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Dispersed nickel supported on silica and alumina has been characterized with ultrahigh
field magnetization measurements. A superconducting solenoid operable up to 100 kOe was
used for this purpose. The samples were superparamagnetic so that the computation of crystal-
lite size distributions from the magnetic data was possible. A computational technique was
developed for this purpose and tests on model distributions carried out. Much better results

were obtained than hitherto possible.

The catalysts, containing 40 wt%, Ni, were initially bidisperse, with both low and high radii
grouped distributions. Evidence for both crystallite migration in the case of the small particles
and interparticle transport for the larger radii was detected. Measured and calculated surface

areas were in agreement.

INTRODUCTION

Precise measurements of crystallite size
distributions of supported metal catalysts
are important for two reasons. The dis-
tribution is far more important with de-
manding or structure-sensitive reactions
than the exposed surface area in establish-
ing the catalytic activity (7). Secondly,
dispersed catalysts deactivate by sintering.
Discrimination between various sintering
mechanisms may only be possible through
analysis of changes in the distribution dur-
ing crystallite growth (2-4).

X-ray diffraction and selective gas ad-
sorption techniques give only average
sizes and both require assumptions for the
crystal shape and degree of support bond-
ing (5). Small angle X-ray scattering may
be utilized in certain cases to fit the param-
eters of assumed distributions (6). Trans-
mission electron microscopy is direct, but
involves the tedious examination of many
specimens which are not necessarily truly
representative of the sample (5). Further-

more, instrumental complications introduce
inaccuracies in the case of very small
crystallites (7).

Magnetic granulometry has for some time
offered possibilities (8). Although limited
to ferromagnetic metals, this method does
have the advantage of potential in situ
measurements, applicable to a wide class of
industrially important catalysts. Selwood
(9) has reviewed much of the work
on nickel.

The technique is based on relationships
in superparamagnetism. If a nickel crystal-
lite is less than a single magnetic domain
(300 A) in size, then for a spherical radius r,

[

— = L(I,H4=r3/3kT), (1)

O
where ¢ is the magnetization, ¢, the
saturation magnetization, I, the spon-
taneous magnetization, H the local mag-
netic field, 7 the temperature, k the
Boltzmann constant and L the Langevin
function. It is assumed that o,=4#r3[,/3
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Fra. 1. Langevin function at 298°K for different
sizes of nickel crystallites.

and that I, is independent of size. The
validity of this assumption has been dem-
onstrated by Abeledo and Sclwood (10).

Figure 1 shows the calculated values of
Eq. (1) at different magnetic fields and
crystallite radii. In theory, the radius of
the crystallite could be found by fitting o
versus H data to this function. However,
serious problems arise in practice. The value
of ¢, must first be obtamned in order to
establish the ordinate of Fig. 1. Most
laboratory electromagnets are limited to
20 kOe where only crystallites with radii
greater than about 20 A approach satura-
tion. It is usual to determine ¢, by extrap-
olation of 1/H plots to zero. The danger
of this procedure is demonstrated in Fig. 2.
Clearly, for radii less than 20 A, linear
extrapolations of data taken below 20 kOe
result in large errors. The problem is
usually circumvented, as shown in Fig. 3,
by decreasing the temperature to 77 or
4.2°K, where more accurate extrapolations

H, oersted
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Fig. 2. 1/H plots for different sizes of nickel
crystallites.
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Fia. 3. Effect of temperature on the Langevin
function of a 10 A nickel crystallite.

are possible. This approach is also limiting
since crystallites above a critical value are
no longer superparamagnetic at extremely
low temperatures. Langevin curves must
still be found at higher temperatures. Both
saturation and superparamagnetism may
be achieved with superconducting solenoid
magnets, which gave fields up to 100 kQe.

