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

Medium pore (dia '\63.) zeolites such as ZSM-5 and Silicalite
impregnated with Group VIII metals provide selective catalytic pathways
for the eonversion of coal-derived synthesis gas to gasoline or olefinms.
Mbssbauer and magnetic studies or these catalysts comtaining Fe or Fe +
Co are reported. The zeolites were impregnated with metal nitrate
solutions, reduced and carbided to yield the active catalyst. The
freshly impregnated samples showed Fe3+ type spectra. The ZSM-5 (14.7%
Fa) and Silicalite (13.62% Fe) samples exposed to H.Z {450°C) showed 85%
reduction to the metallic state. The carbided ZSM~5 (14.7Z Fe) rtevealed
a spectrum of Hagg carbide (Fescz), an active component of the catalyst.
The used catalysts showed mixtures of Hzgg carbide (Fescz) and cementite
(Fe3c). It is suggested that the selectivity of ZSM-5 (5.67 Fe, 4.5%

Co) resulted from Fe-~Co allov formation.
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(I) The background information and the research objectives have
been presented above;
(II) Theoretical aspects of Mossbauer spectroscopy and magnetic
measurements;
{(IiI) Experimental techniques;

(IV) Discussion of results obtained.
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I. INTRODUCTION

A. General Background

Duz;ing the past few decades, the Fischer-Tropsch process has been
used for CO/E’.2 synthesls gas conversion to obtain the production of a
large fraction of gasoline range hydrocarbons, ete. (1,2). The Fischer-
Tropsch process is several years old. It was started since Sabatier's
work in 1902 and further developed by Fischer zmd Tropsch during the
1920-1935 period in Germany. It was used extensively in Germany during
World War II to produce aviation and other fueis. Among the first few
Fischer-Tropsch plants one has been in operation (known as Sasol I) since
1955, in Saselburg, South Africa. The increasing annual rate of oill
price has renewed the interest of researchers in the production of fuels
and chemiczls, such as Cl‘-C:LO paraffins, olefins, propylene, or ethylene,
from CO/H2 syanthesis reactions. The recent Mobil Oil Company patents
also use F-T procegs for alcohols and hydrocarbons. Although the
technology has advanced through mostly empirical approaches, very
lictle is known about the precise role and reaction mechanism of F-T
synthesils such as sulfur poisonimg, carbon deposition, product selec-
tivity, and thermal degradation (3). Although catalysis is not a
phenomenon awaiting a unique explamation, it is still elusive in many
ways. For instance, the quasstions concerning the structure and
electronic property corcelations of the catalysts on the ome hand, and
the correlations of the electrenic properties of catalysts with their
activity, on the other hand, have not yet been 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 Sabatier and Senderens

in 1902, developed by Fiscker and Tropsch in 1935, and further improved
by Pichler in 1938. Hundreds of references have been published in this
area during the past eighty years, but a detailed review is beyond the
scope of this thesis. However, several bocks and reviews (4-8) which

have appeared recently in the catalysis literature are presented.

B. Research Objccrives

A rTeview of the literature on the synfuel conversion using F-T
catalysts showed a need for seeking answers to the following situatioms.
(1) To see if an overall increase in catalytic activity can be

brought about by introducing a fine dispersion of Fe or Fe-Co

bimetallic clusters in unusual zeolite-type cage structures.
(ii)} To identify the nature of the species formed in the prepara-

tion of the fresh, reduced, ecarbided zmd used catalysts.
(1ii) To seek correlations between the species formed, their

electronic properties and the actual synfuel conversion process.

2. Outline of the Thesis

In amn effort to seek answers to the type of situations discussed
pefore, it was decided to study the Fe57 Mossbauer spectra and magnetic
properties of the fresh, reduced, carbided and used catalysts. These
techniques indeed provide a sensitive probe for seeking informatiom at
the microscopic and macroscopic level.

The work carried out is precented in this thesis in the following

chapters.



II. THEORETICAL ASPECTS

A. Mosshauer Spectroscooy

1. History

The Mossbauer effect was discovered by R. L. Mdssbauer (9) in
1958. Because of this discovery he won the Nobel prize in 1961l. This
extremely high resolution technique was then quickly expanded from
nuclear and solid state physics to chemistry, biology and metallurgy.
A number of good books (10~15) discuss in detail MOssbauer spectroscopy
with regard to its theory and applications. Recently a series of
reviews (16-20) on the Mossbauer spectroscopy have been presented in
the application of catalysis. Inl addition there are annual compila-
tions of all references on Mcssbauer spectroscopy, published by
Wiley-Interscience, New Yerk.

In principle, the valence state and bonding type of an atom in
the solid, the symmetry of the electric field surrounding an atom,
the presence and magnitude of a magnetic field and electronic structure
of an atom all can be determined frow Mosshauer measurements. But the
limited number of isotopes suitable for the effect does not make
Mossbauer spectroscopy applicaable to all materials. However, the most
valuable iron catalysts can be studied (21-33) by using Mossbauer
technique, because of the relatively good abundance of Fe57 in such
materials and because Fe57 provides a transition in low range energy
spectrum (1l4.4 KeV).

The essential feature of Mdssbauer effect is due to nuclear
resonance absorption of y-rays. Suppose a mucleus in an excited state

of energy Ee comes back to the ground state of energy E e by emitting




a gamma ray of energy Eo = Ee - Eg' This quantum energy Eo may be
totally absorbed by another nucleus with the same number of protoms 2
and same number of neutrons N in its ground state. Therefore transi-
tion tc the excited state of emergy I-:e takes place. This phenomenon is

called nuclear resomance absorption of y-rays .see Figure 1). Before

the discovery of the Mossbauer effect it could not be observed because

of the recoil effect.

It is known from nuclear physics that if a vy-ray is emitted from
an excited nucleus of mass M with energy Eo = Ee - E , it experiences a
recoil. A recoil energy ER due to the nucleus moving with a velocity v in

opposite direction to that of the y-ray emission takes place (see Fig. 2).
2
ER = (1/2)Mv (1L
The momentum of the emitted gamma ray is givem by
P =E /c 2
Y Y/ 2)

where EY = Eo - F‘R is the energy of the emirred yv-ray, ¢ is the velocity

of light.

From conservation of momentum
I’n = -PY = -—EY/c (3)
where P_ is the momentum of the nucleus and,
=P 2 =~ p 2 -5 2 2
E, =P, /M PY /1 EY [/ 2Mc (4

Bezause of the large mass of the nucleus, l-'.R is very small compared to

E° such that we may assume

N
EY=E°—ER'\.E° .
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From Eq. &,

E, = z:c’!/m«:2 (5)

In the case of 57Fe, the transition between the first excited
state and the ground state Ee = 14.4 keV (see Figure 3). The recoil

energy of a 57Fe nucleus is

) (14.4 kem)?
B = TX (56,95 amw) (951 Hev7amn)

= 1.95 x 10~ &v

This mean~ the recoil effect reduces the emitted y-ray from Eo to a
smaller emergy by ER (see Figure 4). In other words, the y-ray requires
the total energy EY = Eo + ER to make up the recoil effect. If the
natural line width T is smaller than ER, there will be no absorption
of y-rays since no overlap cccurs between transitioms.

From the Heisenberg uncertainty relation it is knmown that the

energy of each emitted gamma ray is not exactly the same (see Figure

5).
AE At z% (6)

where At = uncertainty in time
h = Plank’s constant
Nucl:ar transitions take place in all possible emnergies within
the range of AE. The uncertainty in the emergy of the emitted gamma
ray AE is just the line width T when the uncertainty in the time of

emission At is Zn the order of thz mean lifetime T. Therefore,

=h
It = 5= (7N
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Figure 3. The decay of 57Co to stable Fe
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where I' = the full width of the transition line at half maximum

T = mean lifetime of the excited state

For 57Fe the natural line width is

2

r =12 &
1/2
_ 0.63(6.582 x 108 evsec)
97.81 x 107 sec (7a)

4.66 x 1072 v

This is about six orders of maznitude smaller than the recoil

57Fe nucleus (ER =1.95= ].0-"3 eV); hence,nuclear resonance

energy of a
absorption is not possible in isolated atoms.

Mossbauer found that the atom was morc or less rigidly bound to
the lattice in the solid state so that the recoil energy was distributed

throughout the crystal. Therefore, the Eq. 4 for the recoil energy

can be written as

E.2

Ep = Eyj- (8)

[
[

where M, = mass of enrire crystal.

Because of the very large mass of the crystallite as compared
to the mass of a single nucleus, the recoil momentum is thus taken up
by the whole crystal with practically no loss to the emitzed gamma ray.
Therefore, the gamma ray is able to be absorbed by another nucleus of
the same kind. Mossbauer brought the emission and absorption lines
into coincidence by using the Doppler effect.

