe) samples exposed to ~ (450eC) sho~ed ~85% 

reduction to ~he metallic state. The carbided ZSM-5 (14.7% Fe) revealed 

a spectrum of Ha~ carbide {FesC 2) , an active compouen~ of the catalyst. 

The used catalysts showed mixtures of HaEE carbide (Fes~) and cemen=ite 

(Fe3C). It is suEEested uhaU the selectivity of ZSM-5 (5.6Z Fe, 4.5Z 

Co) resulted from Fe-Co alloy ~ormation. 
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I. INTRODUCTION 

A. General Back~r, ound 

During the past few decades, the F isd, er-Tropsch process has been 

used for CO/~ synthesis gas conversion to obtain the production, of a 

large fraction o f  gasoline range hydrocarbons, etc. (1,2). The Fischer- 

Tropsch process is several years old. lz was started since Sabatier's 

work in 1902 and further developer by Fischer and Tropsch during tbe 

1920-1935 period in Germany. It was "used extensively /n Germany duriu E 

World War II no produce aviation and other fuels. Amon E the first few 

Fischer-Tropsch plant~ one has been in operation (known as Sasol I) since 

1955, in Sasolburg, South Africa. The inoreas~m E annual rate of oll 

price has renewed the interest of researchers in the production of fuels 

and chem/cals, such as C4-CI0 paraffins, olefins, propylene, or ethylene, 

from CO/~ ~ynthes~-s reactions. The recent Mobil Oil Company patents 

also use F-T process for alcohols and hydrocarbons. Although the 

technology has advanced through mostly empirical approaches, very 

little is known about the precise role and reaction mechan£sm of F-T 

synthesis such as sulfur poisoning, carbon deposition, product selec- 

tivlty, and ~hermal degradation ~3). Although catalysis is not a 

phenomenon awaitln E a unique explanation, it is s~ill elusive in maly 

ways. For instance, the questions concerning the structure and 

electronic property corz_elations of the catalysts on the one hand, and 

the correlations of the electronic properties of caKa!ysts with their 

activity, on the other hand, have not yet Seen fully explored. With 

supported metal catalysts, the questions concerning any metal support 

interations and their role, -if any, and the nature of the catalysis 

are still open to question. 



The Fischer-Tropsch process was started by Saba=ier and Senderens 

in 1902, developed by Fischer and Tropsch in 1935, and further improved 

by Pichler in 1938. Hundreds of references have been published in this 

area durln~ the past eighty yeats, hut a detailed review is 5eyoud the 

scope of this thesis. However, several books and reviews (4-8) which 

have appeared recently in the catalysis literature are presented. 

B. Research ~j~:rive~ 

A review of the literature on the synfuel conversion using F-T 

catalysts showed a need for seekinE answers to the following situations. 

(i) To see if an overall increase in catalytic activity can be 

brought about by introducin E a fine dispersion of Fe or Fe-Co 

bimetallic clusters in unusual zeolite-type caEe structures. 

(ii) To identify the nature of the species formed in the prepara- 

tion of the fresh, reduced, earbided and used catalys~s. 

(ill) To seek correlations between the species formed, their 

electronic proper=ies and the actual synfuel conversion process. 

C. Outline o f  t h e  Thesis 

In ~n effor~ to seek answers t o  t h e  type of situations discussed 

before, it was decided t o  study the .re 57 Mossbauer spectra and maEnetic 

properties of the fresh, reduced, carbided and used catalysts. These 

techniques indeed provide a sensitive probe for seek/hE information at 

the microscopic and macroscopic level. 

The work carried out is pre.@e-nted in this thesis in the following 

chapters. 



If. TH~OEET~CALASPECTS 

A. M~ss~auer Spectroscopy 

i. History 

The M~ssbauer effect was discovered by R. L. M~ssbauer (9) in 

1958. Because of this discovery he won the Nobel prize in 1961. This 

extremely h~gh resolution technique was then quickly expanded from 

nuclear aud solid state physics to chemistry, biology and metallurgy. 

A number of good books (10-15) discuss in deta~l Mossbauer spectroscopy 

wluh re~ard to its theory and applications. Recently a series of 

reviews (16-20) on the Mossbauer spectroscopy have been presented in 

the application of catalysis. In addS_riot there are annual compila- 

tions of all references on Mosshauer spectroscopy, published by 

Wiley-!ntersclence, Ne~ York. 

in principle, the valence state end bonding type of an atom in 

the solid, the symmetry of the electric field surrounding an atom, 

~.he presence and magnitude of a magnetic f~eld and electronic structure 

of an atom all can be determined from Mossbauer measurements. But the 

limited number of isotopes suitable for the effect does not make 

M~ssbauer spectroscopy applicaahle to all materials. However, the most 

valuable iron catalysts can be studied (21-33) by using Mosshauer 

technique, because of the relatively good abundance of Fe 57 in such 

matez-ials and because Fe 57 provides a ~ransitlon in low range energy 

spectrum (14.4 KEY). 

The essential feature of M~ssbauer effect is due to nuclear 

resonance absorption of y-rays. Suppose a nT~cleus in an excited state 

of energy E e comes hack to the ground state of energy EE by emitting 



a gamma ray of energy E ° = E e -Eg. This quantum energy E ° may be 

totally absorbed by another nucleus with the s~me number of protons Z 

and same number of neutrons N in its ground state. Therefore transi- 

tion =~ the excited state of energy E e takes place. This phenomenon is 

called nuclear r~onance absorption of y-rays :see Figure I). Before 

~ha discovery of the Mossbauer effect it could not b e  observed because 

of the recoil effect. 

It is known from nuclear physics that if a T-ray is emitted from 

an excited nucleus of mass M with energy E ° ffi E e - Eg, it experieuces a 

recoil. A recoil energy E R due to the nucleus mo~-~n g with a velocity ~ in 

opposite direction ~o that of ~he y-ray emission takes place (see Fig. 2). 

E s = ( 1 / 2 ) ~  2 (Z) 

The  momentum of t h e  amltted gamma ray is giveu by 

PT Eytc (2) 

where E -- E 
y o 

of light. 

-~ is ~.he energy of the emitted y-ray, c is the velocity 

From conservation o f  momentum 

w h e r e  P 

Pn =" -~Y '= -EY/c (3) 

is the momentum of the nucleus and, 

= Pn2/2M = Py2/2M - Ey2/2Mc 2 

Because of the large mass of the nucleus, 

E s u c h  t h a t  ~e may as sume  
O 

C4) 

i s  v e r y  s m a l l  coffipared t o  

- E ° - E o  . 
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From Eq. 4, 

E R = Eo212Mc2 (5) 

In the case of 57~e, the transition betweeu the firs¢ excited 

state and the groumd state E 
c 

energy of a 57Fe nucleus is 

,= 14.4 key (see Figure 3). The recoil 

~14.4 keY) 2 
z~ = '2-~' (56.93 a=u)(931 ~v:;=~) 

= 1.95 x 10 -3 eV 

This mea~ the recoil effect reduces the emitted y-ray from E to a 
o 

smaller energy by ~ (see Figure 4). In other words, the y-ray requires 

the total energy Ey = Eo + ~ to make up the recoil effect. If the 

natural llne w~dth r is smaller thau ~., there will be no absorption 

of 7-rays since no overlap cccurs between transitions. 

Yrom the Heisenher g uncertain~y relation it is known that the 

energy of each era/tied gamma ray is not exactly t h e  same ( s e e  Figure 

5). 

AV. At > h 
-- 2--~ ( 6 )  

where At = uncertainty in time 

h = Plank's constant 

Nuclzar transitions take place in all possible energies within 

the range of ~E. The ~mcertainty in the euerEy of the emitted ga~na 

ray ~E is Just the line width ~ when the uncertainty in the *~me.-" of 

emission At is in the order of the mean lifetime I. Therefore, 

r l :  = 
2~ C7) 
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where F = the full width of the transition line at half maximum 

T = mean lifetime of the excited state 

For 57Fe the natural line width is 

~I/2 
0.63(6.582 x 10 -16 eV-sec) 

97.81 x 10 -9 sec 

= 4.66 x 10 -9 eV 

(7a) 

This is about six orders of ma=~nitude smaller than the recoil 

energy of a 57Fe nucleus (~ = 1.95 = 10 -3 eV); hence, nuclear resonance 

absorption is not possible in isolated arums. 

Mossbauer found that the atom was more or less rigidly bound to 

the lattice in the solid state so that the recoil energy was distributed 

throughout the cz'ystal. Therefore, the Eq. 4 for the recoil energy 

can be written as 

.~E2 

E R = ~ (8) 
zIlc ~ 

c 

where H c = mass of entire c z ' y s t a l ,  

Because of the very large mass of the crys~alllte as compared 

to the mass of a single nucleus, the recoil momentum is thus taken up 

by =he whole crystal wi~h practically no loss to the emitted gs~a ray. 

Therefore, the gamma ray is able t o  be absorbed by another nucleus of 

the same kind. Mossbauer brought the emission and absorption lines 

into coincidence by uslnE r.he Doppler effect. 

The Mossbauer source line width affects the velocity resolution 

~-= i-_'= experiments_ (34). The experlmeu:aliy observed spectral line 
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width (r exp) is a convolution of =he source (F s) and absorber (r A) 

line widths. Theory predicts a Lorentzian shape of Mossbauer :spectral 

line (FM) equivalent to r s + F A. For source and absorber nuclei at 

infinite dilutlon in ileal environments F A = r s = r (the nature line 

width), that is F M - 2r. In the case of 57Fe, from Eq. 7a 

r = 4.66 x 10 -9 ev x 1.6 x 10 -19 c/e 

= 7.456 z i0 -28 J x 107 ergl'J 

i0 -27 = 7.456 x 10 -21 er E x (6.625 x ere Mcs) -! 

= 1.13 Mcs -! x (11.61 Mcs -I mm -I s) -I 

-- 0 .0969  ~=a/s (9 )  

This is based on the assumption that the equilibrium positions of the 

velocity of the vibrating nuclei of the emitter and absorber are 

constant in time. In practice, deviations cause !ine-broadev/nE such 

as diffusional motion of the atoms (lattice imperfections), tempera- 

ture, etc., so that r A # r S ~ r. r M is further modified by finite 

source and absorber thickness as reported (35-39). In measurements, 

r M is ~i==~ as 

= + r A + f (T  A) (lO) r s 

where f(T A) is a functiou describiug broadeniu E due to finite absorber 

thickness T A. By calculating the slope of a plot of F M against 

absorber thickness (T A), using Eq. I0 with f(T A) = 0.27 r T A (36); that 

spectral line width can b e  written as 

= + r A + o.z7 r T A ( l l )  r s 
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In r.he following sections various Mossbauer parameters are 

discussed. 