Crystallite radii are readily calculated
from magnetization curves such as those
in Fig. 1 using low and high field approxi-
mations of the Langevin function (9). Thus

ng(O'/H)LF
rLp? = ——— ) (2)
A7l .04,

3T
THF3 = . (3)
47rI;HHF(]. -_ O'/O'w)HF
If the specimen has only one size, then
ror and rpr are the same. Differences
indicate a size distribution and rLp is
greater than rgp since the larger crystal-
lites are more readily magnetized at low
fields. The task of extracting the distribu-
tion function from magnetization data is
much more difficult.
For a crystallite size distribution, f(r),
the magnetization function is

o(H)

[ Lk B @

O

Reinen and Selwood (71) suggested that
fitting experimental data to the expression

i = i DnHZn—l(__l)n+I’ (5)

T n=1



296

yields the series expansion of Eq. (4) with

4gl 271 Q2n  pfm
an = ( ) - (6)
3kT (6n)!B, r?
B, is the Bernoulli coefficient and, in

general,
f = f(r)dr
0

——— @

/: J(r)dr |

By comparing the coefficients from Eq. (5)
with those calculated by Eq. (6) from trial
distributions, it should be possible to de-
duce the type of distribution involved.
Presumably the exact distribution param-
eters are then found from optimization
with Eq. (4). This procedure is time-con-
suming with the possibility of ambiguous
solutions. Furthermore, Eq. (5) converges
only for (I,H4xr3/3kT) < = so that 50 A
crystallites may only be considered up to
12 kOe.

A more direct solution is to represent
Eq. 4) by

o(H) )
= 2 g(n)L(n, H), (8)

(2% n=0

where 7 is a selected interval of r with g(n)
and L(n, H) the respective average values
of f(r) and L(r, H) over the interval.

The system of simultaneous equations

.

]

g(ro)L(ry, Hy)

+g(ra) L(rey, Hy) +- -+
g(rs) L(rs, H) ©

g(r)L(ry, Hs)

N
g |a
~—
5

]

+g(ro)L(re, Hy) +- - -

........................................

need only be inverted to give the bar
distribution g(n).
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This method has been used by Dreyer
(12), but in practice experimental precision
is such that round-off errors in matrix
inversion methods limit the procedure to
small orders. Inaccuracies associated with
assuming average values of L(n, H) then
become significant and generally unreliable
results are obtained.

Evdokimov and Kuznetsova et al. (13)
derived the following expression from the
thermodynamic relationships

9T (on + XgH)
rg® = —————,

10
4rl . Ho, (10)

where rx is the radius of crystallites which
saturate (i.e., have zero slope) at H. The
fraction of the distribution with radii
greater than rgy is the intercept of the
tangent at H with the magnetization axis,
The resulting cumulative distribution leads
directly to the differential form. Caleula-
tions based on this procedure do not, how-
ever, give satisfactory results when ap-
plied to magnetizations calculated from
known distributions. This may be due to
the imprecision in measuring slopes and
making extended extrapolations.

The most successful applications have
been those of de Montgolfier and Martin
(14) who assumed a distribution of the

type
fr) = e 3 barm. (11)

Parameters were determined by opti-
mization of calculated magnetization values
with the experimental o versus H curve.
The constants of Eq. (11) include the
weight fraction of metal in the sample so
that o, need not be known. This method,
although giving consistent results in some
cases, generally suffers from the inherent
limitations of too many adjustable
parameters.

