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Maoéssbauer spectroscopy has been used to investigate the particle-size distribution of a variety
of ultrafine iron-based direct coal liquefaction catalysts having either Fe,0, or FEOOH composition.
The Mossbauer spectra of these catalysts showed pronounced superparamagnetic relaxation effects.
The retaxation spectra were analyzed as a function of temperature using a novel fitting model to
determine the particle-size distribution for these catalysts. The resulting size distributions are in the
nanometer range and agree reasonably well with size information obtained by scanning transmission

electron microscopy (STEM), SQUID magnetometry, and X-ray diffraction (XRD).
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INTRODUCTION

In recent years, there has been renewed
interest in the use of iron-based catalysts
for direct coal liquefaction (DCL) (/-6). In
their as-prepared form prior to liquefaction,
such catalysts are normally in the form of
highly dispersed iron oxides and oxyhy-
droxides. The Mossbauer spectra of such
fine iron oxide and oxyhydroxide particles
exhibit pronounced superparamagnetic re-
laxation effects, which have been exten-
sively investigated (7-13). Many of these
studies of the superparamagnetic relaxation
behavior of small particles have been based
on an average particle volume or diameter
(7, 10—13). Kundig et al. (8) were the first
investigators to describe a method for de-
termining the particle-size distribution of
a-Fe,0, by determining the percentage of
the Mdssbauer spectra in the form of mag-
netic hyperfine components as a function of
temperature. We have used a similar tech-
nique to estimate particle-size distributions,
with a novel model for fitting the Mossbauer
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spectra that incorporates a superparamag-
netic component as well as magnetic hyper-
fine and quadrupole components.

EXPERIMENTAL PROCEDURES

Massbauer spectra obtained in this study
were obtained with a constant acceleration
drive and spectrometer, similar to that de-
scribed elsewhere (/4-16), interfaced to a
personal computer dedicated to data acqui-
sitton. Calibration spectra of metallic iron
at room temperature were obtained simulta-
neously at the other end of the drive. Data
were then transferred to a MicroVAX 11
computer for analysis and archival storage.
The radioactive sources consisted of 25-100
mCi of ¥Co in a Pd matrix. Samples used
in this study were prepared in powder form,
diluted in boron nitride, if necessary, and
mounted in plexiglass compression holders
presenting a thin aspect to the gamma ray
beam. Sample cooling to temperatures as
low as 10 K was achieved using an Air Prod-
ucts Displex cryogenic system. In this sys-
tem, the plexiglass sample holder was held
between thin high-purity aluminum foil
within a copper sample holder. Intermediate
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temperatures between 10 K and room tem-
perature were obtained using a small car-
tridge heater inserted in the copper sample
block. The heat output of the cartridge
heater to reach a specified temperature was
adjusted electronically by means of a com-
mercial temperature controller. The con-
trol-point temperature, equivalent to the
sample temperature, was determined by
means of a calibrated silicon diode inserted
in the sample block and connected to the
temperature controller.

The samples investigated include sulfated
Fe,0O, and FeOOH prepared by a process
discussed in detail elsewhere (4), Fe,0, pre-
cipitated on carbon black (/7), an ultrafine
30-A Fe-oxyhydroxide catalyst developed
by Mach I (/8), and iron incorporated into
lignite by cation exchange (/9).

THEORY

When particles are small enough to be-
have superparamagnetically, the rapid re-
laxation of the particle spin system gives
rise to complicated relaxation spectra which
are superpositions of broadened magnetic
hyperfine spectra, quadrupole doublets, and
intermediate  superparamagnetic  (spm)
spectra. The frequency, f, with which the
coupled spins of a particle change direction

is given by (20)
K, V)
kT )’

where K, is the magnetic anisotropy con-
stant, Vis the particle volume, f; is a temper-
ature insensitive constant frequency factor,
k is Boltzmann’s constant, and T is the tem-
perature. The particle exhibits a six-peak
magnetic hyperfine pattern when fis smaller
than the nuclear Larmor frequency, f;, of
the *"Fe nucleus, which is given by

gBH,
L= 7‘9

f= ﬁ,exp( (H

@)

where g is the nuclear g value, 8 is the Bohr
magneton, # is Planck’s constant, and H, is
the magnetic field at the “Fe site. When

f> f., rapid spin relaxation causes the spec-
trum to gradually collapse into a quadrupole
doublet.

