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Iron K-edge X-ray absorption fine structure (XAFS) studies have been carried out to determine
the bulk and surface structures of a nanophase iron oxide catalyst with average particle size of
30 A. Both the extended X-ray absorption fine structure (EXAFS) and the X-ray absorption near-
edge structure (XANES) spectra indicate that the structure of the catalyst is similar to iron oxyhy-
droxide. The intensity of the 1s — 3d transition peak in the XANES of the 30-A catalyst is increased
by a factor of 1.7 compared with that for iron oxide and iron oxyhydroxide model compounds, in
which iron ions are coordinated by six oxygens or oxygen/hydroxyl groups. The increase of the
Iy — 3d transition intensity is attributed to coordination unsaturated (CUS) sites on the particle
surface produced by dehydroxylation. The absorption edge position of the 30-A catalyst indicates

that the valence state of the iron ions remains + 3.

[. INTRODUCTION

In recent years, there has been extensive
investigation of the use of iron-based cata-
lysts for direct coal liquefaction (DCL)
(I—4). The cost of iron-based catalysts is
low, and disposal of the catalyst after reac-
tion is unlikely to cause a significant envi-
ronment hazard. Efforts have been made to
produce highly dispersed catalysts so as to
increase the surface area and decrease cata-
lyst loading.

Recently, a highly dispersed iron oxide
catalyst has been tested for DCL (4, 5). The
catalyst (described as 30-A catalyst in the
following) is manufactured by Mach I, Inc.
(NANOCAT, U.S. patent 5,047,382), and
has been used in rocket propellants. The
phase was identified as a-Fe,0, by the man-
ufacturer. The X-ray diffraction pattern (6)
of this catalyst shows two very broad peaks
corresponding to d = 2.63 and 1.50 A. The
Maossbauer spectrum of the catalyst re-
corded at 10 K shows a distribution of mag-
netic hyperfine splitting ranging from 440 to
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507 kOe (7). These parameters are similar
to those previously reported for ferrihydrite
(8) and an amorphous FeOOH catalyst (9).
Ferrihydrite i1s a naturally occurring hy-
drous iron oxide and is the initial precipitate
that results from rapid hydrolysis of Fe(11I)
solution. It is a precursor of numerous other
iron oxides and iron oxyhydroxides (8). Al-
though the properties of ferrihydrite have
been studied extensively, mainly by miner-
alogists, the basic structure of the material
is still unclear. Several formulae have been
proposed, e.g., 5Fe,O0; + 9H,0, Fe;HO; -
4H,0, and Fe(O,H;); (8). The amorphous
FeOOH catalyst, prepared by a procedure
similar to that for ferrihydrite, is found to
be very active and selective in the oxidative
dehydrogenation of butene (9).

X-ray absorption fine structure (XAFS)
spectroscopy provides a unique opportunity
to determine the structure of nanophase sys-
tems with short-range order, such as cata-
lysts (/0). Analysis of the extended part of
X-ray absorption fine structure (EXAFS)
provides the identity, interatomic distances,
and coordination numbers of atoms in the
neighboring atomic shells surrounding the
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central absorbing atom. For transition metal
compounds with incompletely filled d-shell,
small pre-edge peaks in the X-ray absorp-
tion near-edge structure (XANES) region
have been assigned to the 1s — 3d transition
(11-14). The intensity of the transition is
very sensitive to coordination symmetry.
For iron oxides, the 1s — 3d peak intensity
of the iron K-edge XANES is governed by
the average coordination number (N,,.) and
the symmetry of oxygen anions coordinat-
ing the central iron cation (/4). This pre-
edge peak has been successfully used to in-
terpret the valence state and coordination
of high-T, superconductors (/5), amorphous
materials (16, 17), and protein complexes
(14). In this investigation, the structure of
the 30-A catalyst is characterized by analyz-
ing its EXAFS and XANES spectra. Be-
cause the catalyst particle size is unusually
small, it is also possible to extract structural
information for the surface iron ions from
the spectra.

1I. EXPERIMENTAL

The 30-A catalyst is a free flowing powder
of reddish-brown color with surface area
greater than 250 m?/g. It is very sensitive to
moisture. According to the manufacturer,
the sample may absorb as much as 15% by
weight of water upon prolonged exposure
to the atmosphere, although it can be redried
in a few hours at 150°C in vacuum. The
sample, which was shipped to us in a sealed
tin, was repacked in small bottles or plastic
bags in a glove box filled with N, gas to
avold unnecessary exposure to moisture.