Many attempts have been made to find
the distribution from the temperature de-
pendence of the magnetization (15, 16) but
all fail to provide satisfactory relationships
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between crystallite size and ferromagnetic
Curie points. Indeed, Abeledo and Sel-
wood (10) find little dependence for
crystallites above 15 A radius.
Requirements for successfully calculat-
ing distribution curves from magnetic data
are as follows: (a) Magnetization measure-
ments should be made close to saturation.
Either low temperatures or, preferably,
high magnetic ficlds are necessary. Ac-
curate extrapolations are then possible and
the smaller crystals in the distribution are
properly accounted for. (b) The sample
should be confirmed superparamagnetic.
Larger crystals may be ferromagnetic and
invalidate the computations. Superposi-
tion of ¢/c, vs H/T curves measured at
different temperatures is indicative of
superparamagnetic behavior. Tungler et
al. (17) have outlined methods for treating
mixed ferromagnetic and superparamag-
netic systems. (¢) The saturation mag-
netization must be known. This usually
means extrapolation of ¢ vs 1/H data, for
which near saturation data is needed.
Carter and Sinfelt (18) sintered the sample
at high temperatures after all other mea-
surements were finished. The larger ferro-
magnetic crystals saturated easily. Satis-
factory results are possible provided no
gain or loss of reduced metal occurs, e.g.,
through surface oxidation, compound for-
mation, etc. Alternatively, the amount of
reduced metal could be measured by other
means using chemical or instrumental
procedures. This is acceptable only if in
sttu methods are used, since some loss of re-
duction may take place in sample handling.
Evdokimov and Kuznetsova (13) have
suggested another approach for finding o,
but this has not proven reliable. (d) Since
assumption of the type of distribution is not
the most desirable situation, the best solu-
tion is inversion of the magnetization curve
to give the required function directly. This
is possible only if the data are accurate
enough and the computational method
allows a sufficiently high order or narrow
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interval. Thesc methods are preferable over
those involving slope analysis, which is
usually far from precise.

A technique has been developed in this
laboratory which involves elements of all
of these. High field measurements are
made with a superconducting solenoid.
Superparamagnetism is confirmed with a
low field Faraday apparatus at higher tem-
peratures. An assumed distribution is
adjusted to give an initial fit for a non-
linear inversion computation of the dis-
tribution histogram.

EXPERIMENTAL METHODS
Low Field Faraday Apparatus

The low field Faraday apparatus oper-
ated up to 8 kOe and consisted of a Model
4800 Alpha Scientific electromagnet with a
Cahn No. 2000 RG electrobalance. A
spherical silica bucket contained 50 mg of
sample and was suspended into a flow-
through hangdown tube in the inhomo-
geneous pole gap. The sample was dried
at 200°C in helium and reduced at a
standard condition with all weights re-
corded. Magnetization measurements were
made up to 8 kOe over the temperature
range 25-350°C, followed by measurements
after sintering in helium at 700°C for 16 hr.
These data were used to establish weight
losses, to find o, and the degree of reduc-
tion, and to check superparamagnetism.

High Field Apparatus

The high field solenoid was a Magnion
Incorporated Super-conducting Magnet
with a high stability power supply. Al-
though the solenoid operated at liquid
helium temperatures, the room-tempera-
ture working volume was 5 cm in diameter
with a field uniform within 39, over a
length at 7.6 cm. Magnetic fields from 0
to 100 kOe were possible. Measuring coils
fitted into this space, as shown sche-
matically in Fig. 4. Each coil was 2 em
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Fia. 4. High field solenoid pick-up coils.

in length, with three layers of No. 36
Formvar insulated wire for a total of 380
turns. They were connected in opposition
2 cm apart on a brass tube with an internal
diameter of 1.3 cm. Plexiglass alignment
plates were attached to the ends of the
brass tube and the assembly was suspended
from the top of the solenoid by an aluminum
rod.

The sample cell contained the catalyst
as shown. The outer tube was a 13 mm o.d.
Vycor tube; the inner tube diameter was
7 mm. Sufficient sample was packed be-
tween quartz wool to give a bed length of
1-1.5 ecm. Each tube was sealed with a
high vacuum grade stopcock connected by
14/35 standard taper joints. With this
arrangement the sample could be treated
externally and reduced or sintered at de-
sired conditions. Since the solenoid working
volume was easily accessible during opera-
tion, many sample cells were prepared and
run in sequence, thus improving economy
and efficiency.

