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Two forms of activated chromia catalysts are recognized: (1) an amorphous
form, catalyst A, prepared by heating under vacuum or in an inert atmosphere,
and (2) a microcrystalline form, catalyst C, prepared by heating in a reducing
atmosphere. The structural properties of these catalysts have been studied by
X-ray line-broadening, radial distribution analysis, electron microscopy, infrared
spectroscopy, and low temperature nitrogen adsorption.

Catalyst C, prepared by heating in hydrogen, is composed of crystallites of
a-chromium oxide supported on amorphous chromia. Detailed analysis of the X-ray
diffraction powder pattern indicates little contribution to the linewidth from strain.
The shape of the erystallites (characterized by X-ray line-broadening of the (104),
(110), and (116) diffraction peaks) is oblong. The dimension along the a-axes is
roughly twice that along the c-axis. The electron micrographs are consistent with
this picture. Attempts to prepare crystallites with dimensions between 15 and 70 &
were unsuccessful. Typically a catalyst activated at 400°C has an effective crystal-
lite size of 80 X 90 A while a 450°C activated catalyst has an effective crystallite
size of 110 X 200A. The percentage crystalline phase estimated from infrared
absorption in the lattice vibration region in catalysts activated for 12 hr at a
temperature between 400-450°C are in the range 5-30%.

Catalyst A, prepared by heating in helium, does not give rise to a discernible
X-ray diffraction pattern, but does result in a well defined radial distribution curve.
Analysis of the radial distribution curve indicates that there exists local order over
approximately a 10 A dimension of the same kind as found in a-Cr;0:. A model for

this loeal order is proposed.

INTRODUCTION

Several detailed investigations of specific
catalytic activity as a function of disper-
sion of metal catalysts on support materi-
als have been made in recent years (I).
With some notable exceptions such as the
stereospecific polymerization of e-olefins
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on «-TiCl; (2) and the extensive work on
aluminosilicate catalysts (3), however,
little attention has been given to the in-
fluence of catalyst structure on the activ-
ity or selectivity of nonmetallic catalysts.
Chromium oxide is representative of the
largest class of nonmetallic catalysts, the
metal oxides, and it catalyzes a wide
variety of hydrocarbon reactions, several
of which have been demonstrated to be
sensitive to the structure of the catalyst
(4). Therefore, a simultaneous investiga-
tion of the structure of unsupported chro-
mium oxide catalysts and correlation of
their reactivity with the deduced structure
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might allow us to define more completely
the nature of the active centers on these
catalysts and perhaps on oxide catalysts
generally.

When prepared by the slow heating of
the hydrous gel two distinet structures are
recognized for chromium oxide (4): (1)
Catalyst A (amorphous) prepared by
heating in a stream of inert gas is charae-
terized by a high surface area (~300
m?/g) and the absence of a discernible X-
ray diffraction pattern; and (ii) catalyst
C (erystalline), which is prepared by heat-
ing in a stream of hydrogen and is char-
acterized by a low surface arca (~100
m?/g) and an X-ray diffraction pattern
congsisting of broadened lines indicating
the presence of microerystallites of «a-
Cr,0,. In order to specify the structure
of catalyst C more completely, we wish
to answer the following questions. What is
the average size and shape of the micro-
crystallites? Can we systematically vary
the average size of the crystallites (the
critical range of 15-70 A is of particular
interest) (4) by wvarying conditions of
preparation such as the hydrogen pressure,
heating rate, and final temperature? What
fraction of the catalyst is composed of
microerystallites? The structure of catalyst
A is in one sense known since there does
not exist sufficient long range order to
diffract X-rays in the usual manner; and
it ean thus be said to be amorphous. But
it is probably the very short range order
(or lack of it) that defines the active
centers. Therefore, for catalyst A we ask
what the average coordination number is
for the oxide and chromium ions. Does
there exist some short range order beyond
the first coordination sphere and, if so, is
it different from that of ecatalyst C? In
the present paper, we give answers cb-
tained to a number of these questions
using the following techniques: X-ray line-
broadening, electron radial distribution
analysis (from X-ray scattering), electron
mieroscopy, infrared spectroscopy, and low
temperature nitrogen adsorption (BET).
In the following paper (6), we report the
specific rates of isomerization and hydro-
genolysis of cyclopropane and methyl-
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cyclopropane and suggest possible correla-
tions with the catalyst structure.