To a first approximation, one can define
a critical particle volume, V,_, above which
a particle will exhibit a magnetic hyperfine
spectrum. At temperature T, V_is given by

()

Kundig et al. (8) were the first to point out
that an approximate size distribution could
be determined by assuming that particles
exceeding this critical volume gave rise to
magnetic hyperfine spectra. Particle size
distributions were then determined by mea-
suring the magnetic percentages as a func-
tion of temperature. The difficulty with this
approach is that the Mossbauer spectra are
assumed to have sharp transitions from
quadrupole doublets to magnetic sextets on
lowering the temperature. It is well known,
however, that this transition is gradual, oc-
curring over a range of temperatures or re-
laxation times, 7 {(r = 1/f). Many papers
have been written on the dependence of the
shape of the Mossbauer spectra on the relax-
ation time (2/-23). As shown by such au-
thors as Wickman (23), the relaxation-time-
dependent Méssbauer spectrum is given by

s, K{(1 + 7T)P + OR]

Hw) =,

i=1 [,.-,_+_Q2 '

(3)

4)

where P, @, R for a zero external magnetic
field have the form

P=1?~(A-w+8]+T,
Q=74 - w)

R =(A — o)1+ 27T") 5)

8 =Hw;; — ), A=iw,+ ),

where 7 is the relaxation time in sec, w is
the frequency (in sec™') corresponding to
the Doppler energy of each data point in the
Mossbauer spectrum, and w; are the fre-
quencies (in sec ~!) corresponding to the six
allowed transitions between the Zeeman



100 g
3 \V' <70A
84 3
14 10 3 Z F] § 10 14
100
] 70A
93 33 -10 6 -2 2 6 10 14
100 -
g
5 o 3 95A
2 -14 10 5 2 2 6 10 14
5100 7
g
] 105A
991 53 K[ ] 3 3 G 0 14
100 -
9% 118A
14 10 % 2 2 [ 10 14
100 3
3 > 150A
80 3 i
-14 -10 - 2 14
Vol%clty {mnvs) & ©
F1G. 1. Theoretical plots of relaxation spectra of

Fe, O, at room temperature as a function of particle
size.

split energy levels. K; are the Clebsch-
Gordon coefficients with K, = K, = 3,
K; = K, = 2, and K, = K; = | for zero
external magnetic field. T'; is the natural line
width in sec ™! and is taken to be the same
for all transitions.

RESULTS AND DISCUSSION

Figure 1 shows the theoretical Mossbauer
spectra of a-Fe,0, as a function of size using
the model given by Egs. (4) and (5). In
Eq.(5), the w, are calculated from the Moss-
bauer parameters of bulk a-Fe,0; at room
temperature. The particle size correspond-
ing to each (= 1/f) is calculated from Eq.
(1) assuming the particles to have a spherical
shape. We have used the values of the mag-
netic anisotropy constant given by Van der
Kraan (/1) (0.55 x 10° J/M? for a-Fe,05)
and Rodmacq (/2) (1.67 x 10° JI/M? for «-
FeOOH). Different authors have used dif-
ferent values for the parameter f, (7, 8,

GANGULY ET AL.

10-13, 24-26), but it is always taken as a
constant. The choice of f, depends on the
material and the size ranges of particles
studied. In the work of Van der Kraan ({//)
concerning superparamagnetic properties of
fine «-FeOOH and «-Fe,0, particles, the
interval of possible values of f, is cited as
10°to 10" sec~!. For our studies concerning
as-prepared and as-dispersed catalysts, the
value of f,, was determined empirically using
the 30-A FeOOH catalyst obtained from
Mach [ (/8). A TEM investigation of this
sample (27) showed that the particles were
approximately spherical and had a narrow
size distribution with an average particle di-
ameter of 30 A. The Mdssbauer spectrum
of this sample was taken at 10 K and was
found to be simulated quite well using the
superparamagnetic model described in Eq.
(4) with a relaxation time () of 107 sec.
This value of relaxation time and the particle
volume was substituted into Eq. (1) and a
value of 10> sec ™! was obtained for f;,
which was used to calculate the size distri-
butions for all the samples studied here. It
should be noted that the accuracy of f; is not
very critical for this study, since changing f,
by one order of magnitude shifts the size
ranges by =5 A only. Additionally, the value
of f, used here is quite consistent with that
used by other authors. Vertes et al. (10),
for example, reported a value of f, = 10"
sec ! for 8-FeOOH particles of 30 A di-
ameter.

