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ABSTRACT

Commereial catalysts (A) and (B) containing 43 and
67% wr. Hi supporfed on alumina have been successfully
characterized by using magnatization (0) versus H (to
20 k 0e) and T (77 - 600°K) type curvaes and by electron
microscopy. Hysteresis curves yielded coercive force,
remanence and o(saturation) following heat treatment of
the catalysts between 400-700°C, These parameters are
iaterpreted in terms of the following properties of con-
stituent particles: ({a) superparamagnetic (b) single-
domain-anisotropic and {c) multi-domain. Needlelike
b’ and 'c¢' type particles are formed when A 1s heated
to about 600° and above 650°C respectively. The forma-
tion of 'c' type particles coincides with a decrease in
the catalytic activity of A for the reaction CO + 34 -
CH, + H,0. B consisted of a larger fraction of 'a' type
particleés which on heat treatment increased H, and O(sat)
as expected, but was more thermally resistant to the
formation of 'c° type particles. imlike 4, catalyst B
did not show a significant decrease in catalytic
activity upon the formation of 'e' type particles.

INTRODUCTION

Magnetic properties of amorphous materials, includ-
ing metal dispersions on oxides are fascinating indeed
and have attracted considerable attention during recent
years. Ome of us (L.N.M.) pravicusly reported on the
magnetic properties of dispersion of a—Fezoa in zeo- ]
Iitest and of Fe* ions in silicates?:3 apd glassy car-
bons. Amongst dispersed magnetic systems the very fine
dispersions of 3d metalS &uch as Fe, Co, and N1 on
various (diamagnetic) substrates {eq. Siﬂz, AIZGB) are
technologically most significant because of theif wide—
spread use as industrial catalysts in tounnage quantities,
Significant fractions of such dispersions display super-
paramagnetic properties and are considered to be in part
anorphous.

Correlations hetween the (superpara)magnetic pro=
perties of the 3d transition metal dispersions and
chemisorption have been well recognized and widely in-
vestigated over the past three decades. "1l pggr of the
work has been on materials containing very low amounts
(usually below 53%) of the metal which was dispersed on
substrates to yield, so to speak ideal, "single phase"
Superparamagnetic systems.lZ,13 ynite such studies have
undoubtedly enhanced our understanding of the mechanism
of chemisorption of electron doror and acceptor type
molecules, very few atteupts have been made to thor-
oughly characterize commereial catalysts contalning
large amounts of mekal {up to 70%) and to correlate
their magnatic properties with catalytic activity,

In this paper we present typical results on two
commerctal grade nickel on alumina catalysts containing
43 and 677 Wi with special reference to (i) the delinea-
tion of the properties of their magnetic components
(superparamagnetic,12s13 single-~domain anisotropicl4 and
nultidomain ferromagnetic), (ii) the change in magnetic
properties upon heat treatment to elevated temperatures
and (iii) cerrelation of such changes with corresponding
changes in catalytic activity for the reaction:

o + 3!!2 - C}14 + 2}{20.

EXPERIMENTAL

Two nickel on A1293 catalysts A and B with the
sullowing physical charicteristics were investigated.
Hickel, we.? (A) 43, {(8) 67; BET surface area,
w2/g {A) 51, (B) 117; average crystallite size, &, as
determined by x-ray line broadening, (A} 185, (B) 74.

Magnetization {0) measurements were performed on a
vibrating sample magnetometer {made by Princeton Applied
Research Labs., Princeton, NJ) as a function of the

field (up to 20 k Oe) and over a range of temperaturs
(77° ~ 600°K) to yield especially values for saturation
magnetization per gram (G sat) of nickel in the cata~
lyst, the coercive force (Hc) and the remanence (1.
Special quartz sample holdecs were designed to accommo~
date In vacuum the as recelved samples, and those aftar
reaction and/or heat treatment as described helow,

Heat treatment of the catalyst was conducted by (a)
exposure to H, for 1 hour at selected heat treatment
temperaturas %HTT) in the raage, 400 - 700°C followed by
(b} exposure to the synthesis H2/C0 mixture for anp
additional 1 hour at HIT.

Catalytic activities were measured in terms of the
methanation reaction which was carried out by passing a
mixture of 17 mole percent of carbon monoxide (CO) in
hydrogen (H,) at atmospheric pressure through a vertical
reactor pacﬁed with a known weight of catalyst pellars,
These pellets were crushed to gilve fine powders (100 -
170 mesh) and low residence times, (0,003 - 0.019 secs)
were used so that activities could be measured unaffacted
by diffusion effects.}5 Merhane content in the product

stream was monitored using a Hewlett Packard chromatae oo -
graph with a column of 108 - 120 mesh fraction of Carbo-.. -

sieve B, obtained from Supelco Inc. The column was
operated at 50°C. Methane production ar 300°C, after
reduction of the catalyst for I hour in Hz and reaction

for 1 hour, was used as the basis for comparisen of
activities of catalysts taken to different RTT.