ExXPERIMENTAL METHODS

Materials. Hydrous chromia gel was pre-
pared by the hydrolysis of urea in a solu-
tion of chromium nitrate (reagent grade
materials were used) (7). The gel was
washed repeatedly, filtered, dried in air
at 110°C for 16 hr, crushed and sieved to
50/100 mesh. The standard preparation for
catalyst C was to heat the air dried gel
at a linear rate of 1°C/min to 400°C in
flowing hydrogen (20 cc/min). The tem-
perature was maintained at 400°C for 12
hr and the resulting ecatalyst cooled in
flowing hydrogen. The preparation of cata-
lyst A (amorphous) was identical except
the hydrogen was replaced by helium
above 300°C and the catalyst was cooled
to room temperature in helium. Hydrogen
was purified by diffusion through a palla-
dium-25% silver thimble supplied by
Englehard Industries, Inc.; helium was
purified by diffusion through a glass capil-
lary cell supplied by Electron Technology
Ine.

X-Ray. The X-ray diffraction patterns
were recorded using a Noreleo Diffractom-
eter (model number 52019) supplied by
the North American Philips Company. A
Norelco generator (model number 12045-2)
operated at 35 kV and 20 mA provided
a source of radiation. In Experiments 1-5,
cobalt filtered nickel (K,) radiation was
used but the radiation in Experiment 12
was nickel filtered copper (K,.). The X-
rays were detected using a sodium iodide
scintillation counter connected to a Nor-
elco Scintillation Proportional Unit (model
number 42234). The diffractometer was
operated with 2° diverging and receiving
slits at a scan rate of 1°/min and a con-
tinuous trace of intensity as a function of
20 was recorded. X-Ray data for electron
radial distribution analysis were taken on
a diffractometer using molybhdenum radia-
tion (K.), a 1° divergence slit, Soller slits
in the primary beam, a 0.2° rceeiving slit,
a graphite monochromator in the diffracted
beam, and a Siemens scintillation counter.
The molybdenum tube was operated at 46
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kV and 13 mA. The detector system in-
cluded a pulse height analyzer, scaler,
timer and printer. The diffractometer was
operated in the slow scan and interval
count mode (2 min count, 0.125° interval).
The sample was mounted in a horizontal
position in a helium atmosphere (to avoid
contribution of X-ray scattering by air).
The sample holder contained Mylar
windows. All X-ray samples were ground
to a particle size less than 44 » and packed
into the well of a sample holder.

With modern X-ray diffraction tech-
niques, it is possible to separate the various
contributions to peak broadening. A basic
concept used to achieve this separation is
that broadening eaused by strain is de-
pendent upon the order of reflection while
the broadening produced by small crystal-
lites is independent of the order of reflec-
tion. A powder pattern profile, which has
been corrected for instrumental broaden-
ing, can be expressed as a Fourier series

(8),
PYS)a E Ay exp[—2miL(S — So)], (1)

— ol
where
2 sin ¢
A 3

S = L = ndu,

and

Py(8) diffraction power per unit length of
Debye-Scherrer ring
29 diffractometer angle, degrees
N X-ray wavelength, A
dwer  spacing  between reflecting  (hkl)
planes, A
n order of reflection
L distance normal to reflecting planes,
A.
In the Warren—Averbach analysis (8)

the broadening produced by small crystal-
lites and strains can be separated as

follows,

Ay = ATA} 2)
L

Ay =1— D. 3)

A = 1 — 2r2L2((e®) — (e0))S* (4)

where
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_ AL . _ 2sin 6,
GL—[L]L, bo——)\

giving,
e strain component normal
to reflecting plane

D, meaneffective particle size,
A
6o Bragg diffraction angle, de-
grees

particle size broadening
strain broadening.