Using these parameters and Eq. (3), a crit-
ical diameter, d. = 115 A is derived for
«-Fe,0; at room temperature (295 K). It is
seen in Fig. 1 that the theoretical spectrum
calculated using Eq. (4) is indeed a six-peak
magnetic hyperfine spectrum at this particle
diameter, although it is slightly broadened.
At a somewhat larger particle diameter, a
sharp six-line magnetic hyperfine pattern
with no significant broadening is seen. Fig-
ure | also shows that for decreasing particle
size, the Mossbauer spectrum gradually col-
lapses to a quadrupole doublet. It is seen
that a sequence of superparamagnetic (spm)
relaxation spectra that are neither magnetic



MOSSBAUER SPECTROSCOPY INVESTIGATION OF IRON OXIDE CATALYSTS 555

nor quadrupole in character occur as the
particle-size decreases below the critical di-
ameter. At a much smaller diameter (70 A
for a-Fe,0O; at 295 K), a pattern that could
probably be described as a broadened,
asymmetric quadrupole doublet emerges.
As pointed out by Blume (28), the asymme-
try in the quadrupole doublets seen in the
Mossbauer spectra arises because the +3/
2 — =1/2 transitions, which make up one of
the lines of the quadrupole doublet, narrow
more slowly than the =1/2 — =1/2 transi-
tions, which make up the other line, since
the precession frequency in the magnetic
field is larger for =3/2 — *1/2 transition.
At a given temperature, particles with a
diameter exceeding some critical diameter,
dy (corresponding to Eq. (3)), will exhibit
a magnetic hyperfine spectrum, while parti-
cles with a diameter less than some other
critical value, d,, will exhibit a quadrupole
doublet. Particles having diameters ¢ such
that d, < d < dy will exhibit spm relaxation
spectra that are neither magnetic nor quad-
rupole in nature, as illustrated by the middle
three spectra of Fig. 1. A typical iron oxide
catalyst will normally have a size distribu-
tion such that, over some range of tempera-
ture, some particles fall into all three size
classifications, yielding spectra that are a
mixture of magnetic, quadrupole, and spm
relaxation spectra. The situation is further
complicated by the fact that iron atoms on
or near the surface of particles exhibit some-
what different Mossbauer parameters from
those in the particle interior (9). Neverthe-
less, we have developed a simple model for
analyzing such spectra that gives least
squares fits of acceptable quality and yields
particle size distributions that are in good
agreement with those obtained by other
methods. The model consists of fitting the
spectra with one or more magnetic hyperfine
components corresponding to particles with
d = dy, one or more quadrupole compo-
nents, representing particles with d < d,
and a single spm relaxation spectrum, repre-
senting particles for which dy < d < dy.
The magnetic and quadrupole components

are fitted in the normal fashion (/4-16), with
the hyperfine fields, quadrupole splittings,
isomer shifts, linewidths, and peak intensi-
ties as variables. Normally, two or three
magnetic and one or two quadrupole com-
ponets were required.

From the values of the Mossbauer param-
eters for the magnetic and quadrupole com-
ponents, the iron oxide is identified as hav-
ing either an Fe,0, or FeOOH structure.
The spm component is then fitted with Egs.
(4) and (5), using values of w, calculated from
the hyperfine field, isomer shift, and quadru-
pole parameters of either a-Fe,O; or a-
FeOOH. The spm component is fitted as
a completely separate entity to the normal
quadrupole and magnetic components
within the least-squares program. The value
of the natural linewidth, I’ (sec ") is entered
manually. Although the value of I is a con-
stant (1 x 107 sec ™! for ¥Fe), some adjust-
ment of its value is necessary due to the
approximate nature of the model. A T value
between 1.2 x 107 and 1.5 x 107 sec ™! was
found appropriate to fit most of the experi-
mental data. The only variables for the spm
component are the relaxation time, 7, and its
amplitude relative to the other components.
The starting value of 7 can be estimated by
first simulating the magnetic and quadrupole
parts of the experimental spectrum, then
comparing the difference to spm spectral
shapes such as those in Figure 1. For most
samples, a 7 value between 10°% and 10~ ¢
sec was appropriate for the superparamag-
netic component. A starting value of the
relative amplitude of the superparamagnetic
component is estimated visually.

Some examples of least squares fits ob-
tained using this model are shown in Figs.
2 and 3. Figure 2a shows the room tempera-
ture spectrum of a sulfated Fe,0, catalyst
(6.1% SO;) which has an a-Fe,0, structure
and Fig. 2b shows a room-temperature spec-
trum of a lignite coal, which was ion ex-
changed with Fe-acetate to yield ultrafine
particles with a-FeOOH composition. Fig-
ures 3a and 3b show spectra obtained at 100
K of a sulfated Fe,0, catalyst (2.1% SO; ;
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FiG. 2. Examples of some superparamagnetic fits.

