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STUDIES ON TRANSITION METALS AND “ALLOY" FISCHER-TROPSCH CATALYSTS,
THEIR ELECTRONIC AND BULK PROPERTIES

By: Prof. L. N. MULAY

The Pennsylvania State University

University Park, Pa 16802
1. INTRODUCTION AND EXPERIMENTAL

As pointed out in the original proposal (funded on July 1, 1982} a number

of Mossbauer spectroscopic and magnetic measurements were carried cut to
characterize Fe-Mn catalysts in the syngas reaction. The attention was
focussed on ""in-situ" characterization ar various stages while the svngas
reaction was taking place. In this fima! factual report, salient features
of such experiments are outlined. We plan on writing a detailed

papez with Dr. Diffenbach and ccworkgrs at PETC) in the negr future.

The Missbaver drive unit and a tramsducer operating in a constant
acceleration mode (Austin Science Associates, Inc.) was used with a S?Cd source
in Rh matrix. Initially, a weak source was used which produced low count
rate. A new 50 mCi 57Co source was then installed and used for this study.’
The in-situ stainless steel MSssbauer cell (for use up Lo "4 atm. pressure)
with external cylindrical "pencil” heaters connected in parallel to a three-mode
temperature controller (Wistex 1542) was used in this study to obtain
temperatures up to 900°K. Two reduction/syngas conditions were investigated:

" (a) the sample was reduced in Hy (50 cc/min) at 250°C for 24 hrs and then

" kept in a syngas CO/H = 1:1 (60 cc/min total gas flow) at 290°C for 24 hrs,
(b) the sample was reduced in H, (30 cc/min) at 350°C for 24 hrs and then
maintained in a COfH = 1:1 mixture (60 cc/min total gas flow) at 300°C for
24 hrs.

The magnetization measurements wWere carried out with a Vibrating Sample
Magnetometer (Princeton Applied Research) which was appropriately modified for
the present studies.

The sample (Iron Oxide 10Z%, Mn-Oxide 90%) "'was supplied by Dr. R. Diffembach
of PETC; hereafter, it will be referred to as D-1 ("as-received"), "reduced,'
"carbided," erc., All figures (1 to 10) are given at the end along with an
Appendix deacribing research on the Fe/'IiO2 system. .New results are given
in Section IV, on samle D, 48% Fe-Mn. (see Chart I, P 5A)
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II. MOSSBAUER SPECTROSCOPY

The room temperature spectrum of as-received (Fe-Mn) D-1 catalyst (Fig. 1)
showed a doublet with isomer shift of 0.3 mm/sec (with respect to a standard
NBS Fe foil) and a quadrupole splitting of 0.83 mm/sec arising from Fe}+
ions. The spectrum of the D-1 reduced in Hz (50 ce/min) at 250°C for 24 hours,
shown in Fig. 2 consisted of a sextet corresponding to metallic iron (467
reduction), a strong doubler corresponding to Fez+ {(49%), and a small
doublet corresponding to Fe3+ {~5%). The syngas reaction was carried out
at 290°C with CO:H, ratio, 1:1 (60 cc/min total gas flow) for 24 hours. The
spectrum for D-1 c;rbided, shown in Fig. 3 consisted of a mixture of Hagg
carbide (x-FeSCZJ and cementite (B-FeBC) and Ee2+ ions. In addition, we also
studied the reduction in H2 (30 ce/min) at 350°C for 24 hours. As shown in
~Fig. 4, the spectrum consisted of a sextet corresponding to metallic irom
(n75%) and a doublet corresponding to Fe2+ ions. The Fe2+ probably arises
from FeO or FeCOH. Higher reduction to Fe (“B0Z) was achieved at a relatively
high temperature (~380°C). The spectrum shown in Fig. 3, collected after
24 hours syngas reaction at 300°C, consisted of Fe2+ and very small amount of
carbides. This 1s probably due th;he formation of coke which inhibits the

formation of iron carbide. The deposition of coke also weakens the intensity

of the spectra. Further investigation is in progress to interpret this

spectrum.