The sample cell was positioned with the
catalyst in the center of the upper coil,
then moved mechanically so that the cata-
lyst shifted to the lower coil. A voltage,
proportional to the magnetization of the
sample and the coil geometry, was induced
in the coils. This voltage pulse was mea-
sured with an oscilloscope (Hewlett-
Packard Model 1200A Dual Trace) and
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recorded on film (Polaroid Type 107) using
an oscilloscope camera (Hewlett-Packard
Model 198A). The recorded signal was
integrated to give the magnetization of the
sample. Calibrations of instrumental con-
stants were made with a sample of pure
nickel powder. All measurements were at
room temperature.

Surface Area Measurements

Hydrogen surface area measurements
were made with a conventional volumetric
adsorption apparatus equipped with a
differential pressure capacitive manometer
(MKS Baratron Type 1443-300). An ad-
vantage of the sample cell design was that
the same sample measured in the solenoid
could be used, although the dead volume
correction was high with some sacrifice of
accuracy.

Isotherms of hydrogen on the nickel,
measured at 25°C, were flat after an initial
fast adsorption. The area of the nickel
atom was assumed to be 6.5 A with a
stoichiometry of one hydrogen per nickel
atom.

Supported Nickel Catalysts

Two high level nickel catalysts were
used—a precipitated 40 wt9% Ni/8i0;
(kieselguhr) and a coprecipitated 40 wt%,
Ni/AlyO3. Both catalysts had been calcined
at 400°C and reduced for 12 hr in H, at
350°C. Specimens of the Ni/Al;O; sample
were also reduced for 36 and 72 hr to
check the effect of reduction time.

Computation

The distribution coefficients, ¢(r), were
calculated wusing a subroutine BSOLVE
(19) which solves n equations in k un-
knowns (n > k) by using Marquardts’
adaptation of the Newton-Raphson method.
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Equations (9) are rearranged as

y1 = g(r)L(ry, H) + g(ra)L(rs, Hy) +- -

g(r))L(ry, Hy) + g(r2)L(rs, Ha) -+ -

Yo

Initial values for g(ry) ¢(r2), ..., g(rs)
are provided to start the iterative search
along the direction which minimizes

Q=uyl+yl - +yl

Since there may be more than one solu-
tion to Eqs. (9), the final solution is the
closest to the initial set of values. Thus the
choice of these becomes crucial.

Many crystallite size distributions ex-
amined by electron microscopy are skewed
toward higher radii and have the general
appearance of a log normal function (5).
We selected this distribution as a “best”
first guess for the computation.

The log normal funection is

(13)

1
(27)¥r In(o)

Inr — In ro\? (14
<o () )
2t Ine
There are only two parameters, ry and o,

which are conveniently related to the value
of the n-th moment as follows

fr) =

™= exp[n In (ro) + glnz (o) ] (15)

For the low field approximation of the
Langevin function

o 471, H =
(-—) = f F)rddr, (16)
0w/ LF ng 0
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so that
(17)

TLF3 = i,

Similarly, for the high field approximation

G, = [ o

3kT
XI:I - —————-—:l dr, (18)
41rIsHHFr3

(19)

and
THE = 1/1”—3.

Determination of rpg® and rge® from

magnetic data lead to r3 and 7 from which
the parameters, ry and o, are found from
Eq. (15).

In our computations, the experimental
data were smoothed by fitting to one or
several polynomial functions. Low and high
field magnetizations at 500 and 90,000 Oe,
respectively, were calculated from these
functions and values of ¢ and r were found
using Egs. (2), (3), (15), (17), and (19).
The initial set of g(r) were calculated from
the log normal distribution Eq. (14) and
used to find the correct distribution with
BSOLVE. The surface area of the assembly
was calculated from

S = (6 X 10~472/(8.91 %) m?/g Ni. (20)

We checked the aceuracy of these pro-
cedures with model distributions, one ex-
ample of which is shown in Fig. 5, magnetic
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;
i
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CRYSTALLITE RADIUS, r, A

Fia. 5. Model crystallite size distribution with
computed results.
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Fia. 6. Superposition of Langevin plots for 409,
Ni/8iOs,.

data were calculated from the distributions
and used as input to the program. The
final results show that agreement is good
when the distributions are normal or log
normal but less quantitative, yet still
qualitative, when the skew is toward
lower radii. Since this situation is not
common in real systems, the method is
believed to be adequate in determining the
distribution. Checks on bidisperse distribu-
tions were also very satisfactory.