P (superscript)
¢ (superscript)

Following the Warren—Averbach method
(8), the particle size and strains may be
separated by the use of the following
equation,

InA, = In A — 2r20% (<> —
<er>28e%  (5)

The effective particle size Fourier coeffi-
cient A% can be obtained by plotting In
A, against 8,2 for two orders of reflection
and extrapolating to S, =

The mean effective particle diameter can
be determined by differentiating Eq. (3)

and
dAr 1
- (75) =D ©

Thus, we plot A% as a function of L and
the reciprocal of the slope at L = 0 will
give the average effective particle size D,.
This will correspond to the intercept of
the initial slope with the L-axis, because
the Fourier coefficients have been normal-
ized (Af_, =1).

Another measure of the line-broadening
1s the width at half the maximum intensity.
This quantity is arbitrary and in the
present work the line-broadening is char-
acterized by the Von Laue integral breadth
(9), which is defined as the integrated
area of the diffraction peak divided by
the maximum intensity.

B:(8) = [JPH(S)dS]/IP(So)]. ™
Warren (8a) has shown that integral
breadth is related to the Fourier coeffi-
cients as follows,

AL

Bi(8) =1/ ) (®)

ol



Assuming that particle size broadening is
the predominant effect, then

Br(S) = 1/Dy, 9)

where 1), is the integral breadth particle
size which represents a volume average
particle size. This integral breadth particle
size differs from the effective particle size
dimensional average of the crystallites.
The relationship between these two meas-
ures of particle size 1s given by Wagner
as (10,

which can he considered one

as a

Dr = (D)*/D, (10)

Since D,/D. = (D.)%/(D.)*>1 or D, >
D., we expect the integral breadth crystal-
lite size to be larger, never smaller, than
the average effective particle size.

The diffraction results were analyzed
using a computer program supplied by
Wagner (11). First the measured profiles
were corrected for polarization and geo-

and the 289 scale was con-

[z 8103 sla COIL

metrie factors

00V 0 1all0ls,

verted to equal intervals in S-space. The
peak profile was used to determine the
position of the peak maximum and the
lattice parameter corresponding to the
(hkl) reflection. The Fourier coefficients
were caleulated for both the sample and
standard (macrocrystalline a-Cr,0;) dif-

<raly AT
O1 L.

fanatinn nrn aran

lebLIUll l)lUﬁlbb aL dlffclt?llt Values
normal to the reflecting planes. Allowance
was made for instrumental broadening
using the method of Stokes (12). The
TFourier coefficients were then used to
separate particle size and strain using Eq.
(). The average effective particle size
D, was obtained from a computer plot of
Ap vs. L. The integral breadth obtained
from Eq. (8) was corrected for instru-
mental broadening using the following
empirical parabolic relationship (10).

Bcorr = Bueas — (Bstp)?/Bueas (11)
Bcorr corrected integral breadth
Buras integral breadth from measured dif-
fraction profile
Bstp integral breadth from diffraction

profile for standard sample (macro-
crystalline a-Cr.0s3).

QA1
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The effective integral breadth D; was cal-
culated from Eq. (9).
The derivation of the electron radial

ur-qH'cming thaorv

s LLeliil viiCOL

has been reviewed by Wagner (13) for a
binary system containing different ele-
ments. The intensity of coherent X-ray
scattering per atom (coh) [in electron
units (cu)| due to more than one kind of
atom is,

distribution from X-ray

Jeoh( 17\ — [\ L /AN Al (Y 1
fea i) = (%) + ) j ZwTplr) — po)
0
sin Kr
—dr (12)
where
7 __ A Y, R AN
[ = 4 sin /8
) = (Cofa + Ciof)
/2N — 1LY 9\
N/ \UaJa ™ Upjy)
=+ C.Co(fa — fb)2
CA 2 2y L (L F20 (Y L O £ £ (0
p(?m) — aja Paall) | vh,}n Vbb\ ] “ajafbPab\l ]
(Cafa + Cybfb)2
and
C, atomie fraction of atom ¢
Cy atomie fraction of atom b
fa scattering factor of atom a (14)
Jo scattering factor of atom b (14)
7 radial distance, A
po average density = 5.21 g/em® (15)
p(r) weighted electron radial density func-

tion for each component present.