RESULTS AND DISCUSSTON

—--~Typical plots of the coercive force (Hc) measured

at three remperatures (T, = 777, 298°, 423°K) as a Ffunc~
tion of the HIT for catalysts A and B are shoun in Fig. 1.
Maxima in H, are observed around HTT's of 600°C and 650°C
respectively for catalysts A and R, A comparison of
these curves with Kneller and Luborsky's resulrsl3
suggests that the maxima are probably due to rwp compet—
ing processes: first, conversion of 'a' superparamagnetic
to 'b' single-domain anisotropic particles producing an
increase in H_ and then a conversion of such 'y’
particles to ?c’ type multidomain particles with zero H..
These two conversions are believed to be ¢haracteristic
of what cceurs during the sintering of nickel supported
on alumina. It should be noted that a partial conver-
slon of 'a' to 'c', due to formation of closed multi-
domain configurations is not ruled out during heat
treatment. ’
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Fig. 1. (Bottom) Coerciyve force, H, as a function of
the heat treatment temperature {HTT) of the sample.
The temperatures of measurement for catalyst A (solid
curve}) and for B (dashed curve)} are shown next to the
curves. {TOP) Relative catalytic activity as a
function of HTT,
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Table I. Effects of Heat Treatment on Catalysts A and B.

Heat Treatment Wt. Fraction of Mean Farticle Size,
Tempegature, Superparamagnetic & (diam) of Super-
arT)y ¢ Particles paramagnetic Frac-
tion
A B A B
As rveceived 0.36 .58 25 24
500 06.27 Q.48 29 25
600 0.21 0.40 54 28
700 0.12 .26 37 26

Curves for catalyst A are indicative of the forma-~

tion of large particles in the multidomain region corres—

ponding to BTT's in the range 600 — 700°C. The relative
eatalytiec activity for 'A' shown at the top of Figure 1
ig seen to decrease sharply in this region. The temper—
ature at which the activity of A commences to decrease
sharply 1is seen to coincide with the HTIT, at which the
maxima in H, occurs. By contrast there is no such drop
in the activity of B at its cerresponding maxima in H,.
This aspect calls for further investigation. The impor-
tant point to be noted is that catalyst B shows no loss
in catalytic activity even up to a HIT of 700°C. We
have estimated the fraction of superparamagnetic par-
ticles present in various heat treated samples and their
mean diameters, using essentially the approaches and
approximations described in the literature*V. These

are outlined in the appendix and the results are given
in Table L. It is seen from Table I that for catalyst
B, (despite. its high coocentration of nickel) the size

_of the superparamagnetie particles vemains nearly con-

stant and the fraction of such particles decreases less
over the range of HIT's as compared to catalyst A.

Thus the magnetic technique provides a better
characterization of the particles in terms of the crit-
ical sizes of superparzmagnetic particles as well as
their abundance than.the.gross estimates of crystallite
slzes often reported in the catalysis literature. The

- small fraction (0.12) of superparamagnetic particles of

A at- BIT of 700°C indeed;represents. the least active
catalyst. Since The chemisorptive. properties of €O and
BZ have been shown to be dependent on the d-band charac-

teristics of such parti:lessiﬁ the magnetic technique
may be said to provide,additional characterization of
the particles at the microscopic level.

The shape anisotropy of the particles is believed
to be vesponsible for the iperease in H, up to the
transition temperature (Tt)’ and their dissppearance is
expected to cause the subsequent decrease in H,; this
conclusion is supported by evidence from electron micro-
seopy, which clearly show the formation of needles or
chain 1ike clusters up to T, and their conversion to
more regularly shaped particles, resembling those with
multidomain properties, above T,. The average cryst-
allite size increased from 185 to 256% for catalyst A,
and from 74 to 1608 for B over the range of HIT.

Curves for the remanence (1) measured at the same
temperatures as H, and as a function of HTT resenmble
those of H, and are not showm here. Their unique fea-
ture is that the peaks appeared sharper and at somewhat
lower values of HIT correspounding to smaller particles
than in the corresponding H; curves as one would expect
from the thecretical treatment. Thus, the parameters
Hy and I, are indeed useful in characterizing the pre-
sence of single-domain anisotropic particles, which are
formed at least partially during the transition from the
essentially superparamagnetic to the essentially multi-
domain regions. Furthermore, the HIT at which the
single-domain anisotropic particles are formed appears
to be characteristic of the "dispersive" state of the
metal on the catalyst support.

Further details of studies on the chemisorption of
H, and CO on the supported nickel and the activity of
the catalysts will be published separately along with a
discussion of other magnetic parameters.
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APPENDIX

The weight fractions x; of the superparamagnetic
{"a" type) and hence of the multidomain ("ec" type)
particles in the variocus heat treated samples were
estimated from the observed curves of the relative
mapnetization, O/0, versus H/T (at 573°C} by assuming
Romanowski's relation*" for a multi-component system
given below.
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The expressions under the summation signs raefer to
superparamagnetic particles; L denotes the Langevin
function and v, the mean volumes eof the particles with-
in the x; fraction. This expression is applicable at
high fie}ds such that saturation magnetization of multi-

domain particles show no change and superparamagnetic
particles obey the well-known Langevin function. The
average moment My of the "a" type particle is defined
by, By = Isp‘vi. -

By assuming an overall mean volu§e v for all super-
paramagnetic particles, as in Selwood”, a non-linear
regression procedure was developed for estimating the
weight fraction (x) of the "a" type particles, and the
mean particle diameter of this fraction based on
spherically shaped particles. The regression program
used accomplished convergence very easily with a con-
venticnal hill climbing subroutine.

*
Inquiries should be addressed te these authors.

+Present address: Chem. Engn. Dept., University of
Hatal, Durban, South Africa, 4001.
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