2. Isomer Shift 

The isomer shift (6) arises due to the electrostatic interaction 

bdtween the nuclear charge distribution and those electrons which have 

a finite probability of being found in the region of =he nucleus. In 

general, this shift will be different in source and absorber, and is 

given by the following equation: 

2~ 2 ) ( l ~ s c o ) 1 2  _ 2 6 = ~-- Ze2(Re2 - Rg ABS I-~s(0) ISOURCE ) (12) 

Th i s  e q u a t i o n  shows t h a t  the  i somer  s h i f t  i s  p r o p o r t i o n a l  to  the  

difference of the square of the radius of the excited and ground state 

nuclear radii (the nuclear term), and also to the difference in electron 

densit7 between the source and absorber Cthe chemical term). 

A difference in electron charge dausity can arise from dlffez'enees 

~m ~emical erJ~ironment. Even though s-~_lec~_rous are the only electrons 

the- have a finite probability of bei=g found in the nucleus, p-, d-, 

and f-electrons also contribute a screening effect. For example, 

in the case of Fe 2+ (di-valent) and Fe 3+ "tri-valent), the screening 

for Fe 2+ (3d 6) is greater than for Fe 3+ C345). Therefore, Fe 2~ has 

lower 3s-electron density. This results in a higher isomer shift value 

for Fe 2+ than for Fe 3+ (remembering that P. 2-K 2 is negative for 57Fe). 
e g 

This isomer shift difference in 3d 5 and 3d 6 configurations in irma may 

be used to predict ox/dation scare in various compounds. 
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3. Quadrupole Interaction 

The quadrupole interaction (e2qQ) consists of the nuclear consuant 

eQ for the resonant isotope and eq, which is a measure of the chemical 

environment such as charge deformations by the surrounding ligands 

and/or defects. 

The isomer shift. (Eq. 12) was derived assum/mg the nucleus ~o be 

spherical and to have a uniform charge density. If =here is a deparuure 

from spherlcal symmetry of the electric charge distribution then there 

~rill be a quadrupole splitting. Thiswill depend on the magnitude of 

the quadrupolemoment of the nucleus (! > 1/2), the electric field 

gradient (EFG) at the nucleus, and the electrostatic field generated 

3 1 
from the valence electrons. For 57Fe, I e =~and ~g =~, and the 

ch ' ~g 1 I e = does split into two = -~* 3 • _÷=)2 while the = ~ remains 

degenerate since it has no quadrupole moment (see Figure 6). In such 

a case, a two-line spectrum is obtained and the separation of the peaks 

is the quadrupole spli~ting. 

The electric field at the Mossbauer nucleus is the negative 

gradient of the potentlal~ V: 

The EFG i~ the gradient of ~he electric field. 

EFG = VE = - 

v ~ v= 

V V V 
yx yy yz 

V V V 
zx zy zz 

~2V ~2V 
~o~:~ ~ =  = ~ -  , ~ : ~--~ 

~2V 
' Vzx = ~z~----g~ ' etc. 

(14) 
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Normally the EFG axes are chosen in a diagonal form such that the EFG 

tensor has three non-zero components taken as IVzz[ > !Vyy I -> [Vxx [ . 

These three components can be reduced to t~o independent parameters 

Vzz and asymmetry parameter ~, given 5y 

V -V 
xx 77 (15) 

~= V 
zz 

where 0 ~ ~ K I. 

For 57Fe the quadrupole splitting is given as 

~EQ = i/2e2qQ2(1 + ~2/3) (16) 

where Q is the nuclear quadrupole moment. The asymmetry parameter (~) 

vanishes in the case of high symmetry. 

4. Hyperfine in ~erac=ions 

Hyperfine interaction will occur if there is a magnetic field (H) 

at the nucleus either from 1~a~netic ordering in the solid itself or 

from an e~r_ernally applied magnetic field. The Hamiltonian describing 

the magnetic dipole hyperfine interaction is given by 

-- -g i.H 

,% 

where ~ is the nuclear Bohr magneton (e~/~qc), ~ is the nuclear mag- 

netic moment, I is the nuclear spin, and g is the nuclear E-factor 

(g = U/I~). The degeneracy of the energy levels of the nuclear 

magnetic dipole will be lifted by an amoun~ of (21 + !), ~he energy 

of each level is given by 

= -q---- h (18) 
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where m I is the nuclear maEneuic quantum number. Six transitions 

which obey the selection rule (~ ~ ±1,0) produce a six-line spectrum, 

as shown in Figure 7. 

5. CombinedMaEnetic and Electric Hyperfine Interactions 

The effect of combined maEnetic and electric hyperfine interac- 

tions is shown in Figure 8. If the EFG tensor is axially ~v~netric 

(Vxx = Vyy) and its principal axis (Vzz) makes an angle y with the 

magnetic field (E) axis, then a relatively simple solution exists, 

providing that the magnetic energy is much larger than the electric 

quadrupole interaction (~E >> e2qQ); in this case the quadrupole 

interaction can be treated as a first order perturbation to the magnetic 

interaction. For a transition ~ ~ ~ the eigenvalues are 
2 2 

E = -q ,kmh + C-U + if2 (3c°sZY - i) (19) 

When the EFG is not symmetric and the hyperfine field makes angles 

6, S, y with Vxx, Vyy ~nd Vzz solutions are not easily obtained unless 

a computer numerical analysis is used. 

B. }~neti= Study 

A discussion of diamaE,~etism ~d par~gneti~n has been ~res~ted 

in detail by Muley and Boudreaux (40-42). The reader should cousult books 

by Smart (43), Chikazumi and Charap (44), Morrish (45), .Martin (46) and 

Tutor (47) for a detailed des=ription of the phenomenon and properties 

of maEnetically ordered~ solids such as antiferromaEnetic, ferrimagnetic 

and ferromaEnetic solids. 
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The magnetic induction B produced in a material (in cgs Gaussian 

units), when placed in a magnetic field of strength K, is given by 

B = R+ ~I (20) 

where I is the intensity of magnetization per unit volume in the 

substance. All these and related parameters are vectors. The volume 

~gnetic susceptibility K is given by 

< = I/R , (21) 

while the per &Tam susceptibility XE is &ivan by dividing the volume 

susceptibility by the density p of the substance. In the following 

sections, different types of magnetic behavior are discussed. 

1. Diama&v, etism 

Every material has a diamagnetic susceptibility, although it is 

negligible in some cases because it is much weaker and mas~ed by other 

types of maguetic behavior. 

The effect of the interaction of an applied magnetic field on the 

electrons in orbitals of an atom can be understood on a qualitative 

basis by considering Lenz's law of electricity. When the magnetic flux 

enclosed by a current loop is changed, a current is induced in the loop 

which produces "a field in opposition to the applied field. Thus the 

atom's electronic motion, considered as a current loop, will be changed 

in such a sense that a magnetic moment will be induced that opposes 

the applied field. Since the electron orbits may be viewed as 

"resistance-less," this moment will persist as long as the external 

field is applied. Langevin's equation for the volume diamagnetic 
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susceptibility of an atom is given by 

= - -  

2 
N e z 
v 

6m C 2 i=[l ri2 
e 

-2 
where r is the mean square radius of the electron's orbit when pro- 

Jetted on a plane perpendicular to H. N v is the number of atoms per 

3 
cm , e is the electron charge , ~ the mass of the electron and c the 

e 

speed of !IEhu. 

Catalyst supports such as ZSM-5 and Silicalite (discussed under 

Chapter IV) are diamaEne=ic and their contribution to maEnetization 

of the catalyst is obviously negligible. 

(22) 

2. Parama~e~ism 

Parama~e t i sm depends on the presence of  a permanen~ m a ~ e t i c  

moment arising from unpaired electron spins. In the absence of an 

externally applied field these magnetic moments average to zero. l~us, 

paramagnetlsm is the result of a system of unpaired spins reacting to 

an applied stress, namely the externally applied field. 

It seems appropriate to proceed directly with a quantum mechani- 

cal model of a paramaEnet, since the classical model does not 8ive any 

extra insight, nor is it really any simpler. The maEnecic ~omunu of 

an atom or ion is actually determined by a more fundamental property, 

=he anEular momentum, so a brief review of some well-known rules 

relating angular mument,-- to maEnetic moments will be 4/scussed. 

The orbital and spin angular momenta each have a magnetic moment 

associated with them, the maguetic moment relationships being given 

by 
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and 

I L 2". C 
e 

( 2 3 )  

gs = - 2 ~ B S  ( 2 4 )  

where the quanti~y [e[hl(2meC) is a uni~ of magnetic moment equal to 

0.927 x 10 -20 erg/Oe; it is generally called the Bohr magneton and 

will be denoted by U B. 

Figure 9 gives a vector diagram showing how L and S combine to 

give a total angular momentum J and ho~ ~ and ~s combine to give total 

magnetic moment ~, where from eqs. 23 and 24 

= -~ (T. + as) (25) 

It can be seen that ~ is no= parallel to J because the ratios of mag- 

netic moment to angular momentum are different ~/n the orbital and 

spin cases. In the absence of au applied field, the total angular 

momentum J is a good quantum number; L, S, and ~, on =he o~her hand, 

are constant in magnitude bur precess about J. Thus, an app.~ied field 

can only sense the component ~ parallel ~o J which is called ~j. 

Using properties of a~gular moment,an and the law of cosines, we have 

and 

~J = g ~ ~B (26) 

]~J " - g  ]~B Jz (27) 
z 

~h-_re ~ = ! + [(J(J+!) + S(S+I) - L(L+I).]/2J(J+I). (28) 
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For a detailed discussion of the above results =he reader should con- 

sult an excellent monograph by Van Vleck (48). 

The Hamiltonian describing the interaction of a magnetic moment 

~j and =he applied field may be ~zitten as 

H = -~j. E. (29) 

Choosing H to be along the z axis we may write 

H f f i  - ~. (3o) 
l~J Z 

Combining eqs. 27 and 30 we have 

Em ffi -EP3 m E (31) 

where 

m = J, J-l...-J. 

Using methods of statistical mechamics one arrives at the following 

expression for =he molar magnetize=ion M of an atom or ion, namely 

J 

m=-J 

where N is the number of magnetic ions or atoms per mole of suhs=ance 

and ~ is Bo!tzman's constant. When the multiple=s in eq. 31 are wide 

compared to ~T we obtain the molar paramagnetic susceptibility as 

x~ = N g2 ~ (J+l) ~2/3~T , C33) 

which is known as Curie's law. When the multiplets widths are 
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comparable to ~T a complicated expression is obtained~while marrow 

multiplets with respect to ~T give 

- N g2 ~2/3~T (L(L+I) + 4S (S+I)). (34) 

Weiss considered how Curie's law would be modified if there were 

interactions between magnetic ions, and to account for these interac- 

tions he created a fictitious field called =h= ~ Z ecular field, given 

by NwM. The modified Curie law called the Curie-Wei,.'s law is given by 

1 (35) - 

an4 C = Ng 2 J(J+l)~2 / 3~ aud is used to fit suscepti- where 0 - CN 
W 

billty data of magnetically ordered solids above the magnetic ordering 

temperatures T N or T C where they are paramagnetic. In section 3 the 

origin of ~he Weiss molecular field, as well as autiferrumagne~ism, 

ferr~etism and ferromagnetism will be discussed. 