Magnetic studies discussed in the next sectlon seem to indicate the
formation of Mn-ferrite (HnFezoa(, which 15 generally formed with ease by
substitution of Mn2+ ar appropriate Fe sites in the spinel structure of

Y-Fezo The presence of Mn-ferrite can be confirmed by Méssbauer Spectroscopy

3 L
when further work is done with an "enriched" or a 'concentrated" iron sample.

III. MAGNETIC STUDIES

This research consisted of two types of measurements: {a) magnetization
(0 in emu/g of Fe) as a function of the field (H in Qersteds) and/or h
temperature (T in degrees K) to obtain information on average particle size
from 0 ve H/T curves in appropriate cases and (b) the thermomagnetic
measureménts; that is, measuring (saturacion) magnetization (0 in emu/g of Fe)
as a function of T. The thefmnmagnetic measurements are helpful in detecting

the presence of two or more phases of Fe, and in appropriate cases thesa ara



helpful in identifying the phases via their Curie temperatures (Ic). Although
Tc depends somewhat on the particle size and may get shifted because of the
presence of other component(s), the apparent Tc values do provide an insight

{nto solid-srate reactions, or ""strong metal support interactiomns (sMSI1)," in

the parlance of catalysis. Mossbauer spectroscopy is equally well=guited in
detecting SMSI. Fig. 6 shows (saturation) o vs H for the as-teceived
D~l sample. This indicared that the sample consisted of fine particles of
Y-Fe203 and Mn-ferrite. The thermomagnetic measurements for the same sample
shown in Fig. 7 displayed a Tc (at cthe inflectiom point) of about 280°C
which agrees fairly well with that of Mn-ferrite., It appears that during the
thermomagnetic measurements more of Y-Fezo3 was converted to the Mn-ferrite.
The D-l as-received sample was reduced at 250°C in a stream of H2 (flow
rate V30 co/min) for 24 hurs. The saturation magnetization Qf the reduced
sample (Fig. 8) was found to be 70 emu/g which showed "V30% reductiom. The
extent of reduction was low because of "mild" reduetion condirions. The
thermomagnetic studies of the reduced D-1 sample (Fig. 9) showed no distinct
'I'c for metallic Fe. On the other hand, on sustained heating, the formation of
Mn-ferrite could be confirmed.
The D-1 reduced sample when exposed to CO:H2 (1:1) 4indicated the presence
of Mn-ferrite and iron carbides (Fig. 10). The Tc of the suspected carbides
wag intermediste between the Tc of Fe3c or Fe_C. indicating the presence of

572
both phases. .

IV. NEW RESULTE ON MOSSBAUER SPECTROSCOFY
The spectra obtained for (48% Fe) Mn are shown in Figures 1)l to 24 and
are selfwexplanatory with respect to Chart I.




APPENDIX I  Mossbauer Spectroscopy of Fe/Ti0» System

iIn addition to the Fe/Mn0 work outlined before, Mossbauer spectra of
samples NK-1 and NK-2 were obtained. The spectra and our (tentative)
conclusions were sent to Dr. V.U.S. Rac of PETC on March 17, 1983. The spectra
are not repeated in this report.

Weak intensicies were observed due to the presence of TiO2 as a substrate
and a relatively weak source 10 mCi source [for about 7 days {experiments will
be repeated with our new 50 mCi source, which was installed on March 17, 1983.
Measurementrs will take approximately 8 weeks because of a backlog of several
DOE and other samples]. Other workers have found that T102 jubstrate absorbs
considerable amounts of Y-ray radiation. Spectra were obtained relative to Fe
foil using an Austin spectromecer and ND-100 MCA.

NK-1 (Fresh, 300 K) Isomer Shift (5) 1is small, possibly due to (1) the
presence of Fe3+ {high valence}, (ii) (CO) groups from Ligands and (iii) Fe-Ti
bonding (metal support inreraction--resembling an ilmenite structure, i.e.,
iron titanate-—FeTiOB}. Asymmetry of the central doublet may be ascribed to the
anisotTopy of particles and their smsll size.

Small shoulders are indicative of magnetic ordering in bulk material.

This aspect may be studied further at a later date, which is expected to reveal
SMsI.

NK-2 (Fresh 300 K) Spectrum is less discernible than M~1. The spectrum
at first glance is similar to that of NK-1: the central doublet, however, is
more symmetrical. Other aspects are similar te that of NK-1.

