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Silica-supported Fe and FeNi catalysts show strong dependence of metal particle size on 
pretreatment, particularly the initial dehydration step. Room temperature Mossbauer spectra 
and supporting X-ray diffraction data reveal that mild pretreatment in the form of slow 
vacuum drying prior to reduction produces significantly smaller particles of Fe and FeNi on 
silica than either direct reduction or calcining. Once the catalyst precursor is completely dried, 
metal particles are relatively stable against further growth, suggesting that residual water or 
anions from the incipient wetness impregnation play a critical role in metal agglomeration 
during pretreatment. For 5 wt% Fe 5 wt% Ni on silica, vacuum drying and subsequent 
reduction produce FeNi alloy particles small enough to exhibit superparamagnetic behavior. 
Precalcining this catalyst increases the alloy particle size considerably as shown by a ferro- 
magnetically split Mijssbauer spectrum. Computer fitting of the broad peaks reveals significant 
amounts of metallic iron or extremely iron-rich alloy and, therefore, that phase separation 
can accompany particle growth in FeNi alloy catalysts. 

INTRODUCTION 

Iron has long been recognized as an 
important catalyst for the production of 
hydrocarbons from CO and Hz (1-9). 
In fact, in the SASOL process, the only 
operating commercial process of its kind, 
fused potassium-promoted iron is used 
to catalyze Fischer-Tropsch synthesis (10). 
Previous research has revealed many in- 
teresting aspects of iron Fischer-Tropsch 
catalysts, including the importance of 
carbides (9) and changes in product distri- 
bution upon adding additional metals (8). 
In order to examine the nature and 
significance of carbide formation during 
reaction in more initimate chemical detail 
and to probe further the possibility of 
controlling selectivity to desired hydro- 

1 Present address : Exxon Research & Engineering 
Company, Florham Park, N. J. 07932. 

carbon products by alloying iron with other 
metals, we have begun a Mossbauer 
spectroscopic and kinetic investigation of 
supported iron-containing catalysts. This 
paper is the first of a series in which we 
report characterization of the chemical 
state of iron and iron-nickel alloy particles 
on SiO, by in situ Mossbauer spectroscopy 
before, after, and during reaction of Hz 
with CO. We deal here with the nature of 
the catalyst before reaction. 

The fine structural details of a supported 
metal catalyst depend on the complex 
chemistry of its genesis. Furthermore, 
certain reactions, including hydrogenolysis 
(11), isomerization (12), ammonia synthesis 
(IS), and methanation (14, 15), are known 
to be structure sensitive. Particle size 
strongly affects the structure of supported 
metals since changes in size can alter the 
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distjribution of exposed faces, surface ir- 
regularities, steps, and edges. In general, 
size cont’rols both the number of special 
structural ensembles on the surface and 
the degree of coordinative unsat,uration of 
individual surface at’oms. In addition, 
smaller particles have a higher fraction of 
atoms in contact with the support and are, 
therefore, more susceptible to support 
interactions, an extreme example of which 
has recently been reported for group VIII 
metals on TiOz (16). Xiulbiphase or alloy 
catalysts are particularly sensitive to 
dispersion (fraction exposed) if phase 
properties or surface enrichment are par- 
ticle size dependent. 

Clearly, the st#ructural and chemical 
importance of particle size, as well as 
the obvious economy of metal utilization at 
small size, demand careful st*udy of the 
variables that cont’rol particle size during 
catalyst preparation. Moss (17) has re- 
cently reviewed the effects of support, 
met’al salt, and contacting method on 
catalyst properties. Effects of the salt 
used on particle size of iron catalysts have 
been probed with t,he Mossbauer effect(l8). 
Bartholomew and Farrauto (19) have 
shown that the det’ailed chemistry of 
decomposition of nickel nitrate salt has 
a strong effect on dispersion for Ni/A1203 
catalysts, while Dalla Betta and Boudart 
(20) have clearly demonstrated the crucial 
role of degree of hydration during metal 
reduction for Pt-Y zeolite. 