The Mossbauer source line width affects the velocity resolution
£

[+

irc experiments (34). The experimen:taliy observed spectral line



width (T exp) is a convolution of the source (I's) and absorber (TA)
line widths. Theory predicts a Lorentzian shape of Mossbaver .spectral
line (I'M) equivalent to I‘s + I‘A. For source and absorber nuclei at
infinite dilution in ideal enviromments [, = I's = ' (the nature line

width), that is I‘}, = 2T, In the case of 571'-’e, from Eq. 7a

9 ~19

T = 4.66 x 10°

eV x 1.6 x 10

7.456 x 1072% 5 x 10 erg/J

cle

7.456 x 1072 erg x (6.625 x 10~2 erg Mcs) -

1.13 Hcs‘l x (11.61 Mcs—l mm—l s)-l

0.0969 mm/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 lime-broadening such
as diffusional motion of the atoms (lattice imperfections), tempera-
ture, etc., so that I‘A #T s #£T. I‘M is further modified by fipite

source and absorber thickness as reported (35-3%9). In measurements,

T,, is writtewn as

M
I‘M = I‘s + I‘A + f(TA) (10)

where £ (TA) is a function describing broadening due to finite absorber
thickness T A By calculating the slope of a plot of r}I against
absorber thickness (TA » using Eq. 10 with f('l‘A) =0.27T T, (36); that

spectral line width can be written as

I'M = I‘s + I'A + 0.27 T TA (1D



In the following sections various Mossbauer parameters are

discussed.

2. Isomer Shif:

The isomer shift (8) arises due to the electrostatic interaction
bétweern the nuclear charge distribution znd those electrons which have
a finite probability of being found in the region of the nucleus. In
general, this shift will be different in source and absorber, and is

given by the following equation:

Y 2T 2,2 2 2 2
§ =5 2e"(R° - Rg )(|‘¥S<0)ll,‘.$s - lws(O)ISOURCE) (12)

This equation shows that the isomer shift is proportiomal to the
difference of the square of the radius of the excited and ground state
nuclear radii (rhe nuclear term), and also to the difference in electron
density between the source and absorber {the chemical term).

A difference in electron charge demsity can arise from differences
in chemical environment. Even though s-z:lect=ons are the only electroms
th=: have a finite probability of being found in the nucleus, p-, d-,
and f-electroms also contribute a screening effect. For example,

in the case of Fe2+ (di-valent) and Fe3+ ‘tri-valent), the screening
for Fez+ (3d6) is greater tham for Fe3+ (3d5). Therefore, Fe2+ has
lower 3s-electron density. This results ia a higher isomer shifr value
for Fe2+ than for Fe3+ (remembering that Rez-Rgz is negatrive for 57Fe).

This isomer shift difference in 3d° and 3d6 configurations it iron may

be used to predict oxidation state in various compounds.
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3. Quadrupole Interaction

The quadrupole interaction (eZqQ) consists of the nuclear constant
eQ for the resonant isotope and eq, which is a measure of the chemical
environment such as charge deformatioms by the surrounding ligands
and/or defects.

The isomer shift. (Eq. 12) was derived assuming the nucleus to be
spherical and to have a umiform charge demnsity. If there is a departure
from spherical symmetry of the electric charge distribution then there
will be a quadrupole splitting. This will depend on the magnitude of
the quadrupole moment of the nucleus (I > 1/2), the electric field
gradient (EFG) at the nucleu.s, and the electrostatic field gemerated

from the valence electrons. For S7Fe, Ie = % and Ig = %, and the

I = -g— does split into two (MI = i-g- > * % ) while the Ig =% remains
degenerate since it has no quadrupole moment (see Figure 6). In such
a case, a2 two-lipe spectrum is obtained and the separation of the peaks
is the quadrupole splitting.

The electric field at the Mossbauer nucleus is the negative

gradient of the potential, V:
E = ~VV (13)

The EFG i: the gradient of the electric field.

Ve Ty Vaz |
EFG = VE = - v v v 4
v vy vz (14)
v v
zZx zy ZZ
2 2 2
where V__ = ' s V 3V 2V
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Normally the EFG axes are chosen ir a diagonal form such that the EFG
i - > | > .

tensor nas three nom-zero components taken as [szl ,V&yl lvxxl

These three components can be reduced to two independent parameters

sz and asymmetry parameter N, given by

n= =¥ (15)

where 0 £ 7 £ 1.

For 57?& the quadrupole splitting is given as

85, = 1/2¢290% (1 + n?/3) (16)

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

vanishes in the case of high symmetry.

4. HByperfine Interacrtions
Byperfine interactiom will occur if there is a magnetic field (H)
at the nucleus either from magnetic ordering in the solid itself or
from an externally applied magnetic field. The Hamiltonian describing
the magnetic dipole hyperfine interaction is given by

H=~usg = —guNI-H a7n

where Y is the nuclear Bohr magneton (et /2Mc), ; is the nuclear mag-—
netic moment, E is the nuclear spin, and g is the nuclear g-facror

(g = u/IuN). The degeneracy of the energy levels of the nuclear
magnetic dipole will be lifted by an amount of (2I + 1), the energy

of each level is given by

E =

LR - as
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where my is the nuclear magpetic quantum number. Six transitioms

which obey the selection rule (AmI = +1,0) produce a six-iine spectrum,

as shoun in Figure 7.

5. Combined Magnetic and Electric Hyperfine Interactions

The effect of combined magnetic and electric hyperfine interac-
tions is shown in Figure 8. If the EFG temsor is axially symmetric
(vxx = vyy) and its prinecipal axis (sz) 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 ({m >> equ); in this case the quadrupocle
interaction can be treated as a first order perturbation to the magnetic

interaction. For a transition %-*-%-the eigenvalues are

2
E = _quHm + (--l)lmIl + 112 27§Q (3cosZY - 1) (19

When the EFG is not symmetric and the hyperfine field makes angles
a, B, Y with vxx’ Vyy and sz solutions are not easily obtained unless

a computer numericzl amalysis is used.

B. Magnetic Sctudy

A discussion of diamagnetism and paramagnetism has been presented
in detail by Muley and Boudreaux (40-42). The reader should comnsult books
by Smart (43), Chikazumi and Charap (44), Morrish (45), Martin (46) and
Turov (47) for a detailed description of the phenomenon and properties
of magnetically ordereéisolids such as antiferromagnetic, ferrimagmetic

and ferromagnetic solids.
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The magnetic induction B produced in a2 material (in cgs Gaussian

units), when placed in a magnetic field of strength H,is given by
B =H+ 411 (20)

where I is the dntensity of magnetization per unit volume in the
substance. All these and related parameters are vectors. The volume

mégnetic susceptibility Kk is given by
k=I/B , 2L

while the per gram susceptibility xg is given by dividing the volume
susceptibility by the demsity p of the substance. In the following

sections, different types of magnetic behavior are discussed.

1. Diamagnetism

Every material has a diamagnetic susceptibility, although it is
negligible in some cases becausa it is mech weaker and masked by other
types of magnetic 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, & 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

Nve E -2
K = r." , (22)
GmeCZ i=1 *

wnere 52 is the mean square radius of the electrom's orbit when pro-
jected on a plane perpendicular to H. N, is the number of atoms per
cm3, e is the electron charge, o, the mass of the electron and ¢ the
speed of light.

Catalyst supports such as ZSM-5 and Silicalite (discussed under
Chapter IV) are diamagnetic and their contribution to magnetization

of the catalyst is obviously negligible.

2. Paramagnetism

Paramagnetism depends on the presence of a permament magnetic
moment arising from unpaired electron spins. In the absence of aa
externally applied field these magnetic moments average to zero. Thus,
paramagnetism is the result of a system of unpaired spins reacting to
an applied stress,namely the externally applied field.

It se=ms appropriate to proceed directly with a quantum mechani~
cal model of a paramagnet, since the classical model does not give any
extra insight, nor is it really any simpler. The magnetic momcat of
an atom or ion is actually determined by a more fundamental property,
the angular momentum, so0 a brief review of some well-known rules
relating angular momentum to magnetic moments will be discussed.

The orbital and spin angular momenta each have z magnetic moment
associated with them, the magnetic moment relatiomships being given

by
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B, = =218 (24)

vhere the quantity |e|h/(2m.C) is a unit of magnetic moment equal to
0.927 x 10-20 erg/Oe; it is gemerally called the Bohr magneton and
will be denoted by Ug-

Figure 9 gives a vector diagram showing how L and S combine to
give a total angular momentum J and how 13 and us combine to give total

magnetic moment U, where from eqs. 23 and 24
b= -y (L+28) . (25)

It can be seen that U is not parallel to J because the ratios of mag-
netic moment to angular momentum are different im the orbital and

spin cases. In the absence of an applied field, the total angular
momentum J is a good quantum number; L, S5, and |, on the other hand,
are constant in magnitude but precess about J. Thus, an applied field
can only sense the compoment U parallel to J which is called uJ.