The morphology of the sample was inves-
tigated by transmission electron microscopy
(TEM) with a Hitachi H800 NA scanning
transmission electron microscope.

Iron K-edge X-ray absorption spectra
were collected at the National Synchrotron
Light Source (NSLS) on beam line X-19A
at Brookhaven National Laboratory. The
radiation was monochromatized with a
Si(111) double-crystal monochromator with
energy resolution ~1 eV at Fe K-edge. The
monochromator was detuned by 60% to re-
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duce the harmonic content. The data were
collected in the transmission mode with two
ion chambers for recording I and I, respec-
tively. The X-ray energy was varied from
100 eV below to 1000 eV above the Fe K-
edge at 7112 eV. The zero energy point for
the Fe K-edge was defined as the first inflec-
tion point of the XAFS spectrum of a-iron
foil. The XANES region of the spectra was
measured in 0.2-eV steps.

The samples investigated included an as-
received sample, a moist-air-exposed sam-
ple, and several model compounds. The
model compounds were laboratory synthe-
sized and characterized by XRD. Samples
for the XAFS experiments were prepared
by uniformly spreading fine sample powder
on a thin tissue paper and sealed by Scotch
tape. Precautions were taken to avoid thick-
ness effects which can cause distortion of
the XAFS scattering amplitude. For each
sample, 3-4 samples of different thick-
nesses were prepared for XAFS measure-
ments and the spectra with negligible thick-
ness effects were chosen for detailed
analysis. All spectra were collected at lig-
uid-nitrogen temperature, unless otherwise
noted.

111. EXAFS DATA ANALYSIS

Standard procedures were followed for
EXAFS data analysis (/0). Parameterized
scattering amplitude F(k) and scattering
phase shift ¢(k) (/8) were first calculated by
fitting the spectrum of a model compound
with known coordination number (N) and
interatomic distance (R). These parameters
were then used as constants to fit the sample
spectra to obtain the structural parameter
N, R, and ¢ for the samples. y-FeOOH
was used as a primary standard. Its EXAFS
radial structure function (RSF), which is the
Fourier transform of the EXAFS spectrum,
x(k), is shown in Fig. la. For comparison,
a radial distribution function (RDF), calcu-
lated from the X-ray crystallographic data
(19) using the program SEXIE (20), is shown
in Fig. 1b. The EXAFS RSF for y-FeOOH
exhibits a strong peak at 2.75 A (Fig. la)
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F1G. 1. (a) EXAFS RSF for y-FeOOH and (b) RDF
for y-FeOOH calculated from X-ray crystallographic
data.

that represents an iron shell at 3.05 A with
coordination number N = 6 (Fig. 1b). The
shift of peak position in the EXAFS RSF is
due to the scattering phase shift ¢(k). This
iron shell is well separated from neighboring
shells at 2.066 (N, = 2), 3.62 (N,,, = 6),
and 3.87 A (N, =2). Therefore it is an ideal
standard Fe shell. For the O/OH shells, the
nearest O/OH shell(s) of y-FeOOH at an
average distance of 2.01 A and N = 6 (peak
at ~1.60 A in Fig. la) was used as the
O/OH shell standard. It represents three
O/OH shells at 1.975 (N = 2), 1.993 (N =2),
and 2.066 A (N = 2).

For the samples, a two-shell model was
used for fitting the nearest O/OH shells and
2-4 shell models for fitting the iron shells.
The approximate resolving power of
EXAFS for two shells of the same atomic
type is Ar = 7w/2k,,,, (21). Since k,,, for the
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current EXAFS data is about 14-15 A1,
Ar = 0.1 A. This resolving power also de-
pends on the noise level and the type of the
scatterers. Teo et al. (18) showed that for
scatterers with atomic number Z < 36, the
scattering amplitude F;(k) can be approxi-
mated by a Lorentzian function,