In this work we have characterized the 
state of iron in Fe/SiOz and FeNi/SiOz 
catalysts as a function of pretreatment. 
The sensitivity of the Mijssbauer effect 
to chemical state, magnetic ordering, and 
particle size of iron phases makes it well 
suited for such studies (21). Examinat’ion 
of effects of calcining, dehydration/reduc- 
tion cycles, and effects of alloying on the 
resultant part’icle size of t,he iron phase 
shows a remarkable sensitivit’y of particle 
size to the severity of the initial dehydra- 
tion process. 

E:XPERIiLIP:iYTAI, I1IISTHODS 

Catalyst preparation. Iron and iron-nickel 
on silica catalysts were prepared via the 
incipient’ wetness impregnation technique. 
A known concentration of metal salt in 
water was prepared from Mallinckrodt 
analytical reagent, grade nickel nitrate, 
Ni(N03)2.6Hz0, and/or ferric nitrate, 
Fe (NOa), + 9HzO. The salt crystals were 
dissolved in distilled wat,er which has been 
further purified by deionization in a 
Barnstead high-capacity ion-exchange bed. 
The solution was then added to dry Cab-O- 
Sil EH5 silica, a high surface area (-400 
m*/g) support material composed of par- 
tially agglomerated microspheres of solid 
SiO, and obtained from the Cabot Corpora- 
tion. The addition was accomplished drop- 
wise with thorough stirring to promote 
even dispersion of the metal ions. Just 
enough solution was added to wet’ the 
entire surface, t’hus taking advantage of 
the surface spreading pressure of the 
solut)ion to produce a uniform distribution 
of the ions. In the case of 10 wt% metal 
catalyst’s, 17.0 ml of solution was required 
for 9.0 g of silica (1.89 ml/g). The presence 
of ions from the metal salts significantly 
increased the solution’s ability t’o wet the 
surface; fully 2.2 ml of deionized distilled 
water was needed to wet 1 g of silica. 

Impregnated samples were air dried at 
room temperature for a minimum of 3 
weeks, with daily stirring to ensure even 
drying. Preparat’ion was completed by 
two different methods classified by the 
severity of pretreatment. In the first type, 
careful drying was achieved with a Thelco 
l\odel 19 vacuum oven. A liquid nitrogen 
trapped Welch Duo-Seal vacuum pump 
reduced the pressure to <l kPa. The 
following heat’ing schedule was used : 12-24 
hr at 300”K, 2 hr at 353”1<, 2 hr at 373X, 
2 hr at 393X, and 16 hr at 413 “I<. In the 
second type, air-dried catalysts were treated 
more harshly. Batches were calcined in 
100 cc/min of UHP O2 or 1% UHP O2 
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in He at temperatures from 573 to 723°K 
for 6-24 hr. 

Finally, dried or calcined catalyst pow- 
ders were prepared for installation in the 
Mossbauer in situ cell (22) by pressing 
0.1-0.4 g of powder at 8000 psi to make a 
1.7-cm-diameter self-supporting wafer. 

All catalyst compositions are reported 
on a dry, reduced basis as zFeyNi/SiOe, 
where x and y are weight percents. 

Experiments. Constant acceleration spec- 
tra are obtained with an Austin Science 
Associates, Inc. S-600 Mossbauer Spec- 
trometer and a Reuter Stokes Model 
RS-P3-1605-261 proportional counter 
powered by a Fluke Model 415B dc supply. 
The detector pulses are preamplified by an 
Ortec Model 109PC preamplifier, amplified 
and shaped by a Canberra Model 1417B 
spectroscopy amplifier and selected by a 
Canberra Model 1437 timing single channel 
analyzer (SCA). The drive and counting 
electronics are interfaced with a Nuclear 
Data series 2200 multi-channel analyzer 
(MCA) equipped with a four input multi- 
scaler. This setup is capable of accumulat- 
ing greater than 100,000 counts/hr for 
10 wt’% Fe/Si02 samples. 

The source was 50 mCi of 57Co diffused 
into a rhodium matrix, obtained from 
Amersham Corporation. Absolute velocity 
calibration is determined with a 12.5~pm 
NBS Fe foil which gives linewidths of 0.23 
mm/see for the outer lines. Isomer shifts 
are reported with respect to this standard 
absorber. Computer analysis of the y-ray 
data is made with a version of an Argonne 
variable metric minimization program, an 
iterative gradient algorithm to fit Lorent,z- 
ian line shapes. Linear constraints of 
linewidth, dip, and/or position are em- 
ployed to aid fitting only when they can 
be justified physically. 