Therefore the coherent scattering per atom
becomes,

ISNK) = CoCo(fu — f1)2 + (Cofu + Cife)?
sin Kr

X {1 + Lw dmrlp(r) — pol =4 d?‘}‘

The interference function I(K) is defined
as,

100 = 14 [ amiots) — BT
0
(13)
Substituting into Eq. (12) gives
coh — _—
I(K) — Ieu (K) Cacb(fﬂ fb)2 (14>

(Cofat Cofi)?

The reduced intensity funection,
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F(K) = K[I(K) — 1]
= ‘[)w 4xr[p(r) — po] sin Kr dr, (15)
can be inverted by a Fourier transforma-

tion to give the reduced radial distribution
function,

G(r)

Il

47rp(r) — po
2r . F(K) sin Kr dK.

s

(16)

It

The experimental intensities are given by

Ineas(K)ad 5P (K) + CoCo(fa — fo)?

+ I5er(K), (a7
where Iin*h (K) is the Compton scat-
tering and C,Cy(f. — f»)?2 is the Laue
monotonic secattering term.

The X-ray intensity data from catalyst
A were analyzed by a computer program
supplied by Wagner (16). The measured
intensities were corrected for background,
polarization, and absorption which are
characteristic of the diffraction geometry.
The interference function I(K) is calcu-
lated from Eq. (14) and the F(K) curves
from Eq. (15). The radial distribution
function was evaluated after calculation
of the Fourier coefficients according to Eq.
(16). The input for the calculation of
<f>? consists of scattering factors for
chromium (III) and oxide ion taken from
published tables (14). Corrections for the
Compton scattering were based on litera-
ture values for each element (17).

Electron microscopy. Electron-transmis-
sion mierographs were taken on an Associ-
ated FElectrical Industries EM6G electron
microscope at an accelerating voltage of
30 kV. The specimens were prepared using
a technique described by Hall (18). The
catalyst was crushed to a fine powder and
after small particles were dusted onto a
glass slide coated with Formvar film, the
film was floated onto the surface of dis-
tilled water. Copper electron microscope
grids were placed over the catalyst powder
and a glass slide was used to pick up the
grid, the sample being between the grid
and the Formvar coating. The chromium
oxide specimens were viewed at a mag-
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nification of 10,000 and the micrographs
were photographically enlarged (Fig. 6—
55X ; Fig. 7—7X). Electron diffraction
patterns were also measured for all speci-
mens which were examined by transmission.

Infrared spectroscopy. Infrared spectra
of the catalyst were obtained using the
pellet technique. Physical mixtures con-
taining approximately 0.4 wt % chromium
oxide, 1% potassium nitrate standard and
98.6% potassium bromide were prepared.
The grain sizes were reduced to 44 y in an
agate mortar in order to minimize reflec-
tions and refractions at the faces of the
solid particles. The mixture was placed in
an aluminum foil frame and compressed in
a die under a pressure of approximately
1000 atm. After the pellet was removed
from the die, a transmission spectrum was
recorded on a Beckman TR 12 Infrared
spectrometer with a blank potassium
bromide pellet in the reference beam. The
potassium nitrate standard was used to
correct for variation in the pellet thickness.
The per cent erystallinity was determined
from the absorbance at 620 cm™ (4) by
comparison with a calibration curve ob-
tained using mixtures of pure amorphous
and pure macrocrystalline chromium oxide.

Nitrogen isotherms. Nitrogen adsorption
and desorption isotherms at liquid nitrogen
temperature were obtained using an Engle-
hard Industries, Inc. Isorpta Analyzer
model 2A, a dynamic sorptometer equipped
with a thermal conductivity detector. A
sample of 0.5-0.75g was sealed into the
flow system outgassed at 200°C in flowing
helium before proceeding with adsorption
measurement. The surface area was calcu-
lated from the nitrogen adsorption data
using the linear form of the Brunauer-Em-
mett-Teller equation (19). A micropore
size distribution was calculated from the
nitrogen isotherms by the method of Bar-
rett, Joyner, and Halenda (20). This
method also permitted the calculation of
the cumulative surface area and the specific
pore volume for the catalyst. A computer
program devised by Irving (21) was used
for this computation. The average micro-
pore radius is cobtained from a plot of
Av/Ar against r where Av is a change in
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pore volume corresponding to a change in
pore radius, Ar.