3. Magnetic Order 

Magnetic order may be considered to be a special case of paramag- 

netism in that even in the absence of an applied field there is a 

spontaneous magnetization due to the Weiss molecular field. Wheu the 

molecular field causes the zaEnetic moments in a solid to be aligned 

parallel ~o oue another we have ferromagnetism,whereas antiparallel 

aliEmments of magnetic moments correspond to antiferromagnetism. 

~err/mague~ism is a special case of antiferrimaEnetism where there is 

an incomplete cancellatiou of antiparallel magnetic moments. For 

antiferromaEnezic and fezTimaEnetlc materials it is conveuient to 

divide ~he moments into sublattices, lu the simplest case, a two- 



sublatti=e model, subla=tice A would have moments pointing in the 4~ 

~Irection while sublattice B has moments in ~he -x direction. 

The magnetization of a paramaEnet is given by 

~ere 

aud 
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x = Jg~%~/1%z C 3 7 )  

Bj(x) 2J+l 2J+l 1 x_ (38) = 2J coth~x-~co~h ZJ 

which can be derived from eq. 32. In a ferromagnetic mz~erial the 

field ~ in eq. 37 is replaced by (H + MNp to give 

x = (Jg~/hz) (H + m~Q . (39) 

In order to examine the spontaneous mag~etlzation, we set H = 0. 

Rewzit£ng eq. 36 and 39 we have 

t~(~..._! = Bj(x) (40) 
~(o) 

and 

~(~) zlxz2 2j%) x ~(0--"7 = (5z ~% • (41) 

~ ' ~ e ~ e  re(o) = NZ~BJ (42) 

The ~empera=ure dependence of the magnetization of a ferromagne= is 

given by solviug simultaneously eqs. 40 and 41. The temperature at 

~(T) = ~g~J Bj(x) , (36) 



which maEnetic order collapses is called T C 

for an anciferrumaEnet. 

T C is related f-o ~ 5y 

for a ferromaEnet and T N 
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^ _h 2 
H o "2-~e (V12 + V22) Ze-~ 2 Ze 2 

ral 

a separate ion. The Schrodinger equation may be writ=an as 

0 + ~') 0 ~ E~ , 

where the two terms in ~he ~milzonian are 

(45) 

Tc = 3~ Nw (34) 

This spouta~eous maEaetization as a function of reduced temperature as 

determined by eqs. 40 and 41 is given in Figure IO for various values 

of J. 

Treatment of antiferromagnetic or ferrimaEnetlc materials proceeds 

in much the same way except that now there are t~wo sublatTices and two 

molecular field constants NAA and NAB. NAA is the molecular field 

constant for coupling among ions in the same sublattice while NAB is 

the constant for coupling between ions on sublaTcices A and B. The 

reader should consult references (41-45) for further discussion pertain- 

~g to antlferromaEnetism and ferrimaEnetism. 

Weiss developed The molecular field model before the Birth of 

quanrum mechanics. It is now of interest to consider the concept of 

exchange interactions and how Weiss' mulecular field is proportioned 

to Je' the exchange interaction. The concept of exchange can Be under- 

stood By considering a t-~)-electron system in whiab each electron is on 
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and 

~' = ge~2+ e2 Ze2 Ze2 Ze2 (46) 

Tab Yl2 Y12 Ybl Ta2 

The subscripts 1 and 2 refer =c the two electrons, and subscripts a 

and 5 refer to the two ions, each with effective nuclear eharEe Z. 

Because of the indis=inguishability of elec=roms =he two orbital 

wave functions are 

~-" = /2+_'~- [~a(1)¢(2)b -- ¢a(2) % ( i ) ]  , (47) 

where ¢i are eigenfumctions of ~hc atomic Kamiltoniau and S is the over- 

lap integral. In the absence of the exchange interactions (represented 

by K'), r_he energy of the two-electron systems is just 2E o. In the 

presence of exchange interactions it is found =hat 

J +K 
e = + 

E+ 2E o I + S 2 , (48) 

where 

K-J 
E = ZE +---- , (49) 
- o l - S 2 

A 

Je = <Ca (1) Cb (2) !lI' I~ba(2)Cb(1)> (50) 

and 

A 

K = <qba(I) @b(2)1]~' ]~ba(1)0b(2)> (51) 

K is the ele=tros=atic enerEybe=ween a~oms, and is called the Coulomb 

e~ergy and Je is the exchange energy. When ~he spim properties are 

added to the wave functions ~ we now have wave fuactions a S and ~T 
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which have their spins antiparallel or pazalle1~ respectively, and are 

called siuglet or triplet states. The singlet an~ triplet states 

differ in energy because their orbital functions are different. In 

the zero overlap approximation E+ and E_ differ by 2J e. If Je is a 

positive number the triplet state lies lowest and the interaction is 

said to be a ferromagnetic one. However, if Je is negative the slnglet 

state lies lowest and the interaction is antiferromagnetic. 

The exchange Hamiltonian deszz'ibing the exchange interactions in 

solids is 8ivan by 

^ V 

H = -2 JL Jij S i S.3 (52) 

which is known as the Heisenburg Ramiltonian. To summarize the above 

mathematical treatment of exchange interactions and the consequences 

of the Pauli principle, the exchange force may be thought of in the 

following simplistic way. in the triplet state the motions of the 

electrons are correlated so that they avoid one another as much as 

possible, while in the singlet state they attract each other. That 

is, they move as if they were under the influence of a force that is 

repulsive for parallel spins and attractive for an~.ipara!lel spins. 

This force is called the exchange force since it has its origin in the 

symmetry requirements on the wave function under the exchange of 

indistinguishable particles. The exchange force is strictly a quantum 

mechanical phenomenon with no classical a~alog. 

The Weiss molecular field constant has its origin in exchange 

force and for a ferromagnet, 

= 2zJe/Ng2~ z (53) 
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Exchange interactions in solids are usually detezmined by measure- 

ment of T c or ~ and ~he Curie-Welss constant 0 in eq. 35 from high 

temperature susceptibility data. Smart (43,~9) gives an excellent 

account of the various methods employed in determining exchange inter- 

actions in solids from experimenual data. 

4. SuperparamaEnetism 

The phenomenon of maEneclcally ordered materials such as (a) 

ferro-, (b) ~erri- and (c) autlferromagnetlc materials is vary well 

known. The first ~ consistlug of multldomain partlcles show a 

definite Curie point in maEnetization (~) vs. temperature (T) curves. 

Beyond this temperature the ma~erlal changes over to normal parama 8- 

netlsn. Tn the case of (c) that is antiferromasnetism one encounters 

the Ne~l temperature (T N) beyond which the material again becomes 

paramaEnetlc. 

Now, if suSdomain particles (> 20 nm) of the above mentioned 

materials are considered each such particle will consist of several 

hundred or thousand uncompensated species with a net Bohr maEneton 

number of "~I03 to 104. If there is no maEuecic interaction (ordering) 

between such particles, they are said to behave superparamagnetically. 

Th£s means that particles have enough thermal energy to be randomized 

independently ~_f each ocher; whereas below a certain temperature called 

the blocking temperature, (TB), they are stable enough and may show 

small hys~eresls. The reader should consult references (50-57) for 

detailed description of the pro~rtles of superparamagnetism. 

Real particles are never tz~ly isotropic. In general, ~he 

aniso~ropy energy (K') amongst other factors is proportional to the 
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volume of the particle (50). Suppose an assembly of uniaxial particles 

has been brought =o some initial state of magnetization M i By an 

applied field, and the field is then turued off at time t = 0. Some 

particles in the assembly will immediately reverse their maEnetization 

because of thermal energy, and the maEnetizationwill begin =o 

decrease. The rate of decrease a~ any time will he proportional to 

the magnetization at that time and to the Bolnzmann probability factor 

-K'V/kT 
e Therefore, 

e-K~V/kT M ----~ = f.~ =- (54) 
dg T 

where proportional constant f. is a frequency factor of the order of 

109 s -1, K' the anisotropy constant, V the volume of the particles, 

k the Boltzmann constants and T the relaxation tima. We rearrang~ the 

terms and ~-ntegrate to obtain 

(55) 

a ' a d  

-! 
• r = f o  e _ x p ( - K ' ~ / k T )  ( 5 6 )  

where M r is the remanence at t~e t. The value of T is strongly 

dependent on Lhe particle volume V and the temperature T since both 

are in the exponent. 

It is generally difficult to separate out the superparamaEnetic 

contribution in a mixture of ferromaEnetic and superparamagnetic 

system. Ai~hough this has been done by Everson et el. (58) with 

respect to studies in Mi on AI203 catalyst, little work has been done 

on Fe catalysts. The delineation of the superpa" rmaEnetic and ferro- 
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maEnet!c contribution is difficult using static measurements ; the 

elegance of Mossbauer spectroscopy lies in the fact that superparamag- 

neti= particles can be detected usually as a douu!et In the preseuce 

of more complex spectra arising from maEneticslly ordered materials. 

The doublet from superparamaEnetic particle is dependent on the thermal 

relaxation of such a particle; it can be elucidated by studyin E the 

Mossbauer spectros=opy at cryogenic .~emperature. Then by knowing 

reasonable values for K' (anisotrupy constant) iu is possible to obtain 

the averaEe particle size [v) of the superpa~-amaEnenic particle from 

eq. 56. This approach has been followed by many workers [cf. Collins 

et al. (59) and references cited =herein]. 



III. EXPERIMENTAL PEOCEDURES 

A. Preparation of Samples 

The zeolltes ZSM-5 and Silica!ire were prepared according to 

procedures described in the literature (60,61). Both are medium pore 

zeoli~es ~-l~h effective diameters between those of zeolite Linde 

type A and faujasi=e and have similar crystal structures(62,63). The 

pore structure consists of a three-dlmensional system of intersecting 

channels defined by l0 rings of oxygen ions in all three directio-s. 
@ 

The elliptical, straight channels of cxoss-section 5.7 A x 5.1 A 

o 

alone the h axis and near-clrcular zig-zag channels of diameter 5.4 A 

along the a-axis are interconnected. The Si/AI ratio in ZSM-5 can be 

varied from 3 ~o I00, but Silicalire has no A1 sires. Hence it appears 

that Silicalite is the limiting form of ZSM-5 when the A1 concentra- 

tion is near to zero. 