Using properties of aagular momentum and the law of cosines, we have

My =g VATEEED)] g (26)
and
qu = -g Uy J, 27

whare g = 1 + [(J(41) + S(S+1) - L({L+1)]1/27(J+1). (28)



Figure 9.

Vector relations between the spin,
orbital and total angular moments
and their associated wmagnetic
moments.
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For a detailed discussion of the above results the reader should con~
sult an excellent monograph by Van Vleck (48).
The Hamiltonian describing the interaction of a magnetic moment

Uy and the applied field may be written as
HE= -u;. E. {29)
Choosing H to be along the z axis we may write

E= “Hy B . (30)
A

Combining eqs. 27 and 30 we have

Ep = -gy o H - (31)
where

m=J, J-1l...=J.
Using methods of statistical mechamics one arrives at the following

expression for the molar magnetization M of an atom or ion, namely

J

Nguy mE_Jm exp (guBmH/kB'r)
= 3

] ex (gumE/ET)
m=—-J

M

(32)

where N is the number of magnetic ions or atoms per mole of substance
and kp is Boltzman's constant. When the multiplets in eq. 31 are wida

compared to kBT we obtain the molar paramagnetic susceptibility as
=N g 7 (3+1) w2/3kT (33)
% g /3kgT

which is known as Curie's law. When the multiplets widths are
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comparable to k.ET a complicated expression is obtained, while narrow

multiplets with respect to kB‘r give
Xy ™ N 82 u32/3k81‘ (L(L+1) + 45 (5+1)). (3%)

Weiss considered how Curie's law would be modified if there were
interactions between magnetic ioms, and to account for these interac-
tions he created a fictirious field calied the m Iecular field, given

by NWM. The modified Curie law called the Curie~Weiss law is given by

X~ 75 (33)

-

where O = CNw anc. C = Ngz J(J+1)uBZ/ 31<.B and is used to fit suscepti-
bility data of magnetically ordered solids above the magnetic ordering
temperatures 'IN or ‘IC where they are paramagnetic. Im section 3 the
origin of the Weiss molecular field,as well as antiferromagnetism,

ferrimagnetism 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 magnerization due to the Weiss molecular field. When the
molecular field causes the magneric moments in a solid to be aligned
parallel to one another we have ferromagnetism,whereas antiparallel
alignments of magnetic moments correspond to antiferromagnetism.
Ferrimagnetism is a special case of antiferrimagnetism where there is
an incomplete cancellation of antiparallel magnetic moments. For
antiferromagnetic and ferrimagnetic materials it is convenient to

divide the moments into sublattices. In the simplest case, a two-
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sublattice model, sublattice A would have moments pointing in the +x
direction while sublattice B has moments in the -x direction.

The magnetization of a paramagnet is given by

M(T) = Ngu.BJ BJ(x) s (36)
where

x = JglpH/kyT | 37
and

BJ(x) = -2—'21};- coth g‘;—:‘l‘ X - %_f coth 523- (33)

which can be derived from eg. 32. In a ferromagnetic material the

field H in eq. 37 is replaced by (H + MNV) to give
x = (JguB/kBT) (B+M) . (39)

In order to examine the spontaneous magnerization, we set H = 0.

Rewriting eq. 36 and 39 we have

M _

%) BJ(x) (40)
and

MDD 2.2

O (kpT/¥g uy JZNw) x , (41)
where M(0) = Ngupl - (42)

The temperature dependence of the magmetization of a ferromagmer is

given by solving simultaneously eqs. 40 and 41. The temperature at
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which magnetic order collapses is called TC for a ferromagnet and 'rw
for an antiferromagnet.

TC is related to Nw by

N zuBJ(J-l-l)

TC = ——YB'———— Nw . (34)

This spontaneous magnetizarion as a function of reduced temperature as
determined by eqs. 40 and 41 is given in Figure 1D for various values
of J.

Treatment of antiferromagnetic or ferrimagnetic materials proceeds
in much the same way except that now there are two sublattices and two
molecular field constants N,, and N,.. N,, is the molecular field

AA AB AA

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

the constant for coupling between ions on sublattices A and B. The
reader should consult references (41-45) for further discussion pertain-
ing to antiferromagnetism and ferrimagnetism.

Weiss developed the molecular field model before the birth of
quantum mechanics. It 1s now of interest to comsider the concept of
exchange interactions and how Weiss' molecular field is proportioned
to Je, the exchange interaction. The concept of exchange can be under-

stood by considering a two-electron system in which each electron is on

a3 separate ion. The Schrodinger equation may be w-itten as
(EO +E") ¢ =EY, (44)
where the two terms in the Hamiltomian are

N 2 2 2
E_ = % (\7]_2 + \722) - g i—e- (45)
e “al az



M(T) /M(0)

] i i 3
0 0.2 0.4 0.6 0.8 1.0
T/T,
Figure 10. The spontaneous magnetization as a

fimction of reduced temperature for
J=1/2, 1, », The value of J = =
corresponds to the classical case
where J can take on an infinite
number of values.
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and

- 2 2 2 2 2
g =28 .8 Ze~ Ze” _ ?e (46)

Yap Y2 Yiz Ye1  Yaz

The subscripts 1 and 2 refer tc the two electrons, and subscripts a
and b refer to the two ioms, each with effective nuclear charge Z.

Because of the indistinguishability of electroms the two orbital

wave fupctions are

1 -
v [9,(4(2), = 9,(2) (D] 47

v, =

where ¢i are eigenfumnctions of thc atomic Hamiltonianm and S is the over-
lap inregral. In the absence of the exchange interactiocns (represented
by E'), the energy of the two-electron systems is just 2E°. In the

presence of exchange interactions it is found that

I 4K
E =2 +———— ’ (48)
% 1462
E_=2E_+ k=1 , (49)
1-s2
where
3, = <6 (1) & (DB [o_ ()6, (1)> (50)
and
K=<, (1) o, (2 ]8" |0 (1)e, (2> (51)

K is the elecztroastatic energy between atoms, and is called the Coulomb
energy and Je is the exchange energy. When the spin properties are

added to the wave functions ¥, we now have wave functioms as and @
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which have their spims antiparallel or parallel, respectively, and are
called singlet or triplet states. The singlet and triplet states
differ in energy becduse their orbital functions are different. In
the zero overlap approximation E+ and E_ differ by ZJe. if Je is a
positive number the triplet state lies lowest and the interaction is
said to be a ferromagnetic ome. However, if Je is negative the singlet
state lies lowest and the interaction is antiferromagnetic.
The exchange Hamiltonian describing the exchange interactions in

solids is given by

c

H= -2 L
h|

Jij Si Sj (52)
which is known as the Heisernburg Hamiltonian. 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 forece that is
repﬁlsive for parallel spins and attractive for am:iiparallel 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 excharge force is strictly a quantum
mechanical phenomenom: with no classical analog.

The Weiss molecular field constant has its origin in exchange

force and for a ferromagnet,

_ 2. 2 =
N = 227 /Ng"up (53)
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Exchange interactions in solids are usually determined by measure-
ment of Tc or IN and the Curie-Weiss constant O in eq. 35 from high
temperature susceptibility data. Smart (43,49) gives an excellent

account of the various methods emploved in determining exchange inter-

actions in solids from experimental data.

4. Superparamagnetism

The phenomenon of magnetically ordered materials such as (a)
ferro-, (b) ferri- and (¢) antiferromagnetic materials is very well
known. The first two consisting of multidom;in particles show a
definite Curie point in magnetization (G) vs. temperature (T) curves.
Beyond this temperature the material changes over to normal paramag-
netism. In the case of (¢) rhat is antiferromagnetism ome emcounters
the Ne3l tempefature (TN) beyond which the material again becomes
paramagnetic.

Now, if subdomain particles (3 20 nm) of the sbove mentioned
materials are considered each such particle will consist of several
hundred or thousand uncompensated species with a net Bohr magneton
number of 'hlo3 to 105. If there is no magnetic interaction (ordering)
between such particles, they are said to behave superparamagnerically.
This means that particles have enough rthermal enmergy to be randomized
independently of each other; whereas below a certain temperature called
the blocking temperature, (IB)’ they are stable enough and may show
small hysteresis. The reader should consult references (50-57) for
detailed description of the proparties of superparamagnetism.

Real particles are mever truvly isotropic. 1In gemeral, the

anisotropy 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 to some initial state of magnetization Mi by an
applied field, and the field is then turmed off at time t = 0. Some
particles in the assembly will immediately reverse their magnetization
because of thermal energy, and the magnetization will begin to
decrease. The rate of decrease at any time will be proportional to

t.he magnetization at that time and to the Boltzmann probability factor

- '-
e S V/k'r. Therefore,

a _ -K*V/XT _

Al

(54)

where proportional constant f, is 2 frequency factor of the order of

109 s—l, R' the anisotropy comnstant, V the volume of the particles,

k the Bolizmann constant, and T the relaxation time. We rearrange the

terms and integrate to obtain
M. =M, exp (-t/1) (55)

and

Tl = £, exp(-KT/KD) (56)
where ¥ is the remanence at time t. The value of T is strongly
dependent on the particle volume ¥ and the temperature T simce both
are in the exponent.