Fe,0, structure) and a lignite coal, ion ex-
changed with FeCl, (a-FeOOH structure). It
can be seen that these spectra have different
relative amounts of the three components.
The areas under each of the components
(magnetic, quadrupole, and spm) are calcu-
lated numerically by the program and used
to determine the relative percentages of to-
tal iron contributing to the different compo-
nents. Appropriate corrections in the peak
areas for absorber thickness are taken into
account by the program.

To determine size distributions, the sam-
ples are run at several temperatures. The
spectrum at each temperature is analyzed
using the model mentioned above. The per-
centage of iron contributing to the magnetic
hyperfine component is taken as the per-
centage of iron contained in particles of vol-
ume greater than the critical volume V_ at
that temperature, given by Eq. (3). Figure
4 shows the results using this approach for
a catalyst consisting of Fe,0; deposited on
carbon (/7). The top half of Fig. 4 shows
the Méssbauer magnetic percentage for this
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catalyst as a function of temperature. Then,
using Eq. (3) and assuming spherical parti-
cles, a critical diameter can be derived for
each temperature, leading to the size distri-
bution shown in the bottom half of Fig. 4.

The concept of assigning the percentage
of iron contributing to the magnetic hyper-
fine spectra to particles exceeding a critical
volume is simtilar to the approach of Kundig
et al. (8). However, the incorporation of a
spm relaxation component enables the mag-
netic and quadrupole components to be
more accurately fit, leading to a correct mag-
netic percentage, rather than one which arti-
ficially incorporates a substantial amount of
the spm spectral absorption.

Size distributions derived by this method
are shown for a number of as-prepared and
as-dispersed catalyst in Fig. 5. Note that
the horizontal axes here and in Figure 4 are
divided into equal increments correspond-
ing to the critical particle diameter for each
temperature (Eq. (3)) and are therefore not
linear. The sulfated Fe,O; catalysts (Fig. 5,
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100 K.
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FiG. 4. Magnetic percentage vs temperature for
Fe,0, on carbon black and resulting size distributions.

top) were prepared at the University of
Pittsburgh and have been demonstrated to
have excellent activity for DCL (4). The
FeOOH/SO, catalyst was prepared in the
same investigation (4), but was not sub-
jected to calcining. The 30-A FeOOH cata-
lyst was provided by Mach I, Inc. (/8). As
discussed elsewhere (27, 31), this catalyst
exhibits many interesting properties, includ-
ing a markedly decreased Mdssbauer re-
coilless fraction. For current purposes,
however, we merely note that the size distri-
bution for this sample in Fig. 5 is in good
agreement with TEM measurements (3/).
The size distributions shown in the lower
part of Fig. 5 are somewhat different, as
they represent iron incorporated into a low-
rank coal (Beulah lignite) by cation ex-
change. As discussed elsewhere (32), such
cation-exchanged iron constitutes an excel-
lent DCL. catalyst. The structure of the cat-
ion-exchanged iron is found to be FeOOH
and, as seen, the size distributions are bi-
modal. Moreover. it should be noted that
part of the iron included in particles in the

coal that are <28 A diameter may in fact
be molecularly dispersed and bonded to the
oxygen anions of carboxyl groups in the
coal.

Further advantages of this fitting model is
that it does not assume any kind of standard
distribution, such as the often used log nor-
mal distribution (29), but numerically fits
the data itself as a combination of magnetic,
quadrupole and spm components. In case
of pure oxides and oxyhydroxides, this new
method of fitting the Mossbauer spectrum
can directly give an estimate of the size-
distribution profile by simply running the
sample at one temperature, provided that
the sample exhibits all three components
at that temperature. Figure 6 shows some
examples of the size distribution obtained
from a single-temperature spectrum. The
top part of Fig. 6 shows the size distribution
of two sulfated Fe,O; catalysts from their
50- and 100-K spectrum, respectively, and
the bottom part shows the size distribution
of an Fe-acetate ion-exchanged lignite coal
run at room temperature and an FeCl, ion-
exchanged lignite coal run at 100 K. A com-
parison with Fig. 5 shows that although the
size distribution obtained from a single-
temperature spectrum is a rather rough one,
it still gives the correct estimation.