The stainless-steel absorber cell (22) 
has high purity Be windows for high y-ray 
transmission. Using this cell, pretreatment 
or Mijssbauer spectroscopy of catalysts 
can be accomplished at temperatures 

between 298 and 8OO”K, controlled to 
within =tl”K by a West Model 100 
temperature controller. A multi-purpose 
gas handling system (Fig. 1) allows evacua- 
tion of the cell to <1.3 X 1O-3 Pa or flow 
at 1 atmosphere of Hz, 02, and He. All 
gases are UHP grade from Matheson. 
Hydrogen is passed through an Engelhard 
Deoxo, 10 ft3/hr capacity, oxygen-hydro- 
gen catalytic purifier and then through a 
fixed bed packed with drierite to remove 
water. Helium and oxygen are used without 
further purification. 

A General Electric XJD-5 X-ray diffrac- 
tometer provides X-ray diffraction patterns 
of the catalyst powders. Copper Kcr 
radiation is measured with a scintillation 
detector. Reduced samples are passivated 
by flowing He over them at room tempera- 
ture with gradual admittance over a 3- to 
4-hr period of oxygen to the reduction 
cell until the partial pressure of O2 is 
approximately 21%. ParticIe sizes are 
calculated from the line broadening of t.he 
diffraction pattern of the metal phase and 
the Scherrer equation. No diffraction lines 
from any iron oxide appear in the XRD 
patterns of the passivated samples. Iron 
and iron alloy foils are used to correct for 
instrumental broadening. 

RESULTS AND DISCUSSION 

Iron Catalgsts 

Samples of the same batch of air-dried 
lOFe/SiOz catalyst were vacuum dried or 
calcined, loaded in the Mijssbauer cell, and 
hydrogen reduced in situ. The room 
temperature Mossbauer spectra of the 
reduced catalysts, displayed in Fig. 2, 
have considerably different characteristic 
features showing that the chemical state 
of the catalyst is dependent on severity 
of pretreatment. Spectral parameters are 
summarized in Table 1. Figure 2a indicates 
that at least two forms of iron are present 
in the reduced catalysts. Most of the iron is 
represented by the paramagnetic asym- 
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FIG. 1. Flow and vacuum system for Miissbauer absorber cell. 

metric doublet, wi;ith a lesser contribut’ion 
due to a phase corresponding t,o the six-line 
ferromagnetically split component. A lo- 
peak computer fit was employed with t.he 
positions of the two partially hidden peaks 
and the fully hidden peak of the six-line 
component constrained to have dip, width, 
and spacing consistent with the three 
visible peaks. The inner shoulder on the 
higher energy peak of the asymmetric 
central doublet led to a fit of this region 
with two superimposed doublehs. Line- 
widths were constrained equal only in the 
central region of the spect’rum. The 
computer-fitted splitting of the outer lines 
of the six-line component gives a hyperfine 
field (H) of 323 kOe, slightly less than the 
accepted value near 330 kOe for a-iron. 
The isomer shift (IS) near zero and the 
difficulty in fitting the poorly defined line 
shapes, however, warrant assignment of this 
component to metallic iron. Furthermore, 
previous MGssbauer studies have found 

that the magnetic field for small particles 
is less than that found for larger crystals 
of the same phase [see e.g. (25, .24>]. Thus 
t’he observed decrease in the field suggests 
that the metallic Fe is well dispersed. 
The two superimposed central doublet’s are 
both assigned to ferrous species. The outer 
doublet has Mijssbauer parameters typical 
of Fez+ in bulk oxides. The inner doublet 
has a smaller isomer shift and quadrupole 
splitting, and is similar to peaks that have 
been observed in microcrystallites of Fe0 
(B) and attributed to an Fez+ species 
with coordination less than octahedral. 
This evidence for surface Fez+ atoms 
suggests that the irreducible iron is also 
dispersed as small particles on the support. 