It is generally difficult to separate out the superparamagnetic
contribution in a mixture of ferromagnmetic and superparamsgnetic
system. Although this has been done by Everson et al. (58) with
respect to studies in Mi on A1203 catalyst, little work has been done

on Fe catalysts. The delineation of the superpa:rmagnetic and ferro-
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magnetic centribution is difficult using static measuremepnts; the
elegance of Mossbauer spectroscopy lies in the fact that superparamag-
netic particles can be detected usually as a douolet in the presence

of more complex spectra arising from magnetically ordered materials.
The doublet from superparamagmetic particle is dependent on the thermal
relaxation of such a particle; it can be elucidated by studying the
Mossbauer sSpectroscopy at cryogenic temperature. Then by knowing
reasonable values for K' (anisotropy constant) it is possible to obtain
the average particle size (¥} of the superparamagnetic particle from
eq. 56. This approach has been followed bv many workers [ecf. Collins

et al. (59) and references cited therein].




III. EXPERIMENTAL PROCEDURES

A. Preparation of Samples

The zeolites ZSM-5 and Silicalite were prepared according to
procedures described in the literature (60,61). Both are medium pore
zeolites with effecrive diameters between those of zeolite Linde
type A and faujasite and have similar crystal structures(62,63). The
pore structure consists of a three-dimensionzal system of intersecting
channels defined by1lC rings of oxygen ions in 21l three directioms.
The elliptical, straight chennels of cross-section 5.7 3 x 5.1 2
along the b axis 2nd near-circular zig-zag channels of diameter 5.4 Z
along the a~axis are interconnected.- The Si’Al ratio in ZSM-5 can be
varied from 3 to 100, but Silicalite has no Al sites. Hence it appears
that Silicalite is the limiting form of ZSM-5 when the Al concentra-
tion is near to zero.

The transition metal component (Fe and/or Co) was introduced by
gradually adding the metal nitrate solution to the zeolite until
incipient wetness was reached. The impregmation with the metal nitrate
solution was carried out for an hour under vacuum in order to enable
the nitrate solutica to enter the pores of the zeolite. The materizl
was 1oitially dried with constzat stirring over a boiling water bath,
and further drie? in air at 110°C for 12 hours.

The zeolite impregnated w—ith Fe or Fe + Co was reduced in flowing
H, at 450°C for 24 hours. It was them carbided in flowing synthesis
gas at 250°C for 24 hours to yield the active catalyst. The catalysts
were tested for synthesis gas conversion in both a fized bed micro-

rTeactor and a Berty (continuous flow stirred tank) reactor in PETC.




For MOssbauer studies, all the samples except the used catalysts were

prepared separately under the conditions described above. In the
ensuing discussion such samples will be described variously as (a)
freshly impregnated, (b) reduéed, {c) carbided and (d) used catalysts.
Samples for Mossbauer study were first ground to about 20C mesh
(100 um) im a dry~box flowing with inert gas when it was necessary.
They were then weighed so that the thickness of the absorber comsisted
of about 30 m.g/cm2 of sample in order to prevent line broadening due
to a thick abscrber. Samples were spread onto an aluminum foil
(99.9999% purity) of 0.025 mm thickness purchased from Alfa Products,
Danvers, MA. The area of the sample was about &4 cmz, so that 120 mg

of sample was used for Mdssbauer measurements.

B. Catalysis Reaciion Studies

These were carried out on the above samples at the Pittsburgh
Energy Technology Center, Pittsburgh, PA. A summary of important

results is given in Chapter IV.

C. Mossbauer Avparatus

A block diagram of the Mossbauer spectrometer and its associated
electrories is shown in Figure 1l1. The Mossbauer drive unit and a
transducer operating in a comstant acceleration mode (Nuclear Science
and Engineer Corp.) was used with a 75 mCi Cos7 source in Rh matrix.
The l4.4 KeV y-rays were detected using a Reuter-Strokes gas propor-
tiomzl czunter containing 90% krypton and 10% methane. A typical
Y-radiation spectrum in the low-energy region is shown in Figure 12.

In subsequent work on Austin Associates Spectrometer with a helium-neon
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iaser interferometer (for absolute valocity calibration) was used.
The other electronic units consisted of 2 multichannel anzlyzer
(Nuclear Data~100) with 1024 channels, preamplifier, high voltage
supply, and analog-to-digital converter (Nuclear Date-570). The
teletype terminal was manufactured by the Taletype Coxrporation.

All MGssbauer measurements below room temperature were performed
using a Model LT-3-110 liquid transfer "Heli-Traun.”" The "Heli-Tran"
was used in conjunction with an APD-E digital temperature controller,
bot: of which were made by Air Products and Chemicals, Inc., Allentown,
PA. The aluminum foil contairing the sample was attached o a special
sample holder supplied by Air Products and Chemicals, Inec., which was
then screwed into the tip of the cold finger. The sample temperature
could be.maintained to £0.10 K with this cyrostat. The thermalcouple
was calibrated by Air Products and Chemicals, Inc. Fer 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 calibate the spectrcueter with a2 standard
that could be used for the comparison of experimental data. The velocity
of the MOssbauer drive umnit was set so that all peaks of the iron
spectrum were well contained within the 512 channels of the multi~
channel analyzer. Calibration was perfermed using 2 matural Fe
foil supplied by the National Bureau of Standards, Washington, DC for
which six line positioms occur at 398, 341, 283, 236, i79, and 122
channels corresponding to +5.2034, +2.9651, 0.7248, ~0.9528, -3.1931,

and =5.4314 mm/sec relative to Co"7 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 line fitted by least squares method was
obtained. The linearity of the MOssbauer drive was found to be within
*0.5%Z. The slope of the line gives the velocity increment per channel
(mm/sec/channel) so that any channel number could be converted to a

velocity scale in mm/sec.

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
contents of the paper tape onto computer cards. A least squares computer
program was used to fit the Mossbauer spectra, assuming Lorentzian
line shapes. The program was capable of varying the line widths, peak
height ratios, intensities and number of hyperfinme interactions to
obtain the best fit. A subroutine for the calculation of X square and
MISFIT 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 fitting obtained. Calcomp—Cowmpatible Subroutines were then
used to plot either with number c¢i counts versus channel numbers or

relative transmission versus velncities.

b

F. Characterization bv X-ray Diffraction

An automated X-ray powder diffractometer (Philips APD 3600/01)
with CuKea radiation was used for structure and oriemtation determina-
tion:i. Samples were ground and spread onto glass microscope slides

(25 x 40 x 1 mm) in a dry-box flowing with inert gas. Whenever
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necessary Collodion-acetone mixture was used to make the sample adhere
to the glass slides. A low scanning speed of 1° per minute was used
to determine the average crystalliite size.

Typical X-ray powder patterus of ZSM~5 and silicalite are shown

in Figure 14. Table 1 presents the d-spacing calculated from ZSM-5

X-ray diffraction pattern.

G. Magnetic Measurements

A Faraday Cahn RH electrobalance was used to measure the magnetiza-
tion and susceptibility in the temperature range 78 to 1000 K, and in
applied magnetic fields up to 20 KOe. For a detailed description of

the Faraday techmique the reader should consult an excellent monograph

by Mulay (653).
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TABLE 1. Interplanar d-Spacing (a) of ZSM-5

o
Interplanar spacing d (A)

Relative intensity

11.1
10.0
7.4
7.1
6.3
6.0
5.6
5.0
4.6
4.3
3.9
3.7
3.0

2.9

Strong
Strong
Weak
Weak
Weak
Weak
Weak
Weak
Weak
Weak
Very strong
Strong
Weak

Weak



IV. RESULTS AND DISCUSSION

A. General Introduction

This chapter is based An a manuscript entitled "MOssbauer and
Magnetic Studies on Bifunetional Medium Pore Zeolite~Fe Catalysts Used
in Synthesis Gas Comversion." This manuscript will shortly appear in
"Recent Advances in the Chemical Applications of Mossbauer Spectroscopy"
Eds. G. Shenoy and J. G. Stevens, to be published “n the Monograph
Series of the American Chemical Society. The manuscript reflects the
work which was presented at a special symposium on Mossbauer 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 III) is again succinctly summarized.