Clearly, there is some ambiguity with this
approximation. For particles that are only
a few nanometers in diameter, there will
always be several magnetic components due
to the fact that iron spins on or near the
particle surface are exchange coupled to
fewer neighboring iron spins than those in
the interior of the particles. The interior iron
atoms will therefore exhibit hyperfine fields
closer to the bulk value than the surface
atoms. For iron chemically impregnated or
cation exchanged into the coal. there may be
several inequivalent atomic envirionments
for the iron contributing to both the quadru-
pole and magnetic hyperfine spectra. Addi-
tionally. there will be other iron-bearing spe-
cies present in the coal, several of which
(siderite. szomolnokite, jarosite) are mag-
netically ordered at low temperatures
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F1G. 5. Size distributions for as-prepared iron-based catalysts determined from their superparamagnetic

Mossbauer spectra.

(15). All of these factors complicate the
spectra and make it somewhat more difficult
to accurately derive the correct magnetic
percentage to be used in conjunction with
Eq. (4) to determine size distributions. Nev-
ertheless, the derived percentages are be-
lieved to have an error of not more than
10-20% of their true values. Regarding the
use of a mean diameter for the size classifi-
cation, it is obvious that this should be
viewed as a dimension characteristic of the
particle size rather than a true diameter,
since the particles exhibit a variety of
shapes. Despite these reservations, it is
worth noting that mean diameters and size
distributions derived by other methods such
as X-ray diffraction (XRD) line broadening

(4) and magnetic measurements (30) are
subject to the same reservations and limita-
tions.

Comparison to Other Methods

It is of interest to compare the size distri-
butions detained by Mdossbauer spectros-
copy to those determined by other methods.
As noted above, the Mach I FeOOH catalyst
was investigated by STEM (27) and found
to have a relatively tight size distribution
with a mean diameter of approximately 30
A. The Méssbauer size distribution for this
sample (Fig. 5) is in good agreement with
the STEM results. For the sulfated Fe,0,
sample containing 6.1% SO3~, XRD, TEM,
and SQUID magnetometry data on particle
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F1G. 6. Some examples of size distribution calculated from a single-temperature spectrum.

sizes are also available which allows us to
compare the current technique to the other
existing techniques. For this sample, the
XRD line broadening gives a mean diameter
of 120 A (4). A particle-size distribution de-
rived from TEM micrographs (27) shows
particle dimensions ranging from 25 to 300
A, with a mean diameter of approximately
140 A. The SQUID magnetometry data (30)
on this sample were interpreted using a log-
normal size distribution and produced a size
distribution ranging from 70 to 270 A, peak-
ing at about 110-130 A. The particle dimen-
sions shown in Fig. 5 derived from the cur-
rent technique show a peak at 80-120 A.
It should be noted, however, that the size
distribution above 118 A, the critical diame-
ter for a-Fe,0, at room temperature, is not
really defined by the Mossbauer data other
than specifying the percentage of particles
exceeding that diameter, since this is the
highest temperature at which spectra were
obtained in this study. Since a number of
approximations are involved in the interpre-
tation of all of these types of data, it is en-
couraging that the Mdssbauer-determined
size distributions agree reasonably well with

the size information obtained by SQUID
magnetometry, STEM., and XRD.

SUMMARY

Mossbauer spectroscopy has been used
to derive the size dispersion of a variety of
ultrafine iron-based direct coal liquefaction
catalysts which show superparamagnetic
(spm) behavior. It was shown that the relax-
ation spectra of these catalysts could be ana-
lyzed to yield particle volumes, and that
such analyses of spectra obtained at several
temperatures provide size distributions for
the catalyst particles. A novel method of
fitting the spectra was developed, in which
the larger particles were represented by
magnetic hyperfine components, the smaller
particles by quadrupole doublets, and parti-
cles of intermediate volume by an spm relax-
ation spectrum. The size distributions were
determined by measuring the magnetic hy-
perfine percentage as a function of tempera-
ture, each temperature corresponding to a
critical diameter required for a magnetic
Mossbauer spectrum. Comparison of the
size distributions determined in this manner
to size information obtained from TEM,
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SQUID magnetometry, and XRD gave rea-
sonable agreement. Moreover, it was dem-
onstrated that it is possible to obtain a rough
estimate of the size distribution from a spec-
trum obtained at a single temperature, pro-
vided the spectrum exhibits a reasonable
amount of all three spectral components
(magnetic, quadrupole, and spm). Future re-
search will concentrate on the agglomera-
tion, growth, and transformation of these
iron-based catalysts during direct coal lique-
faction.
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