In spect,rum b (Fig. 2), reduct’ion of the 
lOFe/SiOz catalysts was preceded by 
calcination at 648°K in flowing 1% 02 
in He for 24 hr. The qualitative spectral 
features are similar to those for the carefully 
dried catalyst, except that a much larger 
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portion of the spectral area is in the form 
of metallic iron. More severe Cal&nation 
of the precursor at 723°K in flowing 1% 
02 in He for 24 hr gave a catalyst with 
essentially all of the iron in the zero-valent 
state after reduction (Fig. 2~). The fraction 
of iron in the reduced state for each of 
these three catalysts is estimated in Table 1. 

We attribute enhanced reducibility of 
the iron as severity of pretreatment is 
increased to a concurrent increase in metal 
particle size. Several previous Mijssbauer 
studies have shown that Fe on SiOZ or 
A1203 at loadings of 0.1 to about 1 wt% 
is generally difficult to reduce ; typically 
treatment in Hz at 773°K for extended 
time cannot reduce the iron beyond Fez+ 
(24, SS). Stong interaction between iron 
in small particles and the support or actual 
ion-exchange of iron into the support 
surface account for this observed persist- 
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FIG. 2. Miissbauer spectra of reduced lOFe/SiOl 
catalysts. (a) Vacuum-oven dried, reduced in HZ 
24 hr at 723°K; (b) calcined in 1% Oz/He 12 hr 
at 648”K, reduced in Hz 8 hr at 723°K; (c) calcined 
in 1% OJHe 24 hr at 723”K, reduced in Hz 8 hr at 
723°K. All spectra were recorded in Hs at room 
temperature, 

TABLE 1 

Spectral Parameters for Reduced 
10 Fe/SiOz Catalysts (Fig. 2) 

Parameter spectrum 

s b o 

Internal magnetic field (kOe) 322.7 330.4 329.1 
Isomer shift (mm/set) 

Fe0 +0.002 +0.001 +0.005 
Fe*+ +1.0s +1.05 - 
Fez+ a +0.94 +0&t - 

Quadrvpole splitting (mm/set) 
Fe*+ 1.97 1.90 - 
Fez+ 0 1.12 1.04 - 

Fraction of FeQ b 0.150 0.673 1.00 

a Assigned to surface ferrous species. 
b Assuming arbitrarily that recoil free-fractions of the metal 

and the oxide are equal. 

ence of the ferrous phase. Reduction to 
Fe0 generally can be achieved for loadings 
above 3y0,, or as particles become large 
enough to render strong support interaction 
unimportant by having a small fraction of 
the iron atoms in contact with the SiOz 
support. In the present case, 10% loading 
is sufficient to allow reduction to iron 
metal, but the degree of reduction is 
controlled by the amount of particle 
growth during pretreatment. 

Besides providing a measure of reducibil- 
ity, the spectra in Fig. 2 yield limits for 
the metal particle sizes involved. The 
coupled spins in a magnetically ordered, 
single domain particle have preferred orien- 
tations in the microcrystallites. The relaxa- 
tion time for flipping of spins from one 
preferred low-energy direction to another 
is given by the equation 

T = 7. exp(KV/kT), 

where r. is a constant, K is the magnetic 
anisotropy barrier energy, V is the particle 
volume, Ic is the Boltzmann constant, and 
T is the absolute temperature. Thus at 
room temperature, a critical volume (diam- 
eter) exists, below which the relaxation 
time 7 will be faster than the Larmor 
precession period of the nucleus. At this 
condition the average net spin in a given 
direction approaches zero and the magnetic 
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FIG. 3. Rfiissbauer spectra of oxidized 10Fe/SiOz 
catalysts. (a) Vacuum-oven dried; (b) calcined in 
1% O,/He 12 hr at 648°K; (c) calcined in 1% 
On/He 24 hr at 723°K. All spectra were recorded 
in vacua at room temperature. 