B. Mossbauer and Maenetic Studies on Bifunctional

Medium Pore Zeolite-Fe Catalysts Used in
Synthesis Gas Conversion

l. 3Introduction

The catalytic conversica of coal-derived synthasis gas (CO + HZ)
to gasoline rangz hydrocarbons and olefins using bifunctional zeciite
catalysts (66-68) is of much current interest. The medium pore (dia v
62) zeglite ZSM-5 in combination with Fe (66,67) or with Fe—Co (68) was
shown to yield a high fraction of aromatics in the product, resulting
in a favorable octane number (>80). It was indicated (68) that the
bimetallic Fe-Co on ZSM~5 could aiter thr product selectivity, mainly
in reducing the "shift" conversion of CO + H,0 to CO,, from the high
shift yieids of Fe on ZSM-5. The aromatics in the product decreased

by the addition of cobalt to irom in the zeolite (68).



In contrast to ZS5M-5, Silicalite lacks aluminium although the two

appear to possess similar crystal structures (62,63). They crystallize
with the orthorhombic space group Pnma or Pnzla with a = 20.1 R; b=
19.9 2; c = 13.4 Z. The framework structure consists of five membered
rings of Si(Al)-0 tetrahedra. The pore structure (Figure 15) comsists
of intersecting channels defined by 10 rimgs of oxygen atoms. The
elliptical, straight channels of cross-sectiom 5.7 R x 5.1 2 along

the b-axis and circular zig-zag channels of diameter 5.4 R interconnect
the straight channels.

While the Si/Al ratio in ZSM-5 can be varied from 3 to over 100,
Silicalite has essentially no Al. Hence it appears that Silicalite
is the limiting form of Z5M-5 when the Al concentrarion i, vanishingly
small. A comparison of the properties of ZSM-5 and Sili-alite is shown
in Table 2.

Owing to the absence of cations which can be exchanged with
protons, Silicalite has no acidity, while HZSM-5 is a highly acidic
zeolite. Recent investigarions (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 deminant with the acidic ZSM-5 (Fe) cactalyst
and the latter with the non-acidie Silicalite (Fe) catalyst.

Mossbauer and magnetic investigations were conducted to determine
the state of Fe and Fe-Co in the zeolite catalyst at different stages
of catalyst preparation and use. Among the several aims of the
investigation, were the determination of:

{a) the valence state of the transition metal in the freshly

impregnated state,
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(b) the extent of reduction on exposing to Ez,

(¢) the active catalytic species after carbiding with
synthesis gas,

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

(e) in the case of Fe~Co, the possible formation of bimetallic
or alloy clusters and its influence on the selectivity of

the catalyst.

2. Experimental

ZS¥M=-5 and Silicalite were prepared using mathods described in the
literature (§3,61). ZX-ray powder diffraction patterns revealed no phases
other than ZSM~5 ox Silicalite. The metal component was introduced
by gradually adding the metal nitrate solution to the zeolite uetil
incipient wétness was reached. The impregnation with the metal (Fe or
Fe + Co) nitrate solution was carried out for an hour under vicuum in
order to emable the nitrate solution to anter the pore of the zeolite.
The material was initially dried with constant stirring over a boiling
water bath, and further dried in air at 110°C for 12 hours. The amount
of Fe and Co in the samples was determined by standard wet chemical
techniques and atomic absorptio=n.

The zeolite impregmnatad with Fe or Fe + Co was reduced in flowing
H, at 450°C for 24 hours. It was then carbided in flowing synthesis
gas at 250°C for 24 hours tc vield the active catalyst. The catalysts
were tested (68) for synthesls gas conversion in both a fixed bed
microreactor and a Berty (continucus flow stirred tank) reactor. For
catalytic testing, the above steps on the metal impregmated zeolite

were all carried out in the reactor. For Mossbauer studies, zll the



samples excep: the used caralysts were prepared separately under the

conditions described above. Ip the ensuing discussion such samples
will be described variously as (a) freshly impregmated, (b) reduced, (c)
carbided and (d) used catalysts. The last mentioned was taken from the
Teactor after their use ranging from 280°C to 320°C. ZX-ray diffraction
studies were carried out on the samples after steps (a) and (d) above.
The apparatus used for Mossbauer spect.oscopy and magnetic measure-

ments is described separately under the corresponding sections.

3. Results and Discussion

A. Mossbauver 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 background observed in the
spectra arose from the geometry of the MSssbauer set up. A least
squares program fitting, in progress, has justified our interpretationms.
The spectra were reccrded at rcom temperature using a 75@Ci C057 in Rk
matrix. The spectra were apnalyzed, in general, on the basis of the
studies on carbides by Raupp and Delgass (27).

The Mossbauer spectra of the different catalysts were recorded at
various stages; viz. (a) after impregnation with Fe(No3)3, (b) on reduc-
tion in H, at 450°C for 24 hrs, (c) on carbiding in 1:1 EZICO synthesis
gas 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, Summary of Mossbauer Results of Various Catalysts

Sample

No. Sample State Remarks

ML Z8M-5 (14.7% Fe) Reduced {Fe~metal and small amount of an oxide (x ~ Fezos)
M2 ZSM-5 (14,.7% Fe) Carbided Fescz. and Fb3c

M3 ZSM-5 (14.7% Fe) Used Fe5Cy, TFe3C and Fe30y

FesCy has been relatively reduced as compared to that fn :
Sample No. (2)

Y4 28M-5 (5.4% Fetl.3% Co) Reduced {Fe-Co alloy

M5 Z8M-5 (5.4% Fetl.3% Co) Carbided Fe,C,, Fe,C and a strong doublet

M6 Z8M~5 (5.4% Fet4.5% Co) Used Fe-Co alloy

Co geems to have inhiblted the formation of carbides.
M7 Silicalite (13.6% Fe) Fresh Strong doublet corresponding to Fe3+
M8 Silicalite (13.6% Fe) Used [-‘eSC2 and Feac

M9 Silicalite (4.4% Fet3% Co){Reduced {Fe-Co alloy

M10 S8ilicalite (4.4% Fet3% GCo)|{Used Fe5C2, Fe3C and a strong doublet

Fe5Cp and Fe3C are considerably small compared to those
obaerved in Sample No. 9, Presence of Co seems to have
inhibited the formation of carbides.

oS




phases, formed at different stages 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 a fr. zh catalyst, in general, consisted of a
doubiet with an isomer shir<+ oi about +0.35 mm/sec and a quadrupole
splitting of about .75 mm/sec whi.h indicate that the valence state of
iron in the starting material is Fe3k. A typical spectrum for a fresh
catalyst of Silicalite impregnated with 13.6%7 Fe using Fe(N03)3 is
shown in Figure 16.

As discussed in a later section the magnetization (M) versus
magnetic field (H) measurements on the fresh catalyst gave a magnetic
moment of about 5.96uB, which further confirmed that the irom ion is
a high—spin‘l-‘e:i+ state. It should be unozed that the magnitude cf the
quadrupole splitting and ieomer shift significantly depend upon the
nature of the support used and the size of the iron particles (18).

The spectra of a reduced catalvst consisted of a six-line pattern
corresponding to mostly Fe-metal, and indicated the presence of a
small quantity of an oxide. If the catalyst contained cnly Fe; on the
other hand, the spectrum of the catalyst consisting of both Fe amd Co
clearly indicated the formation of a Fe-Co alloy on raduction. The
spectrum of reduced ZSM-5 containing 14.7Z Fe is shown in Figure 17.
The spectrum essentially corresponds to that of metailic iron. However
there is a small amount of unreduced irom in the form of an oxide,
probably c—Fezos. The reduction in thic case is about 85Z. This is
also confirmed by the magnetization measuraments, which indicated

N152 lowering in the observed saturation magnetization of irom.
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The spectrum of reduced ZSM-5 containing 5.47 Fe and 1.3% Co, showm
in Figure 18, revealed a six-line pattern corresponding to an average
interpal magnetic field of about 340 kOe and indicated the formation
of an Fe-Co alloy.

A typical spectrum of reduced Silicalite containing 4.47 Fe 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 3453%3
kOe which is much larger than 330 kOe, expected for metallic irom.
Secondly, the isomer shift observed is 0.18 mm/sec, with respect to
Fe-metal which indicates that the electron demsity at the Fe-nucleus
is smaller in the Fe-Co alloy as compared to that in Fe-metal. This
decrease in the electronm density in the Fe-=Co alloy is consistent with
the experimental results reported by Van der Woude and Sawatsky (69).
The formation of a Fe-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
least two apparent six~line patteras corresponding to at least two
different Fe-C phases. A typical spectrum of caribded ZSM-5 with 14.7%
is shown in Figure 20. This spectrum represents the presence of
Hagg carbide (FeSCZ) and cementite (Fe3C). The former has 3 inequai-
valent Fe sites, whereas, the latter has cnly one. The possibility of
the presence of small quantities of less stable £” and £ carbides
CFeZ.ZC and Fezc) cannot be ruled out. A doublet due to Fe3+ was not
apparent in Figure 203 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 1.3Z Co,

shown in Figure 21, indicates the presence of both FeSC2 and Fe3C
besides a strong doublet. Apparently less amounts of carbides seem to
heve Leen formed in this catalyst as compared to those containing nmo Co.
It zppears that the presence of Co has somewhat inhibited the formation of
cazbides. The doublet may be due partly to superparamagnetic behavior.
Similar spectra have also been observed in the case of Silicalite-
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
seen to consist of three or more magnetically split hyperfine spectra.
A typical spectrum of used ZSM-5 with 14.7% Fe is shown in Figure 22.
This spectrum cam be explained in terms of the presence of Hagg Carbide,
cementite, and Fe304. It is noteworthy that the cementite content is
reiatively increased at the expense of the Hagg Carbide ia the used
catalyst as compared to that found in the carbided catalyst. [See the
lines marked by arrows in Figure 20 and Figure 22.]