The transition metal component (Fe and/or Co) =as introduced by 

gradually adding the metal nitrate solution to the zeolite until 

incipient -~etness was reached. The impreEnation with the metal nitrate 

solution was carried out for an hour under vacuum in order to enable 

the nitrate solution to ~ter th~ pores of the zeolite. The material 

was Li.~tially dried with constamt stirring over a boiling wa~er bath, 

and further drl=~ in air at II0°C for 12 hours. 

The zeolite impreEna~ed -~£r/% Fe or ~e + Co was reduced in flowing 

H 2 at 450°C for 24 hours. 7t was then carblded in flowinE synthesis 

gas at 250°C for 24 hours to yield the active catalyst. The caua!ysts 

were tested for synthesis gas conversion in both a fixed bed micro- 

reactor and a Berry (continuous flow stirred tank) reactor in PETC. 
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For M~ssbauer s=udies, all the samples except -,_he used catalysts were 

prepared separately under the conditions desaribed above. In the 

ensuing discussion such samples will be described variously as (a) 

freshly impreEnated, (b) reduced, (c) carbided and (d) used catalysts. 

Samul~s for Hossbauer study were first ground to about 200 mesh 

(I00 ~m) in a dry-box flowing with inert gas when i~ was necessary. 

They were then weiEhed so that the thickness of the absorber consisted 

of about 30 mg/cm 2 of sample in order ~o prevent line broadening due 

to a thick abscrber. Samples were spread onto an aluminu= foil 

(99.9999% purity) of 0.025 mm thickness purchased from Alfa Products, 

2 
Danvers, ]~A. The area of the sample was about 4 cm , so that 120 mg 

of sample was used for MSssbauer measurements. 

B. Catalysis Reaction Studies 

These were carried out on the above samples at the Pittsburgh 

EnerEyTechnoloEy Center, Pittsburgh, PA. A su~mmry of important 

results is given in Chapter IV. 

C. Mossbauer Apparatus 

A b l o c k  d l a g r a m  of  ~he H o s s b a u e r  s p e c t r o m e t e r  and i t s  a s s o c i a t e d  

eleczron/cs is sho~m in Figure Ii. The Mossbauer drive unit and a 

transducer operating in a constant acceleration mode ,.'Nuclear Science 

and Engineer Corp.) was used ~rith a 75 mCi Co 57 source in Rh matrix. 

The 14.4 KeY 7-rays ware detected using a Keuter-S~rokes gas propor- 

tior~l counter containinE 90% krypton and 10% methane. A t~/pical 

7-radiation spectrum iu the low-energy region is shown in Figure 12. 

In subsequent work on Aus=in Associates Spectrometer with a helium-neon 
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laser inuerferometer (for absolute valocity calibre=ion) was used. 

The other electronic units consisted of a multichanne! analyzer 

(Nuclear Da=a-10O) with 1024 channels, pream@!ifier, high voltage 

supply, and analog-to-dlgital converter (Nuclear Date-570). The 

teletype tez-minal was manufactured by the Teletype Corporation. 

All M~sshauer measurements below room temperature were performed 

using a Model LT-3-110 liquid transfer '~eli-Tran." The '~e!i-Tran" 

was used in conjunctlonwith an APD-E digital ~emperature controller, 

both of which were made by Air Products and Chemicals, Inc., Allentown, 

PA. The aluminum foil containing the sample was attached ~o a special 

sample holder supplied by Air Products and Chemicals~ Inc., which was 

then screwed into the tip of the cold finger. The sample temperature 

could be malntalned to ±0.I0 K with this cyrostat. Tb.e thermalcouple 

was calibrated by Air Products and Chemicals, Inc. ~or a detailed 

description of the theory and method of operation of the cyrostat, 

the reader should consult several excellent manuals written by Air 

Products and Chemicals, Inc. 

D. Calibration and Measurements 

It was necessary to calib- ace =he spectrometer with a standard 

=hat could be used for the comparison of experimen=al data. The velocity 

of the ,M~ssbauer drive trait was set so that all peaks of the iron 

spectrum were well contained within the 512 channels of the multi- 

channel analyzer. Calibration was performed using a natural Fe 

loll supplied by the National Bureau of Standards, Washington, DC for 

which six line positions occur at 398, 341, 283, 236, 179, and 122 

cPmnnels corresponding to +5.2034, +2.9651, 0.7248, -0.9528, -3.1931, 

and =5.4314 mm/sec relative to Co 57 in rhodium. A graph of these known 
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iron peak velocities versus peak channel numbers was then plotted 

(Figure 13), and a straight llne fitted by least squares method was 

obuained. The linearity of the Mossbauer drive was found to be within 

±0.5%. The slope of the line Elves the velocity increment per channel 

(,,m/sec/channel) so that any channel number could be conver=ed to a 

velocity scale in --,/see. 

E. Analysis of Mossbauer Data 

The Mossbauer data were obtained from the spectrometer in the 

form of a punched paper tape and also printed on the teletype and 

recorded on the plotter. A computer program was used to convert the 

con~ents of the paper tape onto computer cards. A least squares computer 

program was used to fit the ~ssbauer spectra, assuming Lorentzian 

line shapes. The program was capable of varying the line widths, peak 

height ratios, intensities and number of hyperfine interactions to 

obtain the best fit. A subroutine for the calculation of X square and 

MISFZT developed by S. L. Ruby (64) of the Argonne National Laboratory 

was also included in the main computer program to compute the quality 

of the flttinE obtained. Calcomp-Compatible Subroutines were then 

used to plot either with number of couu=s versus channel numbers or 

relative transmission versus velezlties. 

~. Chazacterizatiqn by X-ray Diffraction 

An automated X-ray powder diffractometer (Philips APD 3600/01) 

with SuKa radiation was used for s;ructure and orientation determina- 

tio-'~. Samples were Eround and spread onto 81ass microscope slides 

(25 x 40 x 1 ram) in a dry-box flowinE with inert 8as. Whenever 
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necessary Collodion-acetone mixture was used to make the sa~m..le adhere 

=o =he glass slides. A low scanning speed of 1 ° per minute was used 

to determ/ne the average crys=ali/=e size. 

Typical X-ray powder pa==erus of ZSM-5 and silicalice are shown 

lu Figure 14. Table 1 presents the d-spaclng calcula=ed from ZSM-5 

X-ray diffraction pattern. 

G. Magnet ic Measurement s 

A Faraday Cahn RH electrobalance was used =o measure =he magne=iza- 

=ion and susceptibility in the temperature range 78 =o i000 K, and in 

applied magne=ic fields up =o 20 KOe. For a detailed descrip=ion of 

=he Faraday- =echnique the reader should consult an excellent monograph 

by Mulay (65). 
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Interplanar spac/n~ d (A) 
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IV. KESULTS AND DISCUSSION 

A. General Introduction 

This chapter is based on a manuscript entitled "M~ssbauer and 

MaEne~ic S~udies on Bifunctional Medium Pore Zeolite-Fe Catalysts Used 

in Synthesis Gas Conversion." This manuscript will shortly appear in 

"Recent Advancei in the Chemical Applications of Mossbauer Spectroscopy" 

Eds. G. Shenoy and J. G. Stevens, to he published ~u the Monograph 

Serle~ of the American Chemical Society. The manuscript reflects the 

work which was presented at a special symposium on M~ssbauer Spectro- 

scopy, held in Housten, TX, during March 1980, sponsored by the 

179th National Meeting of the American Chemical Society. In section 

B some of the earlier description of experimental techniques, etc., 

(Chapter Ill) is again succinctly summarized. 

B. Mossbauer and Ma~onetic Studies qnBifunctional 
Medium Pore Zeolite-Fe Catalysts Used in 

Synthesis Gas Conversion 

I. Introduction 

The catalytic conversic~ of coal-derived synthesis gas (CO + ~) 

to gasoline range hydrocarbons and olefins using bifunctional zeolite 

catalysts (66-68) is of much current interest. The medium pore (dia 

6~) zeolite ZSM-5 in cc~blnatiou with Fe (66,67) or winh ~e-Co (68) was 

shown =o yield a high fraction of aromatics in the product, resultin E 

in a favora'ole octane number (>80). It was indicated (68) that the 

bimetallic Ye-Co on ZSM-5 could alter thr product selectivity, mainly 

in reducing the "shift" conversion of CO + H20 to C02, from the high 

shift yields of Fe on ZSM-5. The aromatics in the product decreased 

by the addition of cobalt to iron in the zeolite (68). 
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in contras~ to ZSM-5, Sillcalite lacks aluminium although the two 

appear to possess similar crystal structures (b2,63). They crystallize 

wi~h the orthorhombic space group Pnma or Pn21a with a = 20.1 ~; b = 
° 

19.9 ; c = 13.4 A. The framework structure consists of five membered 

rings of Si(AI)-0 tetrahedra. The pore structure (FiEure 15) consists 

of intersecting channels defined by l0 rings of oxygen atoms. The 

O 

elliptical, straight channels of cross-section 5.7 ~ x 5.1 A alone 

O 

the b-axis and circular zig-zag channels of diameter 5.4 A interconnect 

~he straight channels. 

While the Si/AI ratio in ZSM-5 can be varied from 3 =o over I00, 

Silicalite has essentially no AI. ~ence it aFt-ears that Silicalite 

is the lim/~ing ~orm of ZSM-5 when the A1 concentranion i~ vanishingly 

small. A comparison of the properties of ZS~[-5 and Silicalite is shown 

in Table 2. 

Owing to the absence of cations which can be exchanged w~..th 

protons, Silicalite has no acidity, while HZSM-5 is a highly acidic 

zeolite. Kecen~ investigatlons (68) have shown that the difference 

in selectivity for synthesis gas conversion by ZSM-5 (Fe) and 

Silicalite (Fe) catalysts results from the above mentioned difference 

in acidity. The main influence was on the production of aromatics and 

olefins; the former were dcmiuant with the acidic ZSM-5 (Fe) catalyst 

and the !a~er with the non-acidic Silica!ire (Fe) catalyst. 