Niissbauer results for cat’alysts pre- 
treated but not reduced provide estimates 
of the particle sizes for the larger iron 
particles. Kiindig et al. [30] have shown 
that the crit,ical particle diameter for 
superparamagnetic relaxat,ion in a-Fez03 at 
room temperat’ure is 13.5 nm. This higher 
value of the critical diameter reflect’s, 
of course, the fact that K is significantly 
lower for iron oxide compared to iron 
metal. As expected, the spect#rum for 
vacuum dried 10Fe/SiOz in Fig. 3a shows 

T,4BLE 2 

Spectral Parameters for Oxidized 
10 Fe/SiOn (Fig. 3) 

structure changes from ferromagnetic to 
superparamagnet’ic. Small metallic iron 
clusters are well below the single domain 
size of 20 nm (26) for met,allic iron, and 
thus have a single magnet’ization vector, 
M. Of the several sources of magnetic 
anisotropy, surface anisotflropy can be 
particularly significant for small particles. 
Boudart and co-workers (27’) have at- 
tributed their observation of six-line mag- 
netically split iron spectra for particles 
as small as 1.5 nm to strong magneto- 
surface anisotropic effects. Thus the critical 
particle diameter (d,,) for the onset of 
superparamagnet’ic behavior in metallic 
iron at room temperature is at least as 
small as 1.5 nm. For met,al particles below 
d,,, the six-line magnet,ic spectrum collapses 
into a single peak at 0.0 mm/set. Computer 
fitt’ing of the spectra in Fig. 2 showed in 
every case that addition of an extra 
unconstrained peak in the 0.0 mm/see between 5 and 6. 

Parameter spectrum 

a b c 

Internal magnetic field II (kOe) - 489.9 500.0 
Isomer shift 

a-FerOa - +0.29 +0.30 
FC3f +0.47 +0.33 +0.35 
Fez+ L1 +0.47 +0.32 +0.37 

Qusdrupole splitting A& (mm/set) 
a-Fe&a 6 - 0.31 0.45 
Fe3+ 0.69 0.53 0.50 
Fe3+ s 1.22 0.97 0.61 

Fractional magnetic ares. 0.0 0.13 0.72 

* Assigned to surface Fe3+. 
b AI? - Ail, Splitting between lines 1 and 2 minus splitting 
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region is unnecessary. We conclude, there- 
fore, that the average metallic iron particle 
size is greater than about 1.5 nm for each 
of the lOFe/Si02 catalysts studied. This 
may mean that very small iron oxide 
particles cannot be completely reduced 
when supported on SiOZ. In that case, 
Fig. 2 shows that the amount of iron in 
very small oxide particles decreases with 
severity of pretreatment. 

Further information on the particle size 
of the metallic iron is available from 
spectrum a (Fig. 2) for t#he vacuum-dried 
catalyst. The breadt’h and slight asymmetry 
of the magnetically split lines, together 
with the decrease in observed hyperfine 
field, suggests that the average particle 
size is within a factor of approximat,ely 
two of cl,, (Z%, 29). 
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TABLE 3 

Particle Size of lOFe/SiOz Catalysts 

Pretreatment Mijssbauer 
spectroscopy 
(estimated) 

b) 

X-Ray diffraction 
(nm) 

Percentage 
exposed 

from XRD 
(%I 

Vacuum dry T,., = 413°K 48 hr 
Calcined at 648°K 12 hr 
Calcined at 723°K 24 hr 

<4.0 No observable peak >20 
8.5- 9.0 7.9 10.8 

12.0-12.5 10.3 8.3 

only a broad quadrupole-split doublet. 
Hence the average particle size is small 
enough that behavior is completely super- 
paramagnetic. Direct calcining of the fresh 
catalyst in 1% 02 in He for 12 hr at 
673°K produces a particle size distribution 
with -13% (based on spectral area) of 
the particles large enough to exhibit the 
ferrimagnetic behavior of a-FeZ03, having 
a hyperfine field of 494 kOe, IS = +0.31 
mm/set, and identified as a-FezOs rather 
than -r-Fe203 on the basis of the relatively 
large QS = 0.31 mm/set (Fig. 3b). The 
spectrum for the catalyst calcined more 
severely at 723°K for 24 hr (Fig. 3c) shows 
that -72% of the spectral area corresponds 
to a-Fez03 particles larger than 13.5 nm. 
Table 2 summarizes the spectral parameters 
for these samples. 