RESULTS AND DISCUSSION
40 wt% Ni/8i0,

Low field results at 25 and 200°C are
plotted in Fig. 6 to demonstrate super-
position of the H/T curve and the super-
paramagnetic behavior of the sample. In
Fig. 7 both low and high field data are
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F1a. 7. Results for 40 wt%, Ni/8i0,.
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Fia. 8. Crystallite size distribution for 40 wt%,
Ni/AlL:O; reduced for 12, 36, and 72 hr.

shown. The two sets of data, measured and
calibrated differently, fall on the same curve
and support the consistency of the experi-
mental procedures.

The saturation magnetization used in
Fig. 7 was found from low field measure-
ments on the sample after sintering at
800°C. This value, 20.8 emu/g cat was in
excellent agreement with the high field
result, 21.0 emu/g cat which was deter-
mined from the linear extrapolation of the
1/H plot. We infer from this that saturation
magnetizations of the small crystallites are
independent of size, a conclusion that has
been aceepted by many authors.

These magnetic data were processed with
the computational program discussed above
and the resulting crystallite size distribu-
tion is given in Fig. 7. The curve drawn
through the experimental points was cal-
culated from the distribution. Also com-
pared are the calculated and experimental
surface areas, which show very good
agreement.

The distribution itself is bidisperse.
Qualitatively, this result is suggested by
the shape of the magnetization curve. We



NICKEL CRYSTALLITE SIZE

cannot comment further on the reasons for
the bidisperse distribution except to specu-
late that metal-support compound forma-
tion (e.g., nickel silicates) or the pore
structure of the support may play a role.

40 wt% :V’L/Aleg

Histograms for the three samples reduced
for 12, 36, and 72 hr, respectively, are
shown in Fig. 8. Supporting magnetic
data—Langevin plots, low and high field
agreement, etc.—were as good as the pre-
vious example and are not repeated.

The measured distributions demonstrate
the usefulness of this method in the mea-
surement of sintering phenomena. Initially,
the distribution is bidisperse and may
originate from the reduction of both NiQ
and NiAl,O, formed during calcining. We
speculate that the large crystallites origi-
nate from the NiO and the smaller distribu-
tion from NiAl;O,4 Only 389 of the avall-
able nickel had been reduced in this time,.

Longer periods resulted in 509, reduec-
tion of the nickel but with an upward shift
of the distribution. Finally, after 72 hr, no
further nickel reduction had occurred but
the two distributions now overlap into a
log normal type.

Ruckenstein and Pulvermacher (2) have
advanced a sintering model which involves
the migration of small crystallites across
the support. Wynblatt and Gjostein (4)
suggested that this mechanism is limited to
crystallites 25 A radius or smaller and that
larger particles sinter via the interparticle
transport model favored by Flynn and
Wanke (3). The results in Fig. 8 tend to
favor the crystallite migration model for
those radii below 25 A. The peak of the
distribution moves upward, the distribution
does not broaden with the generation of
smaller crystallites necessitated by inter-
particle transport. The large crystallites,
however, merge into the lower distribution.
This is possibly a manifestation of material
transfer predicted for this size range. Al-
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though these results are to be expected for
concentrations this large, the data are too
preliminary to be conclusive. Furthermore,
support morphology may be important in
directing the course of the process (4).
Much more work will be necessary in order
to resolve these points.

CONCLUSIONS

Experimental and computational
methods have been developed for the cal-
culation of crystallite size distributions
from magnetization curves. These tech-
niques overcome many past objections and
have been successfully demonstrated as
both model and real dispersed systems.
Initial results indicate a potential for the
method in the study of sintering phe-
nomena.
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