Mossbauer a~d maEnetic investigations were conducted to determine 

the state of Fe and ;e-Co in the zeolite ca~alys~ at different stages 

cf catalyst preparation and use. Among the several aims of the 

i~vestigation, were the determination of: 

(a) the valence state of ~he transition metal in the freshly 

impreEnated state, 
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TABLE 2. Comparison of ZSM-5 and Silicalice 

ZSM-5 

I. Composition Nax(Al02) x (SiO2) 100-x 

x = I Co 25 

2. Ion Exchanse Presant 
properties Na + EX~ ~-~I Calc/ne H + 

3. C r y s t a l  S t ruc tu re  Orthorhombic 
a= 20.1 
b :  z9.9 X 
c =  13.3 ~. 

4. Pore Structure StraiEht channels along 
b-axls 
Zig-za E along a-axls. 
Pore diameter = 6 ~. 

5. Sorp=lo= of ~0 

6. Thermal 
Stability 

Low for Si content 

Increases with S£ content 

Silicalice 

SIO 2 

x = 0 

ASsen~ 

O r c h o r h o m b i ~  
a = 20.06 A 

b = 1 9 . S 0  

c = 13.36 

S a m e  a s  Z S H - 5  

L o w  

High 
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(b) the ex~en~ of reduction on exposing to K2, 

(c) the active cazalytic species after carbiding ~ri~h 

synthesis gas, 

(d) the species present in the used catalyst, and 

(e) in the case of Fe-Co, ~he possible formation of bimetallic 

or alloy clusters and its influence on the selectivity of 

the catalyst. 

2. Experimental 

ZSM-5 and $illcalite were prepared using methods described in the 

literature (60,61). X-ray powder diffraction patterns re~ealed no phases 

o.'her than ZSM-5 or Silicalite. The metal component was introduced 

by gradually addin E the metal nitrate solution to the zeolite until 

incipient wetness was reached. ~e impregnation with the metal (Fe or 

Fe + Co) nitrate solution was carried our for an hour under vacuum in 

order to enable the nitrate solution to enter the pore of the zeolite. 

The material was iRit~.ally dried with constant stirring over a boiling 

wa~e-- bath, and further dried in air at ll0°C for 12 hours. The amount 

of Fe and Co in the samples was de~ermiued by standard wet chem/cal 

~eohn/ques and atomic absoz~tio-.. 

The zeolite impregnated with Fe or Fe + Co was reduced in flowing 

H 2 at 450"C for 24 hours. It was then carbided in flowing synthesis 

gas at 250°C for 24 hours to y-~'eld the active catalyst. The catalysts 

were tested (68) for syn~hes~'.s gas conversion in both a fixed bed 

microreactor and a ~er=y (continuous flow stirred tank) reactor. For 

catalytic testing, the above steps on ~he metal impregnated zeolite 

were all carried out in the reactor. For M'ossbauer studies, all the 
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samples excep~ the used catalysts were prepared separately under the 

conditions described above. ~n the ensuing discussion such samples 

will he described variously as (a) freshly impregnated, (b) reduced~ Co) 

carbided and (d) used catalysts. The last mentioned was taken from the 

~eactor after their use rangin E from 280"C to 320°C. X-ray diffraction 

studies were ca.'Tied out on the samples after steps (a) and (d) above. 

The apparatus used for M'ossbauer spectzoscopy and magnetic measure- 

ments is described separa~e!y under the correspondin E sections. 

3. Results and Discussion 

A. Mossbauer Studies 

The Mossbauer Spectra of Catalysts listed in Table 3 were recorded 

utilizing a conventional constant acceleration spectrometer made by 

Nuclear Science and Engineering Corp. and Nuclear Data ND-100 Multi- 

channel Analyzer in MCS mode. The spectra were calibrated with a 

standard NBS iron foil. The parabolic backEround observed in the 

spectra arose from the geometry of the Mossbauer set up. A least 

squares program fittins, i~ progress, has justified our iuterpretatlons. 

The spectra were recorded at room temperature using a 75mCi Co 57 in Rh 

matrix. The spectra were analyzed, in general, on the basis of the 

studies on carbides by Raupp and Delzass (27). 

The Mo'ssbauer spectra of the different catalysts were recorded at 

various sta~-es; viz. (a) after impreEnatiou with Fe(NO3)3, (b) on reduc- 

tion in H 2 at 450°C for 24 hrs, (c) on carbldlng iu I:I E2/CO synthesis 

Eas at 250"C for 24 hrs and (d) finally after utilization of the 

catalyst in the conversion of the synthesis gas to gasoline range of 

hydrocarbons. The spectra have revealed the existence of various 



TABLE 3. Snmmary of Moaabauer Results of Various C a t a l y s t s  

Sample 
No. Sample State Remarks 

Rt 

M3 

M6 

K5 

M6 

M7 

M8 

M9 

MlO 

ZSM-5 (14.7Z Fe) 

ZSM-5 (14.7% Fe) 

ZSM-5 (14.7Z Fe) 

ZSM-5 (5.4% Fe+l.3% Co) 

ZS~t-5 (5.4% Fe+l. 3% Co) 

ZSM-5 (5.4Z Fe+4.5Z Co) 

Slllcalite (13.6Z Fe) 

]illcalite (13.6Z Fe) 

Sillcallte (4.4Z Fe+3Z Co) 

Sllicalite (4.4% Fe+3Z Co) 

Reduced 

Carblded 

Used 

Reduced 

Carblded 

Used 

Fresh 

Used 

Reduced 

Used 

Fe-metal and smell amount a~ an oxide (~ - Fe203) 

FesC2, and Fe3C 

FesC2, FeBC and Fe304 
FesC 2 has been relatively reduced as compared to that in 
Sample No. (2) 

Fe-Ce alley 

FeSC2, Fe3C and a strong doublet 

Fe-Co alloy 
Co seems to have ~nhib~ted the formation oE carbides. 

Strong doublet corresponding to Fe 3+ 

FesC 2 and Fe3C 
i 

Fe-Co alloy 

Fe5C2, Fe3C and a s t rong  doublet 
Fe5C2 and Fe3C are cons ide rab ly  small compared to those  
observed in Sample No. 9. Presence of Co seems to have 
i n h i b i t e d  the fermat ion  of ca rb ides ,  

L~ 
O 
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phases, formed at different staEes and have given clues to the nature 

of the active component(s), responsible for the efficient conversion 

of synthesis gas into gasoline. 

The spectrum of afr. ~h catalyst, in general, consisted of a 

dou'Die~ =ith an isomer shi~t oi about +0.35 ~/sec and a quadrupole 

splituing of about 0.75 ram/set which indicate that the valence s~.ate of 

iron in the starting material is Fe 3~. A typical spectrum for a fresh 

catalyst of Silicalite impregnated with 13.6Z Fe using Fe(NO3) 3 is 

shown in ~igure 16. 

As discussed in a later section the maEnetlzation (M) versus 

masuetic field (H) measurements on the fresh catalyst gave a magnetic 

moment of about 5.96~, which further confirmed that the iron ion is 

a high-spin ~e 3+ state. It should be uc'.ed that the magnitude of the 

quadrupoie spli~Ziz E and isomer shift si_rnificantly depend upon the 

nature of the support used and the size of the iron particles (18). 

The spectra of a reduced catalyst consisted of a six-line pattern 

corresponding ~.o mostly Fe-me~_al, and indicated the presence of a 

small quantity of an oxide. If the catalyst contained only Fc~ on the 

other hand, the spectrum of the catalyst consisting of both Fe and Co 

clearly indicated the formation of a Fe-Co alloy on reduction. The 

spectrum of reduced ZSM-5 containing 14.7% Fe is shown in Figure 17. 

The spectrum essentially corresponds to that of metallic iron. How~=ver 

there is a small amount of unreduced iron in the form of an oxide, 

-~" The reduction in this case is about 85%. This is prob~: ~-Fe203. 

also confirmed by the magnetization measur=_ments, which indicated 

%15~ lowering in the observed saturation magnetization of iron. 
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The spectzn~m of reduced ZSM-5 containing 5.4% Fe and 1.3Z Co, shown 

in Figure 18, revealed a six-line pattern corresponding to an average 

internal magnetic field o~ about 340 kOe and indicated the formation 

of an Fe-Co alloy. 

A typical spectrum of reduced Silicalite containing 4.4Z ~e and 

3.0?. Co is shown in figure 19. The spectrum consists of a well defined 

six-line pattern corresponding to an internal magnetic field of 345±3 

kOe which is much larger than 330 kOe, expected for metallic iron. 

Second!y~ the isomer shift observed is 0.18 mm/sec, with respect to 

re-metal which indicates than the electron density at the Fe-nucleus 

is smaller in the Fe-Co alloy as compared to that in re-metal. This 

decrease in the electron density in the Fe-Co alloy is consistent with 

rhe experimental results reported by Van der Woude and Sawatsky (69). 

The formation of a re-Co alloy is further supported by the magnetiza- 

tion measurements on this catalyst, which indicated a magnetic moment, 

intermediate between the moments corresponding to Fe and Co. 

The spectra of carbided catalysts consist of superposition of at 

leas~ two apparent six-line patterns corresponding to at least two 

different Fe-C phases. A typical spectrum of caribded ZSM-5 with 14.77. 

is shown in riEume 20. This spectrum represenns the presence of 

Eagg carbide (rebC 2) and cementite (re3C). The former has 3 inequi-- 

valen~ re sites, whereas, the latter has enly one. The possibility of 

the presence of small quantities of less stable E" and E carbides 

(Fe2.2 C and Fe2C) cannot he ruled out. A doublet due. to ~e 3+ was not 

apparent in ~igure 20; further low temperature studies are in progress 

to discern any superparamagnetic behavior. 
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The spectrum of carbided ZSM-5 containing 5.4% Fe and 1.3% Co, 

shown in Figure 21, indicates the presence of both FebC 2 and Fe3C 

besides a strong doublet. Apparently less amounts of carbides seem to 

have been formed in this catalyst as compared to those contain/mE no Co. 

Zt appears that the presence of Co has somewhat inhibited the formation of 

carbiaes. The doublet may be due partly to superparameEnetic behavior. 

Similar spectra have also been observed in the case of Sillca!ite- 

based catalysts as well. Further low temperature studies are underway 

to identify the nature of the doublet. 

The spectra of used catalysts are in general very complicated and 

seem to consist of three or more magnetically split hyperfine spectra. 

A typical spectrum of used ZSM-5 wizh 14.7% ~e is shown in ~iEure 22. 

This spectrum can be explained iu terms of the presence of Hagg Carbide, 

cementite, and ~e304. It is noteworthy that the cemeutite content is 

relatively increased at the expense of the Hagg Carbide iu the used 

catalyst as compared to than found in ~he ca~bided catalyst. [See the 

lines marked by arrows in Figure 20 and Figure 22. ] 

The spectrum of used ZSM-5 w~ith 5.6% Fe and 4.5% Co shown in Figure 

23, consists of a six-line pattern corresponding to an internal magnetic 

field of 344±3 kOe and an isomer shift of +0.15 mm/sec, with ~pecu 

to Fe-metal and appears to indicate the formation of an Fe-Co alloy. 

it is to be noted =hat the carhides~ which were present in ~he case of 

used ZS~[-5 containing only Fe, are surprisingly absent in this case. 