Unfortunately, information was not given on the Fe content in NK-1 and
NK-2, which has prevented us from making prudent interpretations. If this work
is to be continued at a modest level, more analytical information on the two
samplesy XRD, etc. should be given, and the requested funding level should be
maintained. It should be noted that the MOssbauer spectreoscopy, which is a
powerful probe for structural analysis at the microscopic level is rather
expensive. Iz takes sbout 25 days to obtaln a good spectrum under "in-situ”

conditions from the time one prepares a thin disc of the sample, records the



spectrum, transiers it om a Cal-comp plotter and does compurer fitting so as

to arrive at reliable interpreratioms.
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HACNETIC AND HOSSBAUER CHARACTERIZATION OF TRANSITION
METAL CATALYSTS SUPPORTED DN ALUMIKOSILICATES

M. Oskocie-Tabrizi, €. Lo, and L. N. Mulay*

ABSTRACT

Dacomposicion of Fej{CO)i2 on & series of
mordenites was studied by magnelic measuyrements and
Mossbauer spectroscopy. Particle size detecminacion
for these Fischer-Tropsch cactalyscs iodicaced that
the best dispersion can be obtalned when Lhe number
of acid sites in mordenite is maxipum. Thermomagnetic
measursments and Mossbauer spectroscopy suggesced thac
some iron clusters are inside the pores of mordenites.
The change in the Wassbaver isomer shift for Fe/
mordenites elucidated the nature of metal-supporc
tnteracciaons.

INTRODUCTION

For several decades s standard technique for
obtaining fine dispersions of transition mecals on
variaous high gurface area gupports such as Alumina
{Alq04), Sillica (5103}, etc. involved thelr impregna-
tion with salcs {uswally nitrates) of the transition
merals and subseguent decompositcion of the salt in the
presence of Hy. Colline and MWulay [1] showad chax
upan decomposition of Fe(CD)s in Linde 13X {with a
pore aperture of 10 L) a fine dispersion af a-feply
wias obrained in che cages. Since ctheo there has bean
a pralific activity in disparming various matal
carbonyls such as Fey{Cl)y3 into more exotic cage
struccuree such as silicalite, Z5M=5, which have a
medivm pore (5.5 R) channel type structure [2]. These-
systems have proved to be promising cacklyscs feor
syngas {CO+H2} converaion to gasoline range {Cg-Cy))
hydrocarbons [J]. In addicion, mordemites, which fall
under the zeclite category, have also been investigated
as potanctial candidates for ayngas gomvarasion [4].
When impregnated with transicion metal, carbonyle
{ (CO)yl and subsequent decatrbonylation (removal of
CO) give a variecy of oxides [o-Fe3ly, y-Fep0y, ecc:]
in the freshly prepated samples. The axides in tumn
could then be reduced Lo clustera of Fe' (atoma),
carbided and vaed for syngas converziom. The work on
IsH-5 and mordenices have raised incereating quescions
concerning a possible inceraccion between the Fa
specles and the acidic sifes in such supports.

The work reported here was undertaken Lo
systemsclcally elucidace such interaction in a wide
variacty of mordenites with the (5107/A1203) "racie”

s 12,17,20,60 and having a vide range of acid sites.
It was showm by other workers {3] thac maximus number
of acid sites i3 presenc in che wacrdenite when The
ratio is 17,

For chis purpose fn-siru magnetizacion
ceasurements as a functiop of the fiald {H) and
temperature (T) uvere used as a "macroseapic™ probe ta
find cha particle sire cof superparzmagnetic particles.
Fe37 Mossbauer spectroscepy was used as 3 microscopic
taol for Einding the valence state aof the Fa spacies
and for identifylng the phases pressnt. Ic was also
used to detect their superparamagnaltizm and any
magneric ordering within large particles.
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EXPERIMENTAL

The original mordenites were supplied by the
Norcen Co., Akron, Ohic. It had the oxide farmuls per
unit cell: HWALSI g Ogy in which 'x' depended on
the Si0;/Alz04 ratie. The movdenite scYucture had an
elliptical pare of size 6.7 x 7.0 4.

Mordenite samples in vhich Fe species (v151) were
introduced by wsing r.;(co)lz were supplied by the
Pirrsburgh Energy Technology Center. A drief descrip-
ticn aof sample praparacion is given by Rao [B].

Magnetization measurements were carried out with
a Vibrating Sample Magnccometer and a Faradey micrs-
bhalance [7]. Samples were investigated in the range
80-9C0 K in an applied field of up to 15 KOe. All
samples were heated for thermomagnetis measurements at
the rate of 5°C per minuce.

The Massbauer spectra uere obtained with an
Austin Associaces constant acceleracion spectromecaer
with 8 50 nCi o7 source and a Nuclear Data KD-100
multichannel analyzer. Spectra were recorded and
Méssbauer parameters wera cbralned relative to a
standard NBS izon fail.