The spectrum of used ZSM-5 with 5.6% Fe and 4.5% Co shown in Figure
23, comsists of a six-line patternm corresponding to an internal magnetic
field of 344%*3 kOe and an isomer shift of +0.15 mm/sec-with - spect
to Fe-metal and appears to indicate the formation of an Fe-Co alloy.
It is tc be noted that the carbides, which were presesnt in the case of
used ZSM-5 containing only Fe,are surprisingly absent in this case.
Once again, the presence of a large amcunt of Co appears to inmhibit the
formation of carbides in these samples. The X-ray powder patterns
showed the presence of a bee Fe-Co alloy phase im addition to the ZSM-5

phase.
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The spectrum of used Silicalite containing 13.6% Fe is shown in
Figure 24. It consists of both Hagg Carbide and Cementite and is
similar to that observed for ZSM~3 with 14.7% Fe, except that this
spectrum does not indicate the presence of any oxide. The spectrum of
used Silicalite containing both &4.47% Fe and 3% Co is shown in Figure Z5.
This spectrum also contains Hagg Carbide and Cementite besides a strong
doublet. However, the relative amounts of Hagg Carbide and Cementite
present in this catalyst appear to be considerably less as compared
with those in the catalyst containing only Fe. 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 Mossbauer Spectra shown are the
approximate line positions for Hagg (FeSCZ) and cementite (FeBC) phases
and are drawn on the basis of Raupp and Delgass results (27).

The observation that the carbided ZSM-5 contzining only Fe has
relatively more Hagg Carbide compared to Cementite and that the used
catalyst has, in contrast, relatively more Cementite than Hagg Ca~hide
suggests that the Hagg Carbide has been converted into Cementite 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
Cementite 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 weaks exposure to synthesis gas at 280°C.
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B. Magnetic Measurements

The magnetization and susceptibility measurements were performed
vsing the Faraday techmique (65) in the temperature range 78 to 1000 K,
and applied fields up to 20 KDe. A Cahn RH electrobzlance was used for
thgse measurements.

The freshly impregnated zeolites indicated the presence of ?e3+
species, from an amalysis sf the paramagnetic susceptibility, which
showed an effective moment of .5.96 Bohr Magnetomns.

The magnetization studies on the reduced samples of ZSM-5 (14.7%
Fe) and Silicalite (13.6%Z Fe) indicate that Fe is in the metallic state
with 86% and 857 reduction, respectively. The magnetization versus
temperature curves for ZSM-5 (1i.1% Fe) are shown in Figure 26. The
carbided sample of ZSM-5 (11.1% Fe) appears tc be the high Curie
point form (70) of the Hagg Carbide with TC = 540K. The used sample
of 2ZSM-5 (11.17% Fe) exhibited a magnetic transition with TC = 650K
which corresponds to the hcp phase of FeZC. The magnetic transition
of Cementite (FeSC) was masked in the M vs. T curve shown in Figure 27
since TC of Fe3C is about 490K, well below that of the hcp carbide.
The hcp phase of FeZC is considered to be stable (70) below 470K in an
atmosphere of synthesis gas. Its presence in thc used sample may
indicate that it was formed while the catalyst was cooled afrer the
reaction.

The magnetization data (Figure 27) on ZSM-5 (5.6% Fe, 4.57 Co)
shows that the reduced, carbided and used samples have large magnetic
moments (1,94, 2.04 and 2.61 W, per ™™ (transition-metal) atom
respectively, at room temperature) and high Zurie points (>900°C),

which cannot be accounted for on the basis of individual Fe and Co



MAGNETIZATION , Bohr magnetons /atom

W.1% FeonZSM-5

H=6300 gauss
1.0 ¥ Reduced 7]
A Carbided
o Used
05 -
| o
0 150 300 450 600 750
TEMPERATURE ,*C
Figure 26, Magnetization (Bohr magnetons per Fe atom) as a Function

of temperature for ZSM-5 (11.1% Fe).




MAGNETIZATION , Bohr magnetons /atom

3.0

2.5

1.5

T  — T T

5.6% Fe ,4.5% Co on 2SM-5

H=6300 gauss

v Reduced
A Carbided

o Used

| |

| I
150 ' 300 450 600
TEMPERATURE . °C

Figure 27. Magnetization as a function of temperature for Z8M-5 (5.6% Te,
4.5% Co). The Bohr magneton number represents the weighted

average of the two components present.

LS



68

particles. The magnetic data indicate the composition to be that of
a Fe-Co alloy (71), in support of the conclusions arrived through the
Mossbauer analysis. Hence, one can conclude that the difference irp
selectivity between ZSM=-5 (11.1% Fe) and ZS5M-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-eleztzons per TM atom. The M vs. T curve (Figure 27) of the
carbided sample of Z5M-5 (5.6Z2 Fe, 4.5% Co) indicated an irreversible
formation of a second phase with a higher moment sbove a tamperature

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

4. Copelusions

A comparison of the spectra of carbided and used fe-ZSM=5 with those
containing both Fe and Co, and their relative ylelds of aromatics (see
Table &) in the convérsiun process, and an overall coasideration of
all spectra and magpetic measurements indicate that

(a) the plausible active phase taking part in the conversion of
the synthesis gas by Fe containing ZSM-5 and Silicalite is the Hagg
Carbide which is converted into Cementite during the catalytic reaction,

(b) the difference in selectivity between ZSM-5 (Fe) and 2ZSM-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 suggests that the Fe-Co alloy

phase may itself be the active species in Co-rich catalyst compositions.
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TABLE 4. Product Compositions from the Catalysts ZSM~5 (11.1Z Fe)
and ZSM-5 (5.6% Fe, 4.5%7 Co), in a Berty Reactor,
Showing the Influence of cobalt addition to the Catalyst.
Process Condition: Hzlco = 2, P= 21 Bar

Cataiyst
Temperature

CO Conversiom, Z
Hz Conversion, %
Space Velocity

Product Composition (Z)

co,
H,0
can + Oxygenates

Hydrocarbon and Oxygenate
Composition (Z)

Cl-CA hydrocarbons
Cs+ and Oxygenates

Composition of C.+ and

Oxygenates (2Z) ~

Aromatics

Olefins

Saturates

Oxygenates

% Gasoline range (BP<204°C)

Research octane No.

ZSM-5 (11.1Z Fe)

300
68.2
38.7

1500

52.0

19.4

28.6

83.1

1s.9

72

24

75

96

Z5M-5 (5.6% Fe, 4.5Z Co)
280
37.8
41.3

1400

9.8
51.5

38.4

74.3

25.7

10
46

37

94

81
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i.

1I.

lnutroduction

As outlined in cur ammended proposal of March 1, 1980, the work was
undertaken to characterize a number "ZSM-5 and Silicalite - Fe, Fe-Co
catalysts" mostly by Fe57 Mdssbauer spectroscopy and related technigues
such as magnetic mecasurements. As outlined in our detailed March 1980
annual report, attention was focusscd on selected ZSM-5 and silicalire
catalysts containing Fe or Fe-Co supplied by the Pittsburgh Energy Technology
Center (PETC). This six-monthly report is an exploratory account of the work
carried out since March 1980. .This report should be reogarded as {actual in

the sense that important Mossbaucr spectra are presented without any final

interpretations of the rather complex spectra observed wvith certain catalysts.
The complexity arises, as one would expect. from the presence of more than
one species, such as two or more iren-carbides, [each with "3 sites for Fe]
and/or irom oxides. Our final interpretations musf await computer fitting of
the observed spectra ro the known spectra reported for “pure" single phases.
Personnel

Dr. K.R.P.M. Rao, after obtaining a leave >f absence from the Bhabdha
Atomic Research Cencer joined the prcject on October 15, 1979. He was paid
from the project funds for about seven months (up to “vMay 15, 1980, when he
was switched on to ancther project by the primcipal investigator, since suf=-
ficient funds were not available for his salary. (Only $4,952 from the first
year + $7,980; a total of $12,932 were available.) Mr. Cary lo (a Physics
student) and Mr. Mehdi O'Tabrizi {a Solid Scate Science student) were cach
paid a half-time pradaate assistantship for onc term only; i.e. during the

summer term=-1980). Mr. Lo has replaced Ur. K.R.P.M. Ruo and bas assumed

complete responsibility of rhe project.