A
1+ B}k - O

For aniron scatterer, A = 0.679, B = 0.1939,
and C = 6.355 A~' (18), and therefore at
k = 10 and 15 A~', Fg, reduces to 0.453
and 0.178, respectively. However, for an
oxygen scatterer, A = 1.079, B = 0.4096,
and C = 0.876 (/8), and therefore at &k = 10
and 15 A7, F,,, = 0.09 and 0.049, respec-
tively, which are much smaller than the cor-
responding values for iron. Noise in the data
limits the effective k,,,, for oxygen to ap-
proximately 10 A~!, which constrains the
effective resolving power for the oxygen
shells to be 0.15-0.2 A. Therefore, the un-
certainty of the EXAFS analysis for oxygen
shells is much larger than that for iron shells.
Fortunately, accurate structural informa-
tion about the nearest O/OH shells can be
determined from the pre-edge structure in
XANES, as discussed in detail later in this
paper. For all the EXAFS spectra, the &°
weighted Fourier transform x(k) was taken
at k = 3.0 to 14.0 A" and least-squares
fitting of the inverse Fourier transform spec-
trum was carried out over the range & = 3.5
to 13.5 A",

IV. RESULTS AND DISCUSSION

F(k) = 1)

Morphology of the Samples

Figure 2 shows the electron micrograph
and microdiffraction of the 30-A catalyst.
The particle size distribution is shown in
Fig. 3. Since the particle size is comparable
to the electron beam size (~50 A), only rings
are observed in the electron diffraction
pattern.

EXAFS Results

The parameterized phase shift ¢(k) and
amplitude F(k) extracted from the v-
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F1G. 2. Electron micrograph and electron micro-diffraction (inset) for the 30-A catalyst.
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FiG. 3. Size distribution of the 30-A catalyst.

FeOOH iron shell were first used to fit the
Fe/O shells for a-Fe,0;. Two distinct peaks
from 2.3-4.0 A are observed in the a-Fe,0,
RSF (Fig. 4a). These two peaks actually rep-
resent four iron shells and three oxygen
shells (Fig. 4b). To simplify the calculation,
this region was modeled with only three iron
shells. Since the oxygen shell contribution
is mainly in the low-k region (22), the ampli-
tude function F(k) obtained from y-FeOOH
was modified to make F(k) broad by de-
creasing the B-value in Eq. (1) and centered
at lower & region by decreasing C-value in
Eq. (1), so as to include the scattering ampli-
tude from the oxygen shells. Thus a new
scattering amplitude F'(k) was generated
and used for fitting the second and the third
Fe shell of a-Fe,0,. F(k) was used for the
first Fe shell of a-Fe,O,. Depending on the
specific structures of the sample, F(k) and/
or F'(k) was used to fit the spectra of other
model compounds and the catalyst samples.

The least-squares fitting results for the Fe/
O shells are listed in Table 1. The coordina-
tion numbers in Table 1 were normalized
with respect to the coordination numbers
for the three Fe shells of «-Fe,0;. In com-
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parison with the interatomic distances cal-
culated from crystal structures (/9), the esti-
mated errors for the interatomic distances
are less than 0.04 A. Larger errors were
found in the coordination numbers, which
can be attributed to the different chemical
environments of the compounds (23). For
the 30-A catalyst, the spectrum was fitted
with both a two-shell model and a one-shell
model (Fig. 5); it can be seen that the two
shell model gives the better fit to the spec-
trum and reasonable structural parameters
(Table 1). The first Fe shell at R, = 3.00-3.01
A is similar to that for iron oxyhydroxides
at R, = 3.01-3.05 A, but it is larger than
that for iron oxides at R, = 2.92-2.95 A.
The RSF of the 30-A catalyst compared to
those for various model compounds is
shown in Fig. 6. It can be readily seen that
the position of the first Fe shell for the 30-A
catalyst is closer to that for oxyhydroxides.
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FiG. 4. (a) EXAFS RSF for a-Fe,0, and (b) RDF for
a-Fe,0; calculated from X-ray crystallographic data.
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TABLE 1
Structural Parameters of the Nearest Iron Shells for the Catalyst Samples Iron Oxide, and lron
Oxyhydroxide model compounds
Sample Distance (A) Coordination Ac? Inverse FT
number range A)
a-Fe,0, 2.95 (2.99) (4) 0.0 2.2-40
3.36 (3.37) 3) 0.0
3.70 (3.70) (6) 0.0
Fe;0, 293 (2.97) 2.8 4) +0.0028 2.2-3.6
344 (3.48) 5.2 (8 +0.0026
(3.64) (1.3)
vy-Fe, O, 2.94 1.8 +0.004 2.3-3.6
{(Room temp.) 3.39 4.5 +0.0029
a-FeOOH 3.02 (3.03) 1.8 (2) —0.0016 2.2-3.7
3.40 (3.44) 26 (6 +0.0054
y-FeOOH 3.05 (3.05) 6.0 (6) 2.3-33
(As standard)
30-A, fresh 3.01 1.4 +0.0008 2.5-3.3
(Two-shell fit) 3.12 0.6 -0.0022
(One-shell fit) 3.08 2.5 +0.0064 2.5-3.3
30-A 3.00 1.2 +0.0008 2.5-3.3
(Air-exposed) 3.14 0.7 —0.0007