RESULTS, DISCESSION AND CONCLUSIONS

From rhe well known Honmda-Owen plats of x vs 1/Y,
the fervomagnetic tmpurity im cthe mordenites vas
eatimaced to be ~10Q ppm and as asuch this concribucion
was neglected in subsequent messurements wvith Fe/
mardenits samples. 1] s seen Erom Fig. 1 that
practically all ssmples thowed a superparamagnetic
behaviar. Saople A (ratloc = &0} shoved a much higher
wagnetization than other samples, such as B (rarie =
20}, C (ratio = 17), and D (racio = 12). Sampla c,

55 1] T 1 K | 'Is;o
Fa ({~15%) on Morderiled .l mm!-
3

Magnstizotian (&, emu/sg Fa)

1 1 i

O 353556 80 100
H()
‘TAX

Fig. 1 Mannecization as a function of H/T for Fe on

poTdenites with varying 5i032/A1307 ratio.
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vhich has the highest number of Bronsted acid sites
[5]. showed the smallest particle size (~1é A). The
plot of o fot Fe species as 3 function of "5102/A27203
ratio in mordenite is shown in Flg, &. The arrous
indicate a ratie = 17 in chis figure.

‘E T T K] 1 T T T I

H »

5 i "] 8‘ —

w A0 ) as 3

® .,."‘p.;‘ 2
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~ 30 ~
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Z 2ol 02 X

2 T

= - wl

2 i
_ ::__:' [[=] o o vi

g -

- Fa) 1 1 L L | L 1 i

o o 20 40 1

Si0y /AL D,

Fig. 2 Saturation magnetization {(0g) and isomer shift
{4) versus $105/Al30y ratio. The arrows show
the ratio = 17, at which the acidicy ig
higheat.

The particle size was calculsted from the low and
high field approximacion of che Langevin functien.

The average particle size decreased systematically
from sample & {50 L), sample B (20 %), and sample D
(i8 1) zeaching a minimum value for sample € (14 Ly,
which has the highest number of acid sites in the
mordenite structurs,

Thermomagnetic measurements shoved a similar
rrend for all samples. A typlcal curve is whowm in
Fig. 3, for sample B {(racie = 20), A maxioum is seen
around 450%.s ceduction in O ia attributed co chermal
randomizacion. On cooling an irreversibla incrasse in
¢ 1a also noticed. This may be agcribtend Co an
agglomeration of clusters from the inltial highly
digpersed iron oxide phase to a more stable y-Fe30)
with a larger parcicle slze., For sample A (ratio = 60}
Oy was found to be 7} emu/g of Fey0y vhich agrees well
with the bulk saturation magnetization for y-Fezo3 {8].
Thic o, for sample A demonatrates thaz [or the sample
with lowest acidity, slmost all iron clusters have
grown to a larger (buik) size, whereas dy [or sample C
(rectio = 17) showed 3B emu/p of Fey0j, suggesting Chat
almost 50X of ivon species showed superparamagnetiss.

T T T T T T T T
13% Fs ON MOMDEMTE( 410 /810, ~30] .
g sor ~
E
s F N
5 60p -
=
e - T
1
e #OpF -
-
w - =
&
= 20 N
-
o 1 | | 1 1 | { 1
(o) 200 400 600

TEMPERATURE ("¢}

Fig. 3 Thermomagnetic mecasurenents for Fe on
mordenite with 5i03/a13203 = 20.

This behavier could be due to highly dispersed particle
clusters containing fev atoms inside che channela of
the mordenice {ratie = 17)}.

A composite of Mossbauer spectra obtsined for
samples wvith Fe on mordenites with various 5i07/A1703
ratics at room temperature is shown in Fig. 4. As
shown in Fig. 4({A)}, the specirum consists of & streng
doublet arising from Fedt, a small doubletr frem Fel+,
and & weak sextet from larger particles. With
decreasing acid sices, the interaction between Lthe
iron species and the support also decreases giving
rise o an increase in che parcticle size. Hence, [ine
diwpereion could not be achieved in thim case. The
small amouat of Fel* passibly due to FeQ formatilon {9)
indicated that the charge transfer [10} {Fel* = pel*)
during the decompoaiticn of iron carbonyl was not
completed. This is again due to che lower number of
acid sites. As the number of acld sites increases,
the sextet disappears ar a rvatio of 20, and the
ganple shows complete auperpafama netic behavior
{Fig, &(B)). Furthermore, the Fe<* doubler disappears
at a ratlo of 17 (Fig. 4(C)). The iseoer shift (&) of
the strong doublet arising from felt for various
Mordenite-Fe catalysts is shown 4n Fig. 2. 1t is seen
that & incresses as the ratio decreases from 60 to 17.
This may be ascribed to the expansion of the s-orbital
of Te arising from the increase of pretons (H*) In
mordenite., Thus, the s-slectron dengiry at the Fe
nucleus ia raduced and consequently ¢ i3 increased.
The room temperature Mossbauer spectra were also
obtained for samples heated at 300K. 1In addition to