The superparamagnetic component for 
each spectrum was fit with two sets of 
doublets. We assign the outer (wider 
quadrupole splitting) doublet to surface 
iron in keeping with the observation of 
Kiindig et al. (SO) that the quadrupole 
splitting of the Fe 3+ doublet in very small 
cr-Fez03 particles increases with decreasing 
particle size. Note that surface ferrous 
ions have lower splitting than bulk ions 
because the larger crystal field gradient 
is opposite in sign to the gradient of the 
iron d electrons (31). For high-spin ferric 
ions the d electron gradient is zero and the 
larger electric field gradient at the surface 
increases the quadrupole splitting. Size 
effects are also evident in the spectral 
component for the larger particles since 

the internal magnetic fields are lower than 
the 515-kOe value established for bulk 
a-FezO3. 

X-Ray diffraction line broadening pro- 
vides an independent measure of catalyst 
particle size for reduced and passivated 
samples. The values obtained by this 
method are expected to be somewhat low 
because passivation oxidizes the surface 
layer of the particles. The Mossbauer 
effect showed, however, that the amount 
of oxidation after passivation was about 
25y0 at 80 A and about 2% at 200 A. 
If the oxide is a spherical shell around 
the metal core, it accounts for about 10% 
of the particle radius at 80 A. This result, 
coupled with the absence of XRD lines 
for iron oxides, suggests that XRD line 
broadening provides a reasonable estimate 
of metal particle size. Table 3 shows good 
consistency between the particle sizes 
from X-ray diffraction and rough estimates 
of size obtained from the Mossbauer 
spectra by assuming that the relation 
between average particle size and percent- 
age superparamagnetic spectral area is 
similar to that found for Fe/A1203 (SO). 
Thus we conclude that increasingly severe 
precalcining increases Fe particle size. 

This conclusion is particularly interesting 
in light of the observation that calcining 
affects particle size only if the fresh catalyst 
is hydrated. A sample which is first vacuum 
dried and then heated in 02 or He or HZ 
at temperatures up to 773°K for several 
hours prior to the final reduction treatment 
gives a spectrum identical to Fig. 2a. 
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FIG. 4. Miissbauer spectra of reduced 5Fe5Xi/SiOz 
catalysts. (a) Vacuum-oven dried, reduced in Hz 
8 hr at 723°K; (b) calcined in 17o Oz/He 6 hr at 
573”K, reduced in Hz 8 hr at 723°K. Spectra 
recorded in He at room temperature. 

This result st,rongly suggests that residual 
water or nitrate ions play an integral role 
in the metal agglomeration process. 

Iron-Nickel Catalysts 

The degree of alloy formation and effects 
of pret’reatment -have been examined for 
5Fe5Ni/SiOz, prepared by coimpregnation 
as described above. Spectrum a (Fig. 4) 
for this catalyst aft,er careful vacuum 
drying shows that addition of a second 
metal to the catalyst drastically alters the 
chemical nature of the iron phase. No 
evidence of a magnetically split component 
characteristic of metallic iron exists. In- 
stead, a broad single peak at +0.04 mm!sec 
dominates the spectrum. The non-lorentz- 
ian line shape of this peak is unique to a 
magnetically ordered phase undergoing 
superparamagnetic relaxation and thus 
we assign this spectral component to 
small superparamagnetic part’icles of FeNi 

alloy. Another form of iron is present, as 
indicated by the shoulder on the high- 
energy side of the central peak. This 
shoulder is assigned to the right half of a 
ferrous quadrupole doublet. 

The unique magnetic behavior of the 
FeNi system warrants care in interpreting 
spectrum a (Fig. 4). The variation of 
internal magnetic field with alloy composi- 
t,ion, illustrated in Fig. 5, shows that bulk 
alloys of FeNi are not ferromagnetic 
across the full composition range. The 
internal fields in the BCC (low-Ni) and 
FCC (high-Ni) phases vary smoothly 
with composition but at about 30% Ni 
the field falls to zero. Alloys in this composi- 
tion range are dubbed “Invars” because 
of their zero coefficient of thermal expansion 
at room temperature. Their anomalous 
magnetic and thermal properties are at- 
tributed to changes in magnetic ordering 
(33, 34). Thus, for the FeNi system, 
interpretation of the observed single Moss- 
bauer Fe line at room temperature is 
complicated since both the Invar composi- 
tion at any particle size or superpara- 
magnetic small particles with compositions 
away from the Invar region can exhibit 
this type of Mijssbauer spectrum. 