ILL.

how Jusiramenlacion

A MOssbauer spectrometer for studies on the Fischer-Tropsch catalysts was
set up and modified for low-temperaturce and/or applied external field work (4).
We are currently using a new 25 mCi (wmilli Curie) source coupled to an "old"
15 aCi source. Thu; we are using a relatively strong source (99 mCi) whiclh

is useful in quickly acquiring data on the F-T catalysts. The new source is

Rh foil was supplicd by the Spire Company, Bedford, MA.

A block diagram of Lthe Mdssbauer spectrometer and its associated electromnics

is shown in Figure A. The original Mtssbauer drive unit and transducer for
vibrating the snurce in the constaat acceleration mode were manuiactured by
the Nuclear Science and Engineering Company, Pittsburgh, PA. This drive unit
is now replaced by a brand new Austin Associates Drive unit with an absolute
Neon~-Laser velocity calibration. The gas proportional counter used to derect
the 14.4 Kev gamma rays contained 90% wrypton and 10% methane, and was made
ty the Reuter-Stokes Ccmpany, Cleveland, Ohio. The memory storaga unit con-
sists of a new ND~100 multichannel analyzer with 1026 channels, a simgle
channel acalyzer, high voltage supply, analog to digital converter, and a
teletype and plotter drive, all of which are manufactured by the Nuclear Data,
Inc., Chicago, IL. The teletype termiral was manufactured by the Teletype
Corporation.

The new Austin Associates spectromcter provides (i) a sawtooth (ii)
triangular and (iii) a sinnsoidal mode wiih capabilities for "constant

velociLy”™ operation, ete.
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Iv.

Metrhads of Measurement qL_HEqﬁbnunr Paranmcrers

Samples for Missbauer measurcments were first ground to about 200 mesh
in a dry-box when necessary. They were then weirhed so that the thickness
of the absorber consisted of about 30 mg/cm? of sample in order to prevent
lin; broadening duc to a thick absorber. Samples were spread onto an
aluminum foil, 0.005" thick and of 99.999% purity, purchascd from Alfa
Products, Danvers, Massachusetts. The arca of the sample was about 4 cmz,
so that 120 mg of sample was used for MHossbauer measuremoncs. Collodion-
acetone mixture was used tc make the sample adhere to the aluminem foil.

The velocity of the drive unit was set so that all peaks of the spectrum

were well contained within the 512 channels (or 1024) of the analyzer.

Calibrgtion was performed using an iron foil for which the six line posi-
tions occur at f5.0892, +2.8670, 0.6448, ~1.0217, -3.2439 and -5.4662 mm/sec
Telative to 6057 in rhodium. The six lines of the iron spectrum alsc ;1low
for a check of the lincarity of the drive unirt, which was found to be within
#0.5%. Siace the channels for the peaks of the iron standard could be found
from the printout sheet, a calibration comstant in mm/sec/channel was calcu—
lated so that any chanpel number could be converted to a velocity.

Mossbauer spectra in an externally applied magnetic field were obtaimned
in a few cases, and will be obtained in the Zuture by using an electromagnet
Model 1022 manufactured by Spectromagnetic Industries, Hayward, California
with 15 cm diameter poles and an adjustable pole gap. The power was
supplicd by a current regulated power source, Model 6003, with a maximum
current cutput of 110 amps. Tapered poles were used which had a minumum
diameter of 3.5 em. A pole gap of about 3 cm was used, which allowed a

maximam {icld of about 20K0e to be obralmed in the gap. All measurcments

vere made with the applied magnecie fleld perpendicular to the Y-ray beam.




All Micshauer measurcments below room temperature were periormed using

usod in

a Mudel TT-3-110 liguid trvansfer "Beli-Tran.” The "Heli=Tran” was

conjunction with an AVD-E digital tomperaturc eontroller, both of which were

made by Air Products and Chemicals, Inc., Allentewn, Ta. The atuninum foil

containing the somple measurement was actached to a specizcl sample holdler
supplicd by Air Producrs and Chemicals, Inc., which was then screwed inro
the tip of the coléd finger. The sample temperature could be maintaincd to
10.10 K with ihiis cyrsastar. The thcrmocoup]c-wns calibrated by Alr Products
and Chemicals, Inc. For a fetailed description of rhe theory and method of
eoperation of the cyrostar, the rcad;r should consult several excallent

manuals written by Air Products and Chemicals, Inc.

Analysis »f Mossbauer Data

The MOssbauer data was obtained from the spectrometer in the Iorm of 2

paper tape and also prinfed on the teletype and recorded on the plotrer. A
computer program has been used in several cases and will be used axtensively

ir the future to convert the contents of the paper tape onto 2 Cal-comp graphic
converter. A least squares comput2r program obtained from the Quantum Chemi-
stry Program Exchacge and other groups in Bombay was used to fit the Mdssbauer

data. Single lcrentzians were used in fitting the spectra. The program was

capable of varying thc line positions, line widths and intensities in order to

obtain the best fit. A fir was considered to be good when the chi squared

value was approximately cqual to the number of channels in the spectrum. In
some cases, after an initial it was obtained, the line widths werce constrained
and the firting procedurc was repeated. The line widths were usually constraincd

to be within 0.30 to 0.35 mm/scc, which is appropriate for Fc57. For further

details pertaining to the computer propram uscd to [it Mixshauwcr data, the

vesnder should consull Wreite Up Ro, 276 of Quantum Choewistrs o
] N :

onoEmclhninsee,

Ind fams Bnidversity,
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Several numerical methods have been developed for determining the
byperfine parameters from an observed Mossbauer spectrum: these being, in
aeneral, synthetic methods requirving n'compuror. As oy and Chandra {CF 6)
have pointed out, these approaches are unsatisfactory because they necessi-
tate making successive fits to the observed spectrum, using trial and error
valucs of the parameters. In view of these arguments, an analviical tech-

nique was adopted, which is discussed by Williams and Bancroft (Cf 6).

VI. Selected Magnetic Measurements

In an effort to supplement the Mossbauer results, we have carried out
magnetization (U, emu/g) measurements as a function of the field (H) at con-
stant temperature(s) [T] with a vibrating sample magnetometer; thus the per
gram susceptibility Xg = G/H could be obtained. In addition, we have occa-
sionally used the more sensitive Faraday magnetic balance (1) in appropriate
situations to measure the paramagnetic susceptibilities direcrly. It should
be noted that for paramagnetics the molar susceptibility, Xy is a "good"
parametetr, whereas the ﬂagnetization (o, emu/g) when measured as a function
of (II/T) proves to be a better parameter for interpretatioms of a super-
paramaguetic system (2) which may or may not coexist with ferro- or ferri-
magnetic components (3). The overall instrumentation was successfully com-
pleted during March-April-May 1979 as indicated in our original "Milestone™
schedule. Mossbawer (and magnetic) charactorization on all the samples

(11 to M-9) was completed as planned.




ViI.

Synopsis of the Work Carried Out on the M-Samples sent by PETC During the
Past Six Months:

The Missbauer study ol a nuaber of bifuncticaal catalysis conlalning
Z8M=-5, silicalite or zeolite Nu-l as the shape selective cemponent, and Fe
and/or Fe and Co as a transition metal component have beoen systematically
studied., The catalysts woere studicd at various stages of preparation vis:
when freshly prepared, reduced, carbides and finally arfter they were used
in the Fischer-Tropsch conversion. The general f£indings of our study are
outlined below:

(1) 1In the freshly prepared catalysts Fc3+ ions were found tc exist,
as expected.

‘ {2) All the catalysts on reduction were found to contain either Fe
metal when the catalyst had only Fe to start with, or a "Fe-Co allov" when
the catalyst was impreznated with "Fe and Co."

(3) On carburization of the ZSM-5 (Fe) samples at 250°C with 1l:1 synthesis
gas samples showed the presence of x~-carbides (Fescz) and cementite, (Fe3c).

It was found that the x-carbide is dominant compared with the cementite phasa.

A very interesting and significant result indicated that the addition
of Co to the Z5M-5 (Fe)} catalyst inhibited the formation of carbtides in
general. 1In particular, as increasing concentration of (o concentration, the
formarion of cementite decreased or almoct jinhibited.

{(4) A conversion Electron MUssbauer Specrtrosccpy (CEMS or "Backscatter')
study showaed that as the Co concentration increas?2s, the Fe carbides were not
present on the top surface of the catalyst, at least iu the upper 3000 R thicic
surface. It is probable that cobalt is enriched on the surface of the catalyst.
Independent 188 studics at PETC have also shown Ce enrichruent oa the suriace
ul 78M=) (Fe=Co) cartalysiy. This can explain changes In sclectivity of the

catalyst, such as reduction n €2, fermation on
2

he adJdicion of cven o osmall



amount of Co to a ZSM-5 (Fe) catalyst. This is a very important and a =isnifi-

cant {indiog in the present study.