Note. Values in the parentheses are calculated from the X-ray crystallographic data (/9). Ao is the relative

D-W factor as compared with that for a-Fe,0,.
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FiG. 5. Least-squares analysis of the inverse Fourier
transform of the iron shell(s) for the 30-A catalyst: (a)
two-shell fitting and (b) one-shell fitting.

The second iron shell at 3.12 A for the 30-
A catalyst does not fit with any iron shell
distance in the model compounds. This dis-
tance may represent the variation of the
Fe—Fe distances near the particle surface.
For samples with particles of size >100 A,
the EXAFS signals from surface atoms are
not detectable because the surface consti-
tutes an insignificant fraction (<10%) of the
sample. However, for a 30-A particle, if we
consider that the surface is a 2-A layer
(equivalent to the O-Fe distance), as many
as 35% of the atoms of the particle can be
considered to be surface atoms which makes
the observation of the surface structure pos-
sible.

EXAFS least-squares fitting results of the
oxygen shells are listed in Table 2. The aver-
age coordination number of the 30-A cata-
lyst is 5.5 and its average Fe-O distance
2.00 A. These values are slightly less than
those for y-FeOOH, a-FeOOH, and «o-
Fe,0; (N = 6 and R > 2.01 A), and close
to those for Fe,0, (N = 5.3, R = 2.00 A)
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model compounds.

and y-Fe,0, (N = 5.5and R = 2.00 A) (Table
2). However, the differences are still within
the errors of EXAFS analysis.

For the 30-A catalyst, both the fitting
results (Tables 1 and 2) and the RSF (Fig.
6) indicate that the coordination number
of the nearest O/OH shell(s) remains ap-
proximately the same as that for the model
compounds, but that the coordination num-
bers of the iron shells decrease substan-
tially. This is attributed to the fact that
the iron atoms on the particle surface have
about half as many iron neighbors as iron
atoms in the bulk, and as the particle size
decreases, the percentage of surface iron
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ions increases, the average iron shell coor-
dination number for small particles de-
creases. However, these surface iron ions
may continue to have close to the full
complement of surrounding oxygen/hy-
droxyl groups, since the sample is an oxide
and the outermost layer of the particle
consists of either oxygens or hydroxyl
groups (24).

XANES Results

The X-ray absorption near edge structure
(XANES) is a result of multiple scattering
resonances (25) and is often used as a fin-
gerprint for phase identification. The Fe-
edge XANES spectra for the 30-A catalyst
and several model compounds are shown in
Fig. 7. The iron ions in oxyhydroxides are
coordinated on average by three oxygen and
three hydroxyl! groups. Their XANES spec-
tra are similar to each other. The iron ions
in a-Fe,0; are surrounded by six oxygens;
the XANES spectrum shows three distinct
peaks (labeled as a, b, and ¢ in the figure).
Because some of the iron ions are at the
tetrahedral sites, there is an obvious change
in the XANES for Fe,0, and y-Fe,0, com-
pared to that for a-Fe,0,. The XANES
spectrum for the 30-A catalyst is similar to
those of the iron oxyhydroxides. Therefore,
both EXAFS and XANES results indicate
that the structure of the 30-A catalyst is oxy-
hydroxide like.

The XANES spectra for iron oxides usu-
ally exhibit a small pre-edge peak below the
midpoint of the absorption edge, which is
assigned to 1s — 3d transitions, and a main
peak corresponding to transitions from Is
to unfilled 4p states. For K-edge absorption,
dipole selection ruies allow transitions from
the initial 1s state to final p states, only.
However, hybridization of 4 and p states
can make the 1s to nd state transition possi-
ble. Using molecular-orbital theory, Roe e?
al. (14) found a reasonable correlation of the
pre-edge intensity with the total amount of
iron 4p orbital mixed into the predominantly
3d orbital. The ratio of the peak areas for
iron ions with six neighbors, five neighbors,
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TABLE 2

Structural Parameters of the Nearest Oxygen/Hydroxyl Shells and Fe Pre-edge Structure Features for the

Catalyst Samples and

Model Compounds.