Once again, the presence of a large amount of Co appears to inhibit the 

formation of carbides in these samples. The X-ray powder patterns 

showed the presence of a bcc Fe-Co alloy phase in addition to the ZSM-5 

phase. 
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The spectr ,~ of used Silicalite containing 13.6% Fe is shown in 

FiEure 24. It consists of both Hagg Carbide and Cemen=ite and is 

similar to that observed for ZS~-5 ~-ith 14.7% Fe~ except than this 

spectrum does not indicate the presence of any ox/de. The spectrum of 

used Silicalite containing both 4.4% Fe and 3Z Co is shown in Figure 25. 

This spectrum also contains Hag E Carbide and Cementite besides a strong 

doublet. However, the relative amounts of Hagg Carbide and Cementite 

present in this catalyst appear to he considerably less as compared 

with those in the catalyst containing only ~e. Thus, the presence of 

Co appears to hinder the formation of carbides in the Silicalite-based 

catalysts as well. Preliminary low temperature studies have shown that 

the central doublet is partly a result of superparamagnetic behavior 

of a magnetic phase. 

The stick diagrams on various Mosshauer Spectra shown are the 

approximate llne positions for Hagg (FebC 2) and cementite (Fe3C) phases 

and are drawn on the basis of Raupp and Delgass results (27). 

The observation that the carbided ZSM-5 containing only Fe has 

relatively more Hagg Carbide compared to Cementite and that the used 

catalyst has~ in contrast, relatively more Cementlte than Hagg Carbide 

suggests that the ~agg Carbide has been converted into Cemeutite during 

the course of the reaction. Since synthesis gas conversion is exo- 

thermic, it is possible that local hot spots on the catalyst resulted 

in the conversion of the active Hagg Carbide to the relatively inactive 

Cementi=e phase. This could be partly the reason for the reduction 

in activity of these catalysts amounting to about thirty percent 

decrease over a period of two weeks exposure to synthesis gas at 280°C. 
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B. l~agnecic Measurements 

The magnetization and susceptibility measurements were performed 

using the Faraday technique (65) in :he temperature range 78 to I000 K, 

and applied fields up to 20 KOe. A Cahn EH electrobalance was used for 

these measurements. 

l"ne freshly impregnated zeolites indicated the presence of _~e 3+ 

species, from an analysis 3f the paramagnetic susceptibility, which 

showed an effective moment of ~5.96 Bohr MaEnetons. 

The maEnetlzation studies on the reduced samples of ZSM-5 (14.7% 

Fe) and Silicalite (13.6~ Fe) indicate that Fe is in the metallic state 

with 86% and 85?. reduction, respectively. The magnetization versus 

temperat,,re curves for Z5~I-5 (11.1% Fe) are shown in Figure 26. The 

carbided sample of ZSM-5 (Ii.1% Fe) appears to be the high Curie 

point form (70) of the ~agg Carbide with T C = 540K. The used sample 

of Z.%~I-5 (11.1% Fe) exhibited a magnetic transition with T C = 650K 

which corresponds to the hcp phase of Fe2C. The magnetic transition 

of Cememtite (FebC) was masked in the M vs. T curve shown in Figure 27 

since T c of Fe3C is about 490K, well below that of the hop carbide. 

!'he hcp phase of Fe2C is considered to be stable (70) below 470K in an 

atmosphere of synthesis gas. Its presence in ~ha used sample may 

indicate that it was formed while the catalyst -was cooled after the 

reaction. 

The magnetization data (Figure 27) on ZSM-5 (5.6% Fe, 4.5% Co) 

shows that the reduced, carbided and used samples have large magnetic 

moments (1,94, 2.04 and 2.61 ~B per TM (transition-metal) atom 

respectively, at room temperature) and high Curie points (>900eC), 

which cannot be accounted for on the basis of individual Fe and Co 
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particles. The magnetic data indicate the composition to be that of 

a Fe-Co alloy (71), in support of the conclusions arrlved through the 

Mossbauer analysis. Hence, one can conclude that the difference in 

select',vity between ZSM-5 (11.1% Fe) and ZSM-5 (5.6% Fe, 4.5% Co) 

catalysts (see Table 4) arises from the presence of bimetallic TM 

clusters in the latter, with consequent changes in the average number 

of 3d-ele----zons per TM atom. The M vs. T curve (Figure 2Y) of the 

carbided sample of ZSM-5 (5.6% Fe, 4.5% Co) indicated an irreversible 

formation of a second phase with a h/gher moment above a temperature 

of 450°C. This phase has not yet been identified. 

4. Conclusions 

A comparison of the spectra of carbided and used fe-ZSM-5 with those 

containing both Fe and Co, and =heir relative yields of aromatics (see 

Table 4) in the conversion process, and an overall consideration of 

all spectra and magnetic measurements indicate that 

(a) the plausible active phase taking part in the conversion of 

the synthesis gas by Fe containing ZSM-5 and Silicallte is the Rage 

Carbide which is conver~ed into Cementite during the catalytic reac=ion, 

(b) the difference in selectivity between ZSM-5 (Fe) and ZSM-5 

(Fe + Co) arises from alloy formation in the latter which changes the 

3d-electron concentration, and 

(c) the increase in Co concentration in ZSM-5 (Fe + Co) results 

in decreasing carbide formation. This suEEests that the re-Co alloy 

phase may itself be the active species in Co-rlch catalyst compositions. 
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TABLE 4. Product Cc~posi~ions from the Catalysts ZSM-5 (II. IZ Fe) 
and ZSM-5 (5.6Z Fe, 4.5Z Co), in a Berry Reactor, 
Sh~.'in E the Influence of cobal~ ad~tion to the Catalyst. 
Process Condition: Q/CO = 2, P - 21 Bar 

Catalyst ZSM-5 (ll. IZ Fe) ZSM-5 (5.6Z Fe, 4.5Z Co) 

Temperature 300 2 80 

CO Conversion, Z 68.2 37.8 

Conversion, Z 38.7 41.3 

Space Velocity 1500 1400 

Product Composition (Z) 

CO 2 52.0 9.8 

~20 19.4 51.8 

C~ n + o ~ - a ~ e s  2S.6 38.4 

HTdrocarbo• and Oxygenate 
,Composition (Z) 

CI-C 4 hydrocarbons 83.1 7&. 3 

C5+ and Oxygenates 16.9 25.7 

C~posi~ion of C~+ and 
0xygena~es CZ) 

Aromatics 72 l0 

Olefins 3 46 

Saturates 24 37 

Oxygenates 1 7 

Z Gasoline r a n g e  (BF<204°C) 75 94 

Research octane No. 96 81 
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Con=tact No. DE-AC-22-79PCI035 

~ssbauer Spec~roscopi~ and Rela~ed Charac=eriza~ion 

of Fischer-Tropsch Catalysts 

s ~mi~ed by 

Professor L. N. Nulay 
}~uer£als Research Laboratory 

The Pennsylvania S=a=e University 
Dnivers~y Park, PA 16S02 

to 

U.S. Department of Energy 
Pittsburgh ~.neryj T~chnology Center 

4800 Forbes Avenue 
Pit=sBury.h, PA 15213 



1. i n t  ruduc ~ ion 

As outlined in our ammended proposnl of Narch !, 1950, the ~'ork wa.~ 

u,~dertaken Lo charac~riz~ a uumber "ZSH-5 and 5ilicaliLc - Fc, Fe-Co 

catalysts" mostly by Fc 57 M~ssbauer spectroscopy and related Eechniques 

such as magnetic ~easurements. As outli~ed in our de,ailed ~larch 1980 

anz~ual report, a~tention was focuss.'d on sclcc~d ZSH-5 and silicali:a 

catalysts containin E Fe or Fe-Co supplied by ~he Pittsburgh EnerKy Technolo&y 

Cen~er (PETe). This six-monthly repor~ is an exploratory accoun: of ~he work 

carried out since ~larch 1980. This repor~ should ba rozard~d as fac:ual in 

the sense ~hat important H~ssbaucr spectra are presented wi'~hout any final 

interpretations of ~he ra~'hez" complex spectra observed ~,ith certain catalvszs. 

The complexity arises, as one would expect, from the presence of more than 

Dne species, such as two or more iron-carbides, [each %~ith ,.3 sites for Fe] 

and~or iron oxides. Our final interpretations must await computer fitting of 

the observed s~eczra to r_he known spectra re~orted ~or "pure" siz.gle phases. 

].~. Personnei 

Dr. K.R.P.H. Eao, after obtainin~ a leave )f absence from the Bhabha 

Atomic R~.search Cenuer joined the project on October 15, 1979. He was paid 

from the- projec~ funds for about seven mon-hs (up ~o ~la3- 15, 19S0, when he 

was swiKeh~d on to another 9reje~ by ~he principal investigator, since suf- 

ficient funds wore no~ available for his salary. (Only $&,952 from the first 

p~"'Ir + ~7,980; a ~o~al of $12,952 wcrc :~v:~i~-ablc.) :It. Cary ].o (a Pi,~,~[cs 

stud~..u~) and Hr. Hchdi O'Tabrizi (a Solid S~a~c Science student) w~:re each 

paid a half-time g=ad~,a=e assistan=ship for on..._~e ~,-rm only; i.e. during ~i%e 

su~mm=r ~erm-19SO). Mr. Lo has replaced Dr. K.E.L'.H. l~ao and i,as assu;~u4 

¢~,~l*]~'te rvspo,~:~ihi~ity :~f the project. 
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A ~ s s b a u e r  spectrometer f o r  s t ud ies  on the F ischer -Tropsch  c a t a l y s t s  w~s 

~et up and modi f ied f o r  low-temperature and /o r  app l ied  ~.xturnal  f i u l d  ~:ork (~) .  

Eu ~r~ currently usin~ a n~w 25 mCi (milli Curi~) source coupled to an "old" 
% 

15 mC£ source. Thus we are using a relatively strong source (99 mCi) which 

is useful in quickly acquiring dais on =he F-T catnlysts. The now source is 

Rh foil was supplied by the Spire Company, Bedford, bM. 

A block diagram of ~he }~ssbauer spectrometer and its associated electronics 

is shown in Figure A. The original MDssbauer drive unit and transducer for 

vibrating the source in =he consTanT acceleration mode were manufactured by 

the Euclear Science and Engineering Company, Pittsburgh, PA. This drive unit 

is now [eplaced by a brand new Austin Associates Drive unit with an absolute 

Neon-Laser velocity calibration. The gas proportional counter used to detect 

the 14.~ Kev gamma rays contained 90% krypton and 10% methane, and was =ada 

hy the Re~ter-Stokes Company, Cleveland, Ohio. The memory storage unit con- 

sisEs of a new ND-100 multichannel analyzer with i026 channels, a single 

channel analyzer, high voltage supply~ analog to digital conver~er, and a 

teletype and plotter drive, all of which ar~ manufactured by the Nuclear Data, 

Inc., Chicago, IL. The teletype terminal was manufactured by the Teletype 

Corporation. 