ResuLTs AND DiIscussioNn

In an attempt to prepare catalyst C with
varying microcrystallite size, we followed
the procedure outlined in the experimental
section but varied the 12 hr holding tem-
perature above and below 400°C. When
the holding temperature was lowered by as
little as 8°C below 400°C no crystallization
was observed. The average effective crys-
tallite size D, and effective integral breadth
D, for six catalysts obtained with a holding
temperature of 400°C or above are given in
Table 1. These experiments suggest that
nucleation oceurs over a very narrow tem-
perature range. Once initiated, crystal
growth of «-Cr,O; (no other phase or com-
position was observed) continues until an
average effective crystallite size of about
80 A is reached. When the pressure of

TABLE 1
CrystaLLiTE Sizes oF Caromia Catavysr C

Holding hkl

tempera- of dif-
Experi- ture fraction D, Dy
ment (°C) peak (A) (A)
1 400 104 72 90
110 88 153
116 83 109
2 410 104 77 100
110 130 184
116 98 118
012 100 139
024 107 114
3 420 104 89 101
110 127 197
116 100 120
012 124 172
024 130 165
4 430 104 88 109
110 158 228
116 98 118
5 440 104 86 113
110 136 213
116 97 128
012 122 155
024 115 143
12 450 104 110 143
110 194 263
116 113 152
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hydrogen is decreased, the temperature at
which crystallization is initiated is in-
creased but the distribution of ecrystallite
sizes is probably not affected. (For ex-
ample, in 100 Torr of hydrogen the crystal-
lization occurs above 425°C) (22). Thus,
it appears unlikely that chromia catalysts
with crystallites in the ecritical range 15-
70 A (5) can be prepared using unsupported
chromia.

The results presented in Table 1 permit
us to make some qualitative statements
about the shape of the microcrystallites by
comparing the average crystallite sizes
measured using different diffraction peaks.
The average size as determined from the
broadening of the (110) diffraction peak is
a measure of the dimension in the a-
direction (along one of the three ag-axes in
the hexagonal coordinate system) while the
size measured by the (116) diffraction peak
is a rough approximation of the length
along the c-axis (normal to the plane of the
a-axes). Keeping in mind that D, is a one-
dimensional average while I); i1s a volume
average (and thus is weighted in favor of
large erystallites) we can make the follow-
ing observation about the shape-size rela-
tionship. Crystallites which have a dimen-
sion less than 100A in the a-direction
appear to be more or less spherical (see D,
of Experiment 1, Table 1) while those
which are greater than 100A in the a-
direction tend to grow toward platelets
which have a diameter about twice their
thickness (see D; of Experiment 1, or D,
and D; of Experiments 2-12, Table 1). A
similar shape is observed when the crystals
are grown to micron size (23). We can
make one additional observation concern-
ing the nature of miecrocrystallites of a-
Cr,0; from the data presented in Table 1.
Since we have seen that there may be a
contribution to the line-broadening due to
bulk strain in addition to that expeected
from the small crystallites, the fact that
the average crystallite size as measured by
the (012) and (024) reflections is the same
within experimental error (*10A) indi-
cates that the microerystallites are essen-
tially strain free along the direction normal
to these planes.
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In Fig. 1 the integral breadth crystallite
size measured by the (110) reflection (a
measure of length in the preferential growth
direction) and the per cent crystallinity
measured by infrared absorption are
plotted against the holding temperature.
Both show a near linear relationship (ex-
cluding the crystallinity point at 420°C).
This correlation between the volume aver-
age size and volume per cent crystallinity
is to be expected if most of the erystal
growth centers are nucleated at 400°C and
increased temperature causes the crystals
to grow in size but does not produce new
growth centers. It should be noted that
even for the most ecrystalline catalysts
which still retain a reasonable surface area
more than half the chromium oxide remains
amorphous. Thus, catalyst C can be con-
sidered to be microerystalline chromia
supported on amorphous chromia.