(5) The usced catalysts showed the presence of carbides, with relatively
more cementite as compared to the y—-carbide in contrast to the relative
amounts of the two phases in the carbided samples. This indicates chat the
x—carbide is converted to the cementite phase during the catalytic process
of synthesis gas conversion. Sc it appears that thz catalytically active phase
is the y~carbide while cementite (e-Fe3C) is less active.-

In the following sections, we describe the specific details of the
Mossbaver spectra observed for samples M-2l to M-25.

(éa) Somple M 21,

The Mossbuaer Spectrum of the fresh 2SM-5 with 10% Fe impregnated as Fe3(Co)12,
consisted of a quadrupole doublet with a splitting of 0.81 mm/sec. and an
isomer shift of 0.36 mm/sec. with respect to the a-Fe meral. The derivad
parameters indicated that the valence ¢f Fe is in the catalyst is 3+. ,

(6b) Sample M 22,

The Mossbauer spectrun of a fresh sample of zeolite Nu~l (10% Fe), impreg-—
nated.using the carbonyl Fe3(C0)12 consisted of a broad and a rather poorly
resolved doublet with a splituing approximately equal to that observed for M-2].
It is possible thaZ Fe ions in this catalysts are alse in a 3+ valency state.
There appears to be a superposition of a paramagnetic singlet on the quadrupole

dcublet; however, its origir is not understood at the present.

(6c) Sample 23,

The spectrum of the reduced ZSM-5 catalyst containing 10% Fe impreghaces
as Fe3(CO)l2 consisted of a central broad line and a hyperfine spectrum
corresponding to the l-‘u304 phase. So it appears cthat this catalyst could not
be reduced Lo metallic iron as in other catalysts; it was converted to the

maghetite phasce, (FcSO,) on reduction. The reason for this couversion to
]




an oxide on rcduction is beinp probed.
Sample 26,

The Misshaner spectruz ol the reduced Z8H-5 cantaining 90 Fo oand 90 Oo
consisted of a well resolved six finger pattern correspouding £o an iaternal
magnectic field (HFS) of 339 K Oe and an isomer shift of nearly zoero with
respect to w=Fo metal, whicl: elearly dodicuted that this catalysc on reduction
wus converted into a “Fe-Co alloy.” There is a very small unreduced Fe3+
component 2 the middle of the spectrum.

Sample 25,

The Mdssbauer spectrum of the carbided catalywst 2ZSM~5 containing 9% Te
and 9% Co consisted of a ccmplicated spectrum of a number of lines. It cculd
be computer fitted to a set of 4 hyperfine ficlds corresponding to a Fe-Co
alloy phase, (4 = 340 KOe), and ro tne three inequivalent magnetic sites in
s y-carbide, (H, = 210 K0e, H, = 174 K0e and “;3 = 105 KOe). This it appours
thaz the catalyst consists of aa Fe-Co alloy and a x-carbide phase. It is
inLeresting to note thar this catalyst did n -t contain any cereatite phase
(Te3C) unlike other ZSXM-5 catalysts contaioing only Fe. This behavior suggests

that the presence of Co in the catalyst has inhibited the formation of the

cementite phase during carburization.

{7) Conversion Electron Mossbaucr Spectroscoov {Backscarrer) Studv: (CEMS)

The CEMS spectrum of the carburized ZSM-5 containing 9% Fe and 9% Co
surprisingly showed no Méssbauer lines indicating that thercc are no significant
number of Fe atoms present in cthe top layer of about 2200 R surface of the
catalyst. As rointed ou: before, this seems to indicate that iron carbide

farmation »n the top surface of the catalyst isx proevented by the addition of

Co tu Feo 1g is pussible that the top layer of the catalyst may be just a

carbon coating or may conlain Co carbide(a),  However, the ChHS ol £LMN=3

vontainiiy, anly 13075 Feodid wive o Mos-bauer wpectrum of o complicaied nalure



che con-~

but similar to that observed in the bulk sample of the catalyst by

ventional trangmission Missbauer spectroscopy.

The abeve two obscervations indicate that Co may be respousible {or
preventing the formation of a Fe-carbide phase at the surface of the catalyst.

The earlier ion scattering spectrescopy study of che catalyst, ZSM-53
concnining 9% Fe and 9% Co at PEIC, support our results in that the surface
of the catalyst is seen te be rich in Co aroms.

{8) Plans for future work:

These have been outlined in detail in a one yecar renewzl (ammended)
proposal, (Mid September 1980). In genmeral, we have been able to follow the
milestone chart carefully. The principal investigator has made every elfort
to carry out reszaarch by (i) defining a problem - area im F-T catalysis
(ii) by planning the experiments carefully (iii) by ex them thoroughly
(iv) by booking all the information obtained from various techniques and
(v) by doing a reasonable interpretation to seek "catalysts surface-

properties” and "catalyst activiry.”




Appendix 11

In-Situ Cell for Mossbauer Spectrosccpy Study
of Catalytic Reactions*

DESIGN AND CONSTRUCTION

Figure 1isaside view of the cell with the sampie holder
block assembly in a raised position. A hollow boron
nitride screw and stainless steel spacer hold a pressed
sampic wvafer, 15.88 mm in diam, rigidly in a vertical
position perpendicular 1o the gamma-ray Iransmission
axis. In order to heat the wafer uniformly, four cartridee
heaters (Hot Watt No. HS 252), connected in parallel.
are piaced in holes drilled into the cylindrica! sample
holder block from the 10p. The large mass of the stainless
steel block heips to achieve 2 uniform and swuable
temperature. Temperature gradients in the region of the
sample tan be minimized by mounting ultrathin alu-
minum foil on thec machined flat surfaces at the ends of
the horizonial hole containing the absorber wafer, Two
Chroniel/Alumel thermocouples monitor temperaiure.
One passes through a hole in the bottom of the sampie
holder block and touches th= edge of the absorber wafar.
The second touches the surface of the sample holder
hock in the annular space inside the cell. The thermo-
cuuple Icads are connected through Chromel and Alumel
solid-pin ceramic fecdthroughs welded in the ConFlat
flange. Reaciant gases enter the cell through a 6.35 mm
stainless siecl tube welded to the sample holder block as
shown in Fig. 1. Gases are prcheated as they flow
through the block. They then pass directly over the
absorber wafer, piving maximum gas—sample contact.
Gases exit through a 12.7 mm stainless steel tabe to a
vent. The exit line also serves as an evacuation port.
Metal shutoff valves are Nupro SS-BK-SW at the inlcl.
SS4H-SW 10 the vent, and SS-SBK-SW 1o the vacuum
system.

The sample holder block is welded 10 the upper part of
the ConFiat flange through a stainless steel tube,
machined to 2 wall thickness of 0.7 mm tu reduce heat
conduction. When the cell is evacuated. the anuular
spacc between the sample holder block and the outer
shell of the cell provides good insulation. Whan the
ceil is run al atmospheric pressurz, however, the outer
shell heats up. and ar additional heat shield is required

1o protect the Mossbauer xource and the scintillation
detcctor. The hcat shield is 2 180 mm long charnel
formed from 0.8 mm copper sheet with thin Be windows
for gamma-ray trunsmission. The channel is set perpen-
dicular to the gamma-ray transmission axis, and air is
blown into it from toth ends. With this arruagement,
when the sample is at 773 K. the outer shell temperature
is less than 523 K, and the source and detector remain
alroom temperature. In this configuration the minimum
source o dctector distance is 80 mm.

Since 1he outer shell can rcach temperatures ap-
proaching 600 K, a key to the success of the device i35
2 good seal between the Be window and the stainless
steel. The windows, 22.9 mm in dizmeter and €.254 mim
thick, are specified to have 65 ppm Fe and were supplied

by Kawecki Beryico Industries, Inc. To make the seal,
ports were fianged out in the stainless stcel 304 tube and
seats machined as shown schematically in Fig. 2. The
window was placed in the scat. and a Cu ring was placed
at the Be-stainiess steel siep. A concentrating induc-

tion coil was used to melt the Cu in a vacuum of 1.33
x 107* Pz (10~% Torr). ’ '
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Fic. 2. Conﬁgunlion of Be #T N——
windows. A—window: R—cop-
per ning: C—induction coil for
vacuum brazing.
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Fi16. !. Masshauer absorber cell with the sample holder assembly
raised and thermocouples, flange bolis. and bolt holes omitted,
Dimensions in mm. A—Thermocouple feedthroughs; B—gas inlet
tubing; C—heater wells; D—outer shell: E—gasker for ConFlat
funge: F—copper heat shield; G—Be window; H—~sample holder
block: J—sample: J—retaining ring: K~ hollow boron nitride screw;
L-—celi mount: M—scsews 1o secure cell and mount; X—Be window;
P—gas outlet. -

*Based on paper by Delgass et al., Rev. Sci. Instrum. 47, 968 (1976).
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