The new Aus=inAssociates spectrometer provides (i) a sawEooEh (ii) 

triangular and (iii) a sinnsoidal mode wi~h capabiliEies for "cons=ant 

vcl,,ciLy" operation, e~e. 
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IV. 

S;4ml~]Cs i 'or I",'O,~S|)C.lUel." 1.t",:t-'~;uz'enlonts %,,3r~ f.~.2.-~ ~'~rou~ld t:O abou[: 200 'l;t,..tsh 

in a dry-box when necessary. They were then w~i.~ed so that th~ thickness 

of the nbsst-ber cons~s~¢.d of about 30 m~;/cm z of sample in ol-dcr to pr(.vcn= 

liar ~ broadening due to a Ehlck absol'ber. Samples were spread onto an 

alur.:inum foil, 0.005" =hick an(l of 99.999Z purity, purchased £ro~. Alfa 

Products, Dnnvers, Hassachuse=ts. ~e area of the sample %'as about 4 cm 2, 

so =.hnr 120 mg of sample was used for l-Zssbauer measurements. Collodion- 

ace=one mixture was used tc make =he sample adh.-re to the aluminum foil. 

~,e velocity of the drive unit was set so that all peaks of the spectrum 

were wall con~'ained wi=hin the 512 channels (or 1024) of the analyzer. 

Calibration was performed using an iron fall for which =he six line posi- 

tions occur at +5.0892, +2.8670, 0.6448, -!.Q217, -3.2439 and -5.4662 mm/sec 

relative to Co 57 in rhodium. The six lines of ~he iron spec=rum also allow 

for a check of the linearity of =he drive uni=, %~hich was found to be within 

-~0.5~;. Since the channels for the peaks of the iron standa~'d could be found 

from the prin=ou~ sheet, a calibration cons=a== in m~,/sec/channel was calcu- 

lated so tha~ any channel number could be converted to a ~elocity. 

~f6ssbauer spectra in an externally applied magnetic field ~ere obtained 

in a few cases, and will be obtained in the future ~y using an electromagne= 

Hodel 1022 manufac=ured by Spectromagnetic ~ndus=ries, Hayward, California 

with 1.6 cm diameter poles and an adjustable po~e gap. The power was 

supplie~ by a curr~n= rogula=ed power source, Model 6003, with a maximum 

curre,t ,~.-~'tput of !10 amps. Tapere~ poles were used which l%ad a minumum 

dlamotcr of 3,5 ca. A pole gap of about 3 cm was used, which allowod a 

max~mvm f±eld o[ about 20KOe ~o ~e obta£Ded in the gap. All meanu~-emvnts 

~'ere made w[~|, t1~e appl~ed m:,p, net~e fleld perpendicular to the y-my beam. 
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c{,nju::ctio:: wi~h au AI'II-E dil;ital Lcmp..raturc controller, bo.-h of which were 

made by Air Product.~ and Chemicals, inc., A]3ent~.m, To. ~Ic a~u:nlnum foil 

con~aininI; the sample measuromcut was me,ached to a speci-I samp2c holder 

suppliod by Air Produc~s and Chomicals, Inc., which was then screwed into 

tho ~ip of the cold finger. The samp!o temperature could be m~in~aincd to 

i0.10 K %'i~h £hia ayro.-'.tnt_ 3~e thel-m:ocoui>]e ~'as caiibra~ed by .\i~" l':'oducts 

and Chemicals, Inc. For a .@etailed description of the theory, and mothoJ o- 

oporation of the cyros~at, the reador should consul~ severe! exc.-'!len~ 

~.anuals %,ri.t:en by Air Products and C,enica!s, Inc. 

V. A~alys!s of W, ossbauer Data 

The ll~ssbauer data was obtained from the spectrometer in she form of a 

paper =ape and also printed on the neletype and recorded on the plotcer. A 

computer program has been used in several cases and will be used e-xcensively 

i~. the future co conver~ ~he contents of th~ paper ~ape onto a Cal-comp graphic 

converter. A least squares compur-er program obtained from =he Quantum Chemi- 

stry Program Exchange and ocher groups in Bombay was used ~o fi= the ,Xl~sshauer 

dose. Sin ale I_¢;rentzians were used in fitting the spectra. The progra~m was 

capable of varying thc line positions, line widths and in~ensi~ias in order =o 

obtain th~ bes~ fi~. A fi'- was considered ~o be good when the ehi squared 

value was approximately equal to the number of channels in the spectrum. In 

some cases, after an initial fit was obtaine ,I, ~he line widths w~rc cons~rainud 

mud the fitting procu/ure was r~paa~ed. The line wid=hs were usually constrainud 

to be within 0.30 to 0.35 ~ma/s~c, which is -',l}propriate for Fc 57. For furthvr 

d c t , l i l s  pertaining t o  t h e  COmlm~cr p r o l ; r a : u  u s e d  t,~ f l u  ,~l[issh:m~.r &:t.,, :h~. 

',*~-~l,l~.r s l . m l , I  ~ '~ ,n : ; . l t  l&' i [~ • I;p I ' :~., .  P. 7A ~t" {.h~:lllxum {:ht.:lii::I ]'v t ' : , , : - " ._ : ;  ~<.'-:ch;iu:-c, 

l u d i ; m . ,  t : . i v , . , - ; : i t y .  
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Several numerical me~hods have l~een developed for dete:m*~nin} ~. ~he 

hyp¢.~'f~ne p:,ra,:~t¢-rs Item nn o1~.".e~-vcd Mossbnuer spectrum: these being, in 

p, encr:*1, synthetic n:cL1,ods requ[r~n?, a computer. As ]|oy and Ch:..ndra (C. c 6) 

hzve pointed out, these approaches are unsatisfactory because Lhey necossi- 

t,~tc making sncccss~ve f~ts to the o~servod spectrum, 1,s~n~ ~ . trial and error 

%,al%~cs of the parameters. In view of these arguments, an analytical tech- 

nique was adopted, %-hich is discussed 5y Williams and Bancroft (Cf 6). 

VI. SelEcted MagnEtic Measurements 

In an effort to supplement the M~ssbaucr results, WE have carried out 

~gnetization (~, emu/g) measurements as a function of the field (I{) a= con- 

stant temperature(s) IT] with a vihratin~ sample magnetometer; thus the per 

gram susceptibility Xg = ~/H could be obtained. In addition, we have occa- 

sionally used the more sensitive Faraday magnetic balance 41) in appropriate 

sltuatious to measure the paramagnetic susceptibilities directly, it should 

be noted that for paramagnetics the molar susceptibility, ~, is a "good" 

parameter, %'heroes the ~gne=Ization (~, emu/~) ~hen measured as a function 

of 4|liT) proves to be a better parameter for interpretations of a super- 

paramaguEtic system (2) which may or may not coexist with forte- or ferri- 

magnetic components 43). The overall instrumentation was successfully com- 

pleted during March-April-May 1979 as indicated in our original "}~les=on~" 

schedule. ~|~sshauer 4and magnetic) eharact&rization on all the samples 

4~Ito }~9) %,as completed as planned. 
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V I I .  S y n o p s i s  o f  the  Work C a r r i e d  Ou~ on the  M-Smnp]es .qcnt by PETC D u r i . ~  t he  

The .~XL~:,b~ucr s~u,ly o[ a ~utub~,r of bifunc~io:~al caralys:.~ c~,uLainh'3 

ZbM-5, silicaliSe or zeolite Nu-i as ~he shape selective component, and Fe 

and/or Fe a rd  Co as a tran.~itxon me~al componut~t have b e e n  sys tc : : ; aE ic .~ i /y  

s~udied. Thu catalysts were studied at various suaSes of ?~'pa::ation viz: 

when freshly prepared, reduced, carbides and finally after they were used 

in ~ht~ Fischer-Tropsch conversion. The general findings of our s~udy a~'e 

~utlined below; 

(I) In ~he freshly prepared ca:alysts Fc 3+ ions were found tc exist, 

as expected. 

(9) All the catalysts on reduction were found =o consain either Fc 

metal when the catalyst had oD.!y Fe to start with, or a "Fe-Co alloy" when 

~he ca~a]ys~ was impre~rm~ed winh "Fe and Co." 

(3) On carburization of the ZSM-5 (Fe) samples at 250°C with l:l synthesis 

~as samples showed the presence of x-carbides (FebC 2) and cementi~e, (Fe3C). 

~t was found that ~he x-carbide is dominant compared wiLh ~he cem~ntite phase. 

A very interesting and significan~ result indicated ~ha~ =he addition 

of Co ~o ~he ZSM-5 (Fe) catalyst inhibited ~he formation of carbides in 

~eneral. In particular, as increasing concentration of Co concen~razion, the 

formation of ceme~ci~e decreased or almoz~ inhibited. 

(4) A conversion Elec~ron ~bssbuuer Spec=rosccpy (CEYS or "Baeksca~er") 

study showed tha~ as the Co concentration increases, the Fe carbides were no~ 

O 

present on the top surface of the catalyst, at lease i, vha upper 3000 A thick 

surface. I~ is probable that cobalt is enriched o~; the surface o[ the catalyst. 

]nd~.p~,ndcnt lSS studio's at FETC have also ~howu C~ enri~l~-unt on the surface 

of  >:.';: ' i-5 (Fv-(:,)) c-u':tly.~t:~. "[h~:~ u : * n  vxph,  in c ha ngu :  in  :~ t : l vc l : i v J ty  ~,f ~hv 

,'at:,ly.-;l ~ :;~ch a.~ t-~..lu,'tion in C(2 l ft.r:.-.a~tun u:~ th~ ::dd:L[.,n of ~v~i a ;~:'.a12. 
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amount of Co to a ZSM-5 (Fe) catalyst. This is a very ~::,por~nnr :r~d a s~rnifl- 

can," f i i ' ld . ln i ' ,  i n  l ' l i t, j~l',.-..i,,..nt s l . ' udy .  

(5) The usc, d c:tEal)'sts showed tli~ presence of carbides, wiLh ~'~larively 

more cementi=e as compared ~o the x-carbide in contrast to the relative 

amounts of the two phases in ~he carbidcd sampl~s. This indicates t]la~ ~'ie 

K-ca,'bide is converted to she eemen~it~ phase during the catalytic process 

of syn~hesls gas conversion. So it appears that the catalytically active phase 

is the X-carbide while cemen~i=e (e-F~:3C) is less active. 

In the follo%~ng sections, we describe the specific details of zha 

M~ssbauer spectra observed for samples M-21 to M-25. 