Let us now consider the structure of cata-
lyst A, “amorphous chromium oxide.” The
radial distribution function for this mate-
rial (used in Experiment 16) is shown in
Fig. 2(a) and is presented in tabular form
in Table 2. The first peak in the distribu-
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tion eurve at 2 A is not unexpected. It is
due to the oxygen nearest neighbors and
would be observed even in the hydrated
ion, {Cr(H,0)s]%*. However, the close cor-
relation between the four nearest neighbor
Cr-Cr distances of bulk «-Cr,0, and those
observed in catalyst A is somewhat sur-
prising. It should be noted that the Cr-Cr
distances of catalyst A do not correlate
with those of CrOOH (24). This is an im-
portant observation since amorphous chro-
mia catalysts prepared at 400°C retain
considerable water and thermogravimetric
analysis in air indicate that the mono-
hydrate is stable between 280 and 360°C
(26). It must be concluded that the re-
tained water constitutes surface hydroxyls
as previously postulated.

The various kinds of interatomic dis-
tances found in «-Cr,0Q; are given in the
first column of Table 2 and are illustrated
in Fig. 3, a projection along the a,-axis
onto the (210) plane taken from Newnham
(26). The number of nearest neighbors of a
given kind is proportional to the area under
peaks in the distribution curve. From p(r)

(18)

dnrip(r) = 4mr? [

02}

300

280 |-
260 )
240

220

n
(o)

FROM (110} PEAK
% CRYSTALLINITY

200

D,
@
S
)

160

140 L
400 410

420 430 440 450
- T°C
Fic. 1. Integral breadth particle size measured

from the (110) diffraction peak and per cent crys-
tallinity versus the catalyst activation temperature.

defined in Eq. (12), we write

If we consider only the first peak in Fig.
2(a) we can set por—cr (1) = po-o(r) = 0, re-

(Corfor + Cofo)?

60 I
50 ¢
a0l f
30
20

10

2
47r p IN ARBITRARY UNITS

o] -2 o L : L

oY 1.0 20 30 40 50 60 7.0
-]
r,A

Fic. 2. (a) Radial distribution curve for cata-
lyst A, Experiment 16, (b) radial distribution curve
for CrsOy» model, and (c) a uniform distribution.



CHROMIUM OXIDE STRUCTURE AND ACTIVITY. I. 385

TABLIL 2
CoMPARISON OF INTERATOMIC DISTANCES OF o-Cr.Q; anp CatarLyst A

a-Cry03” Number of Agsignment of bonds,* Catalyst A Approx. number of
(f{) nearest neighborse (see Fig. 3) (10&) nearest neighbors?
1.97 3 Cri-Oy 2 6
2.02 3 Cr,-0;
2.65 1 Cr-Cr, 2.6 1
2.89 3 Cr;-Cr; 3.0 3
3.43 3 Cr,~Cry 3.6 6
3.65 6 Cr;—Crs;
2. 6: 2 0:-0,
2.99 4 0,-0s
2.74 2 0:-04
2.85 4 0,-0;

@ From ref. 26. ® See text for explanation.
arrange and integrate in order to determine
the approximate average oxygen coordina-
tion number (CN) for chromium,

r=2.4

4w (Coefor + Cofo)? [

coordination about each chromium. If we
proceed in a similar manner with each of
the chromium-chromium peaks of Fig. 2(a)

CNCr_o = 47 / 7"2pcr_0(7') dr =

r=0

It should be noted that the CN¢,—o for the
active form of catalyst A is probably less
than six, since the sample used to obtain
the X-ray scattering curve was exposed to
the atmosphere and, presumably, had ad-
sorbed sufficient water to attain octahedral