Compound Formal Bond Number of Ave. distance Ao’ Peak area

valence type coordinates {s—3d trans.

(A < +0.01)
FeO 2 Fe-O (6) (2.16) 0.043
v-FeOOH 3 Fe-OH/O (6) (2.01) 0.068
a-FeOOH 3 Fe-OH/O (6) (2.08) 0.077
a-Fe,O, 3 Fe-O (6) 2.03 (2.03) 0.074
Fe,0, 2.7 Fe-O (5.3) (2.00) 0.141
y-Fe, 0, 3 Fe-O (5.5) (2.00) 0.126
30-A, fresh Fe-O/OH 5.5 1.99 0.0011 0.127
30-A Fe-O/OH 5.5 2.01 0.0011 0.110

(air-exposed)

Note. Values in the parentheses are calculated from X-

factor as compared with that for a-Fe,0;.

and 4 neighbors is found to be 1:2:3 (/4).
The d orbital of a transition metal ion split
into e, and ¢, groups in anoctahedral crystal
field or ¢, and e groups in a tetrahedral crys-
tal field. For oxygen ligands, the splitting
for the e, and f, orbital, A, , is found to
be ~1.5 eV and the splitting for the ¢, and
e orbital, A,,,, = (4/9) - A, = 0.7 eV (26).
Figure 8 shows the pre-edge structures of
several iron model compounds and the 30-
A catalyst. The pre-edge structures were
least-squares fitted from —6 to 12 eV with
an arctangent function representing the ab-
sorption background and three Lorentzian
peaks. Two major peaks with width of ~1.6
eV are assigned to 1s — 3d transitions. The
origin of the third broad peak on the high
energy side of these two peaks is unknown
(Fig. 9). The heights of the peaks were nor-
malized with respect to the edge step height.
The areas of the 1s—> 3d peaks, determined
by multiplying the peak heights by the peak
widths at 1/2 height, are summarized in Ta-
ble 2. FeO exhibits very small 1s — 3d tran-
sition peak areas (0.043 unit) because it con-
tains regular octahedral FeO, units, with a
center of inversion. As the octahedron units
become more distorted, the inversion sym-
metry may disappear, as in the case of y-
FeOOH, «-FeOOH, 8-FeOOH, and a-

ray crystallographic data (/9). Ao’ is the relative D-W

Fe,O;, and the peak area increases by al-
most a factor of 2, to 0.068-0.077 unit. The
splitting of the two peaks of these samples
is about 1.3~1.4eV. For y-Fe,0; and Fe,0O,,
which have 25 and 33% of the iron ions at
tetrahedral sites, the 1s — 3d peak area in-
creases to 0.126 and 0.141 unit, respec-
tively, and the splitting of the two peaks
decreases to 0.9 (y-Fe,0;) and 1.0 eV
(Fe;0,). For the 30-A catalyst, although
both EXAFS and XANES results indicate
an FeOOH structure, the 1s — 3d transition
peak area is 0.127 unit and the splitting of
the two peaks is 0.9 eV, suggesting that as
much as 25% of the iron ions may be coordi-
nated by four oxygens/hydroxyl groups, as-
suming tetrahedral symmetry. This change
of the pre-edge peak area is unlikely to be
due to the defects or disorder in the material.
As summarized by Roe et al. (14), the varia-
tion in pre-edge area due to bond distance
change is in the range of 0.01 unit, which is
much smaller than that reported in this work
(0.05 unit). In the past, variation of the pre-
edge peak intensity of this scale has always
been attributed to the change of coordina-
tion symmetry (//, 13-17).

The XANES features of the 30-A catalyst
suggest that the lower coordinated sites are
on the particle surface. The phenomenon of
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FiG. 7. XANES for the 30-A catalyst and model
compounds.