T 1 1 1 T 1 I 1 T 1 I
Fu [=18"%) on Morceniias Sit,
Fe1* 4130y
1
00~ & negd?, 60
LT, -+
96 -
SE F-
ey
e o] ] ] n 20+
98|~ -
8
R
E 9&- -
E
2
[
o WA -
H v -
2 0ak€ n 47
™
96 -
Wo=0 -~ 12
8} T
9% -
Sk - )
L L I B H . L 1 1 1 L
-2 -8 - [#] - 8 [F4

VI MMSS)

fig. 4 Room temperature Mossbauer spectita for Fe on
mordenites uith varying S107/Al;0y Tacto.

Al



the sextet for bulk y-FesO;, a superparsmagnetic
doublet was observed at a raclo of 17. Thase
observations further indicated that a strong
interacticn between the acid sices and the Fe specles
constrained the growth of such species during
sinfering.

It is seen from che above tresmults that {1) with
increasing acid sires in the mordenite framevork, a
becter dispersion of superparamagnetic clusters of
Fe-oxides is obtained. The highest metal dispersion
was seen with the Mordenits having the higheat acid
sices (ratio = 17); chat (4{1) due to high acidity of
the motdenite, some Fe lons could panatrace inta the
pores of mordenites; and ({11} a metal support inoter-
dction is observed with increasipg scid sites i the
pordenite. This 1s believed to arise from the
expansion of s-orbitsle of Fe by interaction with
protons in mordenite. TFurthez details slong with
hineric scudies on the syngas reacfion will be
published separately.
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The structure of a typlcal sodium-mordenice
[NagAlgSi,nOgg) ' 24K:0 viewed along the [001] divection
is shown belov. 1t is orthorhombic with ynit cell
dimensions: a = 18.1, b = 20.5, ¢ = 7.5 A. The
structure depicts the pore structure described under
the experimental section. It should be noted that the
mordenites, ueed in the present study were tn Che
“"Hydrogen"” form. These were obcained by exchanglng Ka
ions with W,

-

AN

o F s —

Fig. 5 Structure of s typical wordenite [see C.K.
Hersh, “Holecular Sieves,” Reinhold Fubl.,
New York (1961); snd D.W. Breck, "Zeolite
Molecular Sieves,” John Wiley and Sons,
New York (1974)).
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Vv . CONCLUSTONS

Project: Fe:Mn Catalysts

Synthesis: 10% Fe, 90% Mn and 50% Fe: 50 Mn (PETC: samples from Dr. Diffenbach,
(TP0O), Tischer, Pennline et al.)

1.

Characteristics:
a. Mdssbauer spectroscopy of 10 Fe: 30 Mn shows slow reductiom with Hy:CO,

presence of various carbides and relatively slow synthesis gas reaction.
Departure from S-F plots (reported by Dr. Tischer, PETC}.
b. Magnetic measurements show formation of Mn-ferrite as an intermediate.
Characterization:
Md'ssbauer on 50:50 Fe:Mn =+ quick reduction. Desired Fe-carbides and
catalytic activity (PETC). Less formation of spinel Mn ferrite (from
magnetic and Missbauer data). Mn-ferrite not considered by previous workers.
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VI, CONCLUSIONS

Project: Fe/Ti02

Synthesis: Fe/TiOz [2 samples)] were supplied by PETC (Dr. V.U.S5. Rao)

Characterization: Mossbauer and magnetic measurements show presence of
Ilmenite + Fe-Titanate

Results: Mossbauer and magnetic data show SMSI. Ease of reduction of
Fedt + pe° depends on many factors (Fe loading, sample preparation, and
reduction conditions).

Conclusions; Carefully planned research required(2 arbirary sample -not enough)
Use should be made of existing knowledge of semi-conductor and metallic

properties of Tiy074.1- (Tip03) and Magneli phases. (%20 papers by
Mulay et al., P.I. during the past decade)

November 1983
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