- 8.6 A

?‘CCr CrjO

2p(ry dr = 6.3 = 6. (19)

r=

and allow for the oxygen—oxygen scattering
which contributes intensity in the 2.6-3 A
region of the distribution curve (the method
used to estimate the oxygen-oxygen in-
tensity is discussed below), we calculate
an average number of nearest neighbor

C-AXIS
6.8 A

Fre. 3. A projection of the «-CryO; structure along the a;-axis onto the (2 I 0) plane. The chromium (I11)
ions, @, are in the plane and oxygen ions, O are above and below the plane. After R. E. Newnham and

Y. M. de Haan (26).
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chromiums to be in ratio of roughly 1:6:12
for Cr;~Cr,, Cr,~Cr;, and Cr—Cr, + Cr—
Crs, respectively (see Fig. 3). We can now
construct a model which is consistent with
this experimental result in the following
manner. As a basis for our model, we begin
with Cry, Cr,, Cry, and Cr; of Fig. 3 and
add a third dimension to complete the
trigonal symmetry {relative to the c-axis)
about Cr, and Cr, by adding four more
chromium (ITI) ions, two above and two
below the plane of projection. The twelve
oxygen ions needed for electrical neutrality
are arranged to maximize the chromium co-
ordination number, they are stacked three
above Cr,, three below Cr,, and six be-
tween Cr, and Cr.. A projection of this
struecture on to the (001) plane is given in
Tig. 4. If this structure were extended
along the hexagonal c-axis, it would be
essentially identical to the filamentous
model proposed by Selwood et al. (27) to
account for the magnetic properties of
hydrous chromium oxide. The three chro-
mium around Cr; will all be spaced at the
Cr—Cr, distance and the three around Cr,
will be spaced at the Cr.—Cr; distance
which is equal to the Cr,-Cr, distance.
Thus, the unit CrsOy, has the correct ratio
of Cr,~Cr. to Cr,—Cr; distances of 1:6.
Closer scrutiny shows that it also has 6
Cr,—Cr, spacings and 6 Cr;~Cr; spacings
to make up the required 12. Now, using
the Debye (28) scattering equation,

I(K) = z Efmfn

where Tm. 1s the distance between atoms
m and n and all other terms are defined in
Eq. (12), we can write down an expression
for the intensity expected from our small
crystallite, CrgOss,

sin K7mn

Krma

(20)

sin Kr (Cr-0O)
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An average value of 2.00 A for »(Cr-0)
and appropriate values from Table 2 were
used in Eq. (21) to calculate an intensity
vs. scattering angle curve. From this in-
tensity data, a radial distribution curve,
Fig. 2(b), was calculated using the same
program used to analyze the experimental
data (without correction for Compton
seattering). The actual caleulation gives
4 (o’ (r) + po) |where p’ (r) results from
the Cri0,. “erystal” and p, is the density
of «-Cr;0;] and not 4x% p (r) as in the
case of the experimental data so that the
two curves cannot be quantitatively com-
pared. But the result of Fig. 2(b) does
suggest that the model is a fair representa-
tion of the local order in catalyst A except
that all chromium—chromium distances of
catalyst A are larger by 3-4%. The model
can also be used to estimate the contribu-
tion to the radial distribution curve from
oxygen—oxygen scattering. This is done by
repeating the calculation without the
oxygen—oxygen scattering and comparing
the resulting curve to Fig. 2(b) as is done in
Fig. 5. Not all of the chromium-chromium
distances necessary to describe the model
were included in Eq. (21). For example,
the distance Cr;—Cr; (see Fig. 3) and the
distance between Cr; and its equivalent at
+120° around the c-axis (see Fig. 4) would
account for the peaks around 5 A on the
experimental radial distribution ecurve.
From this analysis we conclude that cata-
lyst A has local order of the same kind as
a-Cr,0, over approximately a 104
dimension.