XANES can be understood as a ‘‘cluster
effect’” (11, 25) which is a result of multiple
scattering resonances of the outgoing photo-
electron from the absorbing atom at the cen-
ter of the cluster with the atoms in neigh-
boring shells. Theoretical calculation by
Greaves et al. (25) demonstrated that only
a cluster with at least three or more shells
shows distinct near-edge features in
agreement with observation. For the surface
atoms, with neighboring atoms on the bulk
side only, the number of possible multiple
scattering pathways is greatly reduced.
Therefore, the conditions for multiple scat-
tering resonance do not exist for surface
atoms. In other words, the environment of
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the absorbing atoms in the bulk of the parti-
cle dominates the XANES spectra. As
noted by Bianconi (/7), the XANES fea-
tures are determined by the geometrical dis-
tribution, that is, bond angles and relative
atomic positions in the environment of the
absorbing atom. If the sites with lower coor-
dination were in the bulk of the particle,
we would expect the XANES for the 30-A
catalyst (assuming 25% atoms at tetrahedral
sites) to be significantly different from that
for octahedral oxyhydroxides, similar to the
difference between the XANES for y-Fe,0,
and that for a-Fe,O; (Fig. 7). However, this
is not the case. As seen in Fig. 6, the
XANES spectrum for the 30-A catalyst
closely resembles the XANES spectra for
the octahedral oxyhydroxides. This similar-
ity indicates that the lower coordination
sites are on the particle surface.

These lower coordination sites appear
to be coordination unsaturated. After expo-
sure to air, the ls — 3d peak area de-
creased to 0.110 unit (Table 2), indicating
an increase of average coordination num-
ber as a result of adsorbed water molecules
at the surface of the catalyst. As discussed
above, the pre-edge is very sensitive to

-
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FiG. 8. XANES prejedge structures for FeO, Fe,0,.
a-Fe,0;, and the 30-A catalyst.
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the change of coordination symmetry. The
decrease of the pre-edge area in the moist-
air-exposed sample only corresponds to an
increase of average coordination number
of <0.2, a change that is too small to be
detected by EXAFS analysis (Table 2),
which has an uncertainty of 10-20% for
coordination determination. The reduction
in pre-edge area due to exposure to mois-
ture has also been observed in different
sample batches provided by March I, Inc.,
and in a ferrihydrite (8) sample synthesized
in our lab (27).

The lower coordination number for the
surface iron ions and the increase of coordi-
nation number as a result of moist air expo-

ZHAO ET AL.

sure are consistent with the presence of co-
ordination unsaturated (CUS) sites at the
oxide surface (24, 28). These CUS sites are
also known as Lewis acid sites produced by
dehydroxylation. On the (111) surface of y-
Al,O;, as many as 50% of the surface Al ions
may occupy CUS sites with three oxygen
nearest neighbors (24). Much of the informa-
tion about CUS sites or Lewis acid sites
is currently obtained from the fundamental
OH-stretching vibration in IR spectra (24,
28). Our investigation of the 30-A catalyst
demonstrates that XAFS spectroscopy may
also be used as an alternative probe for de-
tecting surface CUS sites.

The energy shift of the absorption edge
is known as the chemical shift because the
edge shifts to positive energy with increas-
ing formal valence. This can be conceptually
understood as due to an increase in the at-
tractive potential of the nucleus on the 1s
core electron as the formal valence in-
creases. The absorption edge position of the
30-A catalyst indicates that the valence state
of iron remains +3, compared with FeO
(+2), Fe;04 (+2.67), and «o-Fe,0; (+3)
(Fig. 8).

The proposed structure of the 30-A cata-
lyst is shown in Fig. 10. The surface iron
ions are assumed to have tetrahedral sym-
metry. The phase of the catalyst can be de-
scribed as FeOOH - xH,0, where H,0 are
the water molecules adsorbed on the surface
and x depends on preparation and pretreat-
ment conditions. Whereas the surface CUS
site may be the active sites for dehydrogena-
tion of butene (9), the exact role of these

OH OH

Surface iron ion

FiG. 10. Proposed structural model for the 30-A cat-
alyst.
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CUS sites in direct coal liquefaction (DCL)
is still unclear. It has been suggested that
the presence of Lewis acid sites on the
surface of the DCL active catalyst,
Fe,0,/SO, * may prevent particle agglomer-
ation during calcination and DCL reaction
(4). For the Fe,0,/S0O; ? catalyst, CUS sites
or Lewis acid sites are formed by introduc-
ing SO; 2 groups to the Fe,0, particle sur-
face (29). In the following paper of this series
(30), the effect of the surface structure and
conditions on the phase transition and parti-
cle agglomeration of the 30-A catalyst will
be addressed.
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