(6a) Sample M 21, 

The M~ssbuaer Spectrum of the fresh ZS~.-5 with 10% Fe impregnated as Fe3(Co)12, 

consisted of a quadrupole double~ with a splitting of 0.81 =~,/sec. and an 

isomer shif~ of 0.36 ~m/sec. with respect =o Khe u-Fe metal. The derived 

parameters indicated tha~ the valence of Fe is in the catalyst is 3+. ~ 

(65) Sample ~,I 22, 

The M~ssbauer spec~.r,~ of a fresh smmple of zeolite Nu-1 (i0% Fe), imp=eg- 

nated using ~he carbonyl Fe3(C0)I2 consisted of a broad and a rather poorly 

resolved double~ with a splituing approximately equal to that observed for N-21. 

It is possible tha~ Fe ions lu this catalysts are also in a 3+ valency state. 

There appears to be a superp~s!tion of a paramagnetic sing!e~ on the quadrupole 

doublet; however, its origin is not understood at ~he present. 

(6c) Sample 23, 

The spectrum of Ehe reduced ZSM-5 catalyst containing 1OZ Fe impregnates 

as Fe3(C0)i2 consisted of a central broad line and a hy->erfine spectrum 

cot'~'esponding to the Fu304 phase. So it appears ~ha ~ . this catalyst could nou 

5v ruduvcd ro inu~allic iron as in oillur catalysis; it was cunvvrLvd t o  Lhu 

i~i;i[&:i~,titc lihasc, (Yc304) ~n rcducLiull. "~'hc rua.~on fur tllj.=-" convursJoii 1:u 



an oxide on reduction is beinp, probed. 

T h e  Nt;.~.:b~:l~,r : ; i~c -c r ru  -,. ~,," tALC r c d - : c ~ . d  Z.~"-i-5 , - o a L ~ z i : ~ n , ' .  9.~ F,,  a ; -d  9 Co 

cuns£~d of a well rcsulved six finger pattern correspouding ~o an internal 

n~n~:n,-rJc field (HFS) of 339 K Oe and an isomer silift of nearly z,.,'o wi':." 

rcspvct to a-l-'c n:cLal, which clearly il:dica~cd ~i~a~ zi~is catalyst on ~'cducriou 

was conver~cd into a "F¢-Co alloy." There is a very small unreduced Fe ;~" 

c , ~ ; q , n n c n ~  e r  the middle of ~he spectrum. 

S a . ~ p l e  2 5 ,  

The N~ssbauer spectrum of the carbided ca~a!yst ZSM-5 con:aining 9:; Fe 

and 9% Co consis~.ed of a complicated spec=rum of a n~'aber of lines, lu ceuld 

bc co=purer fit=ed ~o a se= of & hyperfine fields corresponding =o a Fe-Co 

alloy phase, (}~ = 340 K0e), and to the three inequiva!en= magnetic sires in 

X-carbide, (H 1 = 210 KOe, E 2 = !T& KOe and H3 = 105 K0e). This i= apDc-ars 

the ~ - the ca=alyst consists of an Fe-Co alloy and a x-carbide phase. It is 

inLeres=ing =o no=e that this ca=alyst did n-= contain any c~zcn=i=e phase 

(Fe3C) unlike ocher ZSM-5 ca=alysts containing only Fe. This behavior sugBes=s 

=ha~ =he presence of Co in =he catalyst has inhibited =he formation of =he 

cemen=i=e phase during carburiza=ion. 

C7) _C_0nversion E!ectr9 F. Mossbauer Spectroscopy (Backscatter) Study: (CE~:S) 

The CDIS spec=rum of the carburized ZSM-5 containing 9% Fe and 9~ Co 

surprisingly showed no M~sshauer lines indica=ing that the:e are no significant 

O 

number of Fe atons presen= in the top layer of abou ~ - 3000 A surface of the 

ca~alys=. As pointed oua before, =his se~ms to indica=e ~l,at iron carbide 

fo~aa~ion ~n Lhc top surface of ~hc ~.a~alyst J~ prvvun~d by rhv a,Tditio;~ of 

Co k~, Ft. I~ is pussible tt,a~ ~he ~op l..yer of thu caCa.~ys5 may bu just a 

¢.*~!, , ,0 c~..~t [ , ' . :  o r  m a y  cox,  t a i ~  Cu c . * * ' b ~ d v ( : : ) .  I I , ,w~-v , - r ,  t h v  ('!.:-;:~ o f  ,~:; ' . ;-3 

c , ,~ tL .~ i~ i ;~ -  o n l y  I 4 . 7 : ~  I.'~, d i d  v i v c  a ,~l;;r;" b : , u u  r , : . , . 'c : .~ ' : . ' . :  ~':" :* c o u : p ] i c . : ~ . c 2  n .~ :u~ 'u  
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but s~milar to ~hat observed in the bulk sample of the ca=alys= by the con- 

vvn~onn] transmi~::sion M[L~sbnuer sp~-c.'roscopy. 

Th~ abov~ two observations indic:~e Lh:L~ Co may be =cs[~ou.~ib]c for 

preventing the formation of a Fe-carbide phase a= =he surface of =he carnlys~.. 

The earlier ion scaEtering spec=roscopy s~udy of the cataiys'~, ZS.~-5 

containing 9.% Fe and 97. Co aK PETC, support our resul~s in the= =he surface 

of =he c~taiysz is seen to be rich in Co areas. 

.(8) Plans for future work: 

These have been ouclined in deaail in a one year renewal (a.~..nlended) 

proposal, (Mid Sep=ember 19SO). in general, we have been able to follow =he 

miles=one chart carefully. The principal investigator has made ever)., effete 

to carry out research by (i) defining a problem - area in F-T ea=alysis 

(ii) by planning the experLmen=s carefully (iii) by ex =hem =horoughly 

(iv) by booking all =he information ob=ained from various techniques and 

(v) by doing a reasonable in=erpreta=ion =o seek "catalysts surface- 

properties" and "catalys= act£vi=y." 



A p p e n d i x  !I 

In-Situ Cell for Mossbauer Spectroscopy Study 
of Catalytic Reactions* 

DESIGN AND CONSTi~UCTION 

Figure I is a side view o[ the cell wi.'th the sample holder 
block assembly in a raised position. A hollow boron 
nhddc  scre'~ and stainless seed  spacer  hold a pressed 
samp;.- ":,afcr, I5.88 mm in diam, rigidly in a vertical 
position perpendicular to the gamma-ray transmission 
axis. In order  to" heat the wafer  uniformly, four cartridge 
heaters (Hot  Watt No. HS 252), connected in parallel. 
are placed in holes drilled into the cylindrical sample 
holder block from the top. The large mass of  the stainless 
steel block helps to achieve a uniform and stable 
temperature.  Temperature gradients in the region of  the 
sample can be minimized by  mounting ultrathin alu- 
minum foii on the machined ~at surfaces at the ends of 
the horizontal hole containing the absorber  wafer, Two 
ChronmllAlume[ thermocouples monitor tempera;ure.  
One passes through a hole in the bottom of  the sample 
holder block and touches r.b ~. edge of  the absorber  wafer. 
The second touches the surface of the sample holder 
l'dock in the annuiar spruce inside the cell. The ~hermo- 
cuuple ]cads are connected through Chromcl and AIumel 
solid-pin ceramic fecdthroughs welded in the ConFlat  

• flange. Rent,rant gases enter the ceil through a 6.35 mm 
stainless steel tube welded to the sample holder block as 
shown in Fig. I. Gases are preheated as they flo~' 
through the block. They then pass directly over the 
absorber wafer, giving maxJntum gas-sample contac=. 
Gases exit throdgh a 12.7 mm stainless steel tube to a 
vent. The exit line also se~'¢s as an evacuatioa port. 
Mctal shutoff valves are Nupro  SS-4BK-SW at the inlct. 
SS--1H-SW to the vent,  and SS-SBK-SW to the vacuum 
system. 

The sample holder block is welded to the upper part of 
the ConFlnt flange through a stainless steel tube. 
machined to a wall flfickness of 0.7 mm tu reduce heat 
conduction. When the cell is evacuated, the amtular 
space ,'oetween the sample holder block and the outer 
shell of the cell provides good insulation. WP~zn ~hc 
cell is run ,at atmospheric pressure, however, the outer 
shell heats up-. and an additional heat  shield is rcquircd 

to protect  the Mbssbaucr  )~ource and the scintillation 
detector.  The hcat shield is a 180 mm long channel 
formed 9ore 0.S mm copper  sheet with thin Bc windows 
for gamma-ray ' .r;msmission. The channel is set .perpen-  
dicular to the gamma- ray  t ransmission axis ,  and a i r  is 
blown into it from both ends.  With this arru,.)gement. 
whcn the sample is at 773 K.  the outer shell temperature  
is less than 523 K,  and the sourc," and de lec tor  remain 
at room temperature.  In this configurntion the minimum 
source '.o de tec tor  distance is 80 ram. 

Since the outer  shell can reach temperatures  ap- 
proaching 600 K,  a key to the success of  the device is 
a good seal between the Be windo~ and the stainle,~s 
slee]. The windoxvs. 22.9 ram in diamcter  and 0.2.~ m,'n 
thick, are specified to have 65 ppm Fe and ~,ere supplied 

by Kawccki  Berylco Industr ies.  Inc. To make the seal ,  
p e n s  were flanged out in the stainless sleel 304 tube arid 
seats  machined as shown schcmaticnlly in Fig. 2. The 
window was placed in the seat.  and a Cu t in t  was placed 
at the B e - s t a i n l e s s  steel step. A concentrat ing induc- 
tion coi l  was used to melt  the Cu in n vacuum o f  1.33 
x 10 -4 Pz {10 -= Tort,)_ 

FIG. 2. Configur-alion of .r"Je 
wmdn',vs. A - -  window': R--Cop- 
per nnl:: C-- inducl ion coil for 
vacuum br-Azing. 

b e 
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FIG. !. M~ss}~aue:r absorber ceil with the sample holder a.~.~mhly 
~ i . -~  and [hcrmocouples. flange bolls, and bo)! holes omi,ed. 
Dim,'ns~ons in rnm. A~Thermocouplc fecd:hrou.chs. B ~ g a s  i~let 
lubing; C--he..alet" ~.'clls: DmouEer shell: E--~asl.'~: for ConFlar 
-fLange: F - - c o p ~ r  h~at shield; G--Be ~'indow; H--sample holder 
bk~.Ic: |~s~mpie:  J~retaining ring: K ~ h o l l o w  boron nkride scrcw~. 
L in te l ;  mount: M ~ s c r ~ s  ;o secure ccU and mount: ~ B e  window; 
P ~ s  ou/le.L 

*Based on paper by Delgass et al . ,  Rev. Sci. Instrum. 47, 96B {1976). 
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