Electron micrographs of both forms of
chromia catalysts are shown in Figs. 6 and
7. These are strikingly similar to Figs. 6a
and 6b shown by Cross and Leach (29).
They prepared their amorphous sample by

2fc.? sin Kr (Cri—Crs)

I(K) = 8fcy® 4+ 12f0? + 60fcefo
12fc,? sin Kr (Cr—Crs)

Kr (Cr-0)

12fc2 sin Kr (Cri—Cry)

Kr (Cr;—Cry)
12fc.2 sin Kr (Cri—Crs)

KT (CI'1*CI'3)
18fo? sin Kr (0-0y)

Kr (Cri—Cry)
36f02 sin Kr (0,-03)

Kr (Cr;—Crs;)

+ ].Sfo2 sin Kr (01—04)

Kr (0,-0,)

Kr (0-0y)

Kr (0~0y)
36f02 sin Kr (01—05)'
Kr (0+-05)

(21)
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ELEVATION ALONG C-AXIS

——————— 0
. Cr
0
o Cr
—— 0

Fic. 4. A projection of the CrsO;, model along the c-axis onto thef(OOl):plane.rThe positions of the three
oxygen planes and two chromium planes are given in elevation.

2
47mr’p IN ARBITRARY UNITS

Fic. 5. (a) Radial distribution curve for CrsOiz
model (same as Fig. 2b), (b) radial distribution
curve for CrzOy: neglecting oxygen—oxygen scatter-
ing, and (¢) a uniform distribution.

outgassing in air at 364°C and their micro-
crystalline sample by outgassing in air at
431°C. Although the catalyst form can be
immediately recognized by its micrograph,
little new information is obtained with the
resolution attained in this work. The erys-
talline catalyst appears to have a very
open structure with grain sizes approaching
150 A which is consistent with the crystal-
lite sizes shown in Table 1. Likewise, no
additional information was obtained from
the electron diffraction patterns. Samples
which diffract X-rays always give electron
diffraction patterns and those which do not
give an X-ray diffraction pattern show the
same behavior with electrons. This is in
contrast with the work of Burzyk et al.

Fic. 6. Electron micrograph of catalyst A.
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Fia. 7. Electron micrograph of catalyst C.

(30) where electron diffraction patterns ature nitrogen isotherms. Figure 8 shows

were reported for samples which did not the change in BET surface area with in-

display X-ray diffraction patterns. creased holding temperature; these curves
We conclude our discussion of the strue-

ture of chromia catalysts with a few com- ' ' ' "
ments on the macroscopic structure of these
. 0.016
catalysts determined from the low temper-
0.014 +
250 0.012}
0.010 -
200 —
Ep
@ 0.008 |-
o 150 a5
o 0.006 |
£
100
0.004 +
50 0.002 |
o] 1 " L ' L
350 370 390 410 430 45
. MEAN PORE RADIUS, A

TC

Fia. 8. BET surface area as a function of acti- F1a. 9. Pore size distribution for catalyst A cal-
vation temperature, & in helium; © in hydrogen. culated from the data of Taylor (22).
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0.005¢+
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—

-2
m
EF<0.003} -
e
gla
' 0.002} -
o
fc)Xcl =
GG l

l

20 40 60 80 100

MEAN PORE RADIUS, A

Fia. 10. Pore size distribution for catalyst C cal-
culated from the data of Taylor (22).

are very similar to curves reported previ-
ously (4, 29). Taylor (22) reported pore
diameters calculated from ¢-plots of de
Boer and Lippens (81) for catalyst A and
C as 12 and 52 A, respectively. We have
obtained similar results using the Barrett,
Joyner and Halenda method (20). Our

catalysts do not differ significantly from
those prepared by Taylor and, therefore,

in Figs. 9 and 10 we prebent radla.l pore-
size distributions calculated from Taylor’s
data. Whatever method is used, there is a
general agreement that catalyst A has very
narrow micropores which increase in diam-
eter when the catalyst is converted to form
C while the porosity remains nearly con-

atant at ahont 19 em3/e (4 29 32). Tt ig
stant av aoouv v.ig Cin /B \4y §J, UL ] LU IS

important to be aware of these changes in
macroscopic structure when we attempt to
interpret the effect on catalytic activity
that accompanies the catalyst atomic struc-
tural change from ecrystallographic order
over 10 A dimension (form A) to erystallo-
graphic order over a 100A dimension
{(form Cj.
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