The isomer shift for bulk FeNi alloys 
varies only from 0.0 to +0.06 mm/set 
with increasing Ni content and is +0.03 
mm/set at t’he Invar composition (35). 
Thus, while the measured value of $0.04 
mm/set is consistent with the nominal 
50~5Oy, FeNi composition, accurate phase 
identificat’ion cannot be made on t,his basis. 
Line shape was the key parameter in our 
assignment, since the line width of 1.5 
mm/set and abnormally wide wings are 
characteristic of a superparamagnetic peak 
and are significantly different from the 
width of 0.52 mm/see and Lorentzian line 
shape reported for Invar (36). 

Assignment of the spect8rum a (Fig. 4) 
to small FeNi particles is supported by 
the behavior of the air-dried catalyst 
calcined in 1% 02 in He at 573°K for 
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6 hr followed by reduction in Hz (Fig. 4b). 
The large single peak of spectrum a 
(Fig. 4) is replaced by a magnetically split 
spectrum which can be fit by two overlapp- 
ing sets of six lines. The major component 
is a broadened spectrum with H = 291 
kOe and IS = f0.05 mm/see. The data 
in Fig. 5 and a spectrum for a 50 wt% 
Fe 50 wt% Ni foil confirm that this phase 
is an FeNi alloy with nearly equal molar 
amounts of Fe and Ni. The broadening in 
this spectrum can come from a distribution 
of magnetic fields, corresponding to dif- 
ferent numbers of Ni neighbors around 
the iron atoms in the disordered alloy, 
or from approach to the onset of super- 
paramagnetism. A significant contribution 
of the latter effect is unlikely because the 
lines of the alloy foil have linewidths only 
slightly more narrow than those of the 
alloy catalyst. The second magnetic phase 
had narrow lines, an internal magnetic 
field near 330 kOe and a near zero isomer 
shift. This phase is attributed to metallic 
iron or an extremely iron-rich alloy. 

The presence of two phases after particle 
growth (confirmed by XRD measurement) 
seems to be characteristic of this catalyst 
composition. Several attempts to generate 
a single phase, ferromagnet,ically split alloy 
were unsuccessful even when a different 
support, MgO, was used. The amount of 
the iron-rich phase corresponds roughly to 
the amount of unreduced iron in the small 
particle sample [spectrum a (Fig. 4)], 
but the structure of the two phase samples 
is not yet known. 

Rapid heating of the air-dried FeNi 
catalyst precursor in hydrogen also causes 
agglomeration and phase separation. The 
spectrum of the air-dried sample consists 
entirely of superparamagnetic Fe3+ ; two 
sets of overlapping ferric doublets fit the 
data. Vacuum drying and subsequent 
hydrogen reduction produces spectrum a 
(Fig. 4). Direct heating in Hz gives a 
spectrum in which some paramagnetic 
alloy remains in the form of the small 

COMI~SITK~N 
(AT %) 

FIG. 5. Room temperature hyperfine magnetic 
fields for bulk FeNi alloys. Reproduced from Ref. 
(Sb) with permission. 

central peak at IS - 0 mm/see, but most 
of the iron yields a six-line magnetically 
split spectrum. The lines, broadened 
asymmetrically toward the center, are 
dissimilar to those for the disordered alloys 
and could not be fit with a simple combina- 
tion of Lorentzians. The hyperfine field 
of -330 kOe, measured at the maximum 
dip of the outer lines, indicates the presence 
of iron-rich particles. The peak asymmetry 
suggests a broad distribution of composition 
and, therefore, hyperfine field, although 
some superparamagnetic broadening (28, 
29) cannot be ruled out. 

We note finally that as is the case for 
10Fe/SiOz, metal particle growth in the 
5Fe5Ni/SiOz system is critically dependent 
on the initial dehydration procedure. Care- 
sully dried samples do not sinter (based 
on Mossbauer and X-ray diffraction mea- 
surements) on subsequent heating in 02, 
He, or Hz. 

CONCLUSIONS 

Mossbauer and supporting X-ray diffrac- 
t’ion data show conclusively that the 
severity of pretreatment of an air-dried 
catalyst precursor affects the particle size 
of Fe and FeNi supported on silica. Since 
we have shown that particle growth is 
directly related to the presence of residual 
water or nitrate ions in the precursor, 
usual theories of sintering do not apply. 
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