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'_1. Intmductmq o

Mamc!:c properucs of mmlyst tvpc rmterm!s such as micta! dispersions
or oxides are {ascm.um« mdcu‘] .and have attradted con::dt.mbf-. attention
during recent yearsi) Onc of us: (LN‘H) previously. reporied on the magietic
properties 6f d:spersmm ‘of a-Fe, 0y in zeolites!=? and of Fed* jons in sificiales
and in glassy carbons®, In addition fo transition-meta} oxides, the very fine
*"-aersions of 3dmeh!s such as Fe, Co, and Nion various:non- nn;,n..hc)
- siates: {q,g., S:O;,, ALO3) are uclmoioﬂzcali} very significant because of
lhcar -widespread use as industrial catalysis for heterogencous catalysis.
S:gmﬁcnut fractions-of such dispersions display “sup‘.rparanmgnehc prnpu‘-
ties"”, which permit their.characterization in terms of their: p’u‘hc!us rroﬁlc>
(particleshape, size, and’ lhmrd:stnbulion) with rc‘spcct 1o very s:mil pArtic’es -
(< 100 A), .which otherwise ‘elude detailed characterization by “standard
methods {X—r:gy Jine brondcnmg, cte.). Furthermore, the magnetic technique
allows an imsitu investigation of chemisorption. Ilowever, most of the -
magnetic.studies so far have been on meterials containing relatively fow i
amounts (usua!{y below IO/) of the metal which is dispersed on substrates
to yieli, ' so o, speak, ideal “smglc phase™ supcrmagnetic (C'\l'\lyhmlly o
active} systems: :Studies of this nature have -been reported by Carter ¢t al.®
and reviewed By Sclwood” and Whyte®, While such studies havé undoubtedly
enhanced ou_r\__.-_querstm'ading of the mechanism chemisorption of electron

*Enquirics should-be addressed to 'this author. . 3
" sPermanent address @ Chemical Engineering Department ; University of Natal,
purkan, 8. Africa. i '
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donor and acceptor type molecules, very few attempts have been made ¢
theroughly characterize commercinl catalysts containing large amounts ¢
metal (up to 70% with multiphase components) and at temperature {
eriployed in actual industriai-type reactons, such as the methanation.  Thern
fore, it scemed desirable to select and to characterize these very types ¢
catalysts with special reference to the following considerations,

Supported metal catalysis containing large amounts of metals has
generally different metal dispersions consisting of particles of dilferent six
and phases®. When such catalysts are heated at high temperatures, crystallit
arowth oceurs via comphc‘md mechanism which _produces & rather ur
defined metal dispersion. Undér these condmom an exact determinatio
of particle size distribution is very difficult. Iowever, in the case of 3
transition metals, which are used as methanation catalysts, it is possible t
delineate and to characterize such dispersions by .their magnetic propertic
Three major types of magnetic structures, which normally cocxist in supporie
metals such as iron, cobalt and nickel catalysts at temperatures significant]
Jower than their Curic points, are discussed below.

The so-called single-domain or “supcrpnr’mﬂgncuc structures, charac
teristic of wvery small particles, gz\c m.wnci:zatlon curves which ar
adequately deseribed by the I,anbe'm cquation [Mulayt®e, Bean et alll]
Their changes in magnetization are “described by spm rotation as in norma
paramagnetics.  The magnetization is strongiy p".rttclc size dcpcndcnt am
can be used for the assessment of average part:c]c size of an assembly. Trw
superparamagnetism js characteristic of a collection of very smail single
domain particles in which thermal energy is dominant during the manncuzn
tion process ; thus no hysteresis is observed when magnetization (o) i
plotted as a function of 1{/T, that is, the coercive forcc (Hc) and rumnncncc
(a,) are Zeeo.

Secondly, we consider the single- domain 'masoiroplc particles, whlch cat
have contributions to their maanctic energy arising from their sInpes anc
crystal structures.  These “single-domain anisotropic™ particles are thcmnf!;
stable in the magnetic sense’? and are characterized by significant !1)*s£crcsr
during magnetization, thus giving measurable values for He and ar. Stonel

and Wohlfarth! and Neelt4 first suggested that the contrlbunons to Hc anc
g due to the clon"'ucd shape of single-domain anisotropic p'irltcics {n
ouiweigh any contributions from the anisotropy of crystallite alippment
within the particles, A o

The third type of structure, which is characteristic of the 34 metals ic
their massive or bulk state, consists of relatively large nﬁtitidonmin ferro-
magnetic particlest?, which change over to the p'smm'ir'nctac state above theit
Curie roint.  Changes in magnetization with magnetic field below the Curie
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tremperature are caused by domain wall motion. Their magnetization curves
reveal little hysteresis with negligible contributions fo /e and gr, especially
when no impurities and strain are present.

Kneller and Luborsky® have carried out an clepant theoretical analysis
of the contributions of cach of the above structures to the cocrcive force and
remanence as a function of the range of particle sizes, They have further
substantiated their theory with suppurting data obtained for iron-cobalt alloy
particles (20-3004) dispersed in mercury.  Their approach and contributions
by Kittel and Galt's have advanced our understanding of the particle profite
criteria which determine transitions from the (1} superparamagnetic to single-
domain anisotropic and from (i) the single-domain anisotropic to multi-
domain particles. A schematic curve showing results of these transistions is
given in Fig. 1, which is based of reference (15).

oo S el

He or o, {Arb. Units)

-

S
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Fig. 1, Schematic representation based on reference® of *the dependence of Iy tsolid
line) and o, (dotted line) on average particle diameter (D) for anassembly of
particles consisting of the superparamagnetic (5P}, single-domain anisotropic
(5D) and the multidomain ferromagnetic {MD) componcents. '

Average Porticte Diometes D

In addition to paramecters such as the coercive force and remanence dis-
cussed above, information gained from mugnetization (s) versus field (I1) (or
versus JI/T) plots is cqually useful in the characterization of magnetic
particles. For instance, it is possibie to obtain the particle size distribution
of superparamagnetic particles in the presence of the multidomain ferro-
magnetic component.®  This aspeet is elucidated in some detail later,

The aspects of magnetic characterization described above provide a novel
z{ppruuch for characterizing the growth and shape of aickel particles
during the heal treatmeat of nickel supported on alumina. In (his paper,
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We present an analysis of different magnetie structures observed for two
commercial sumples, containing initially (sample A) 43 and (sample 1)
ST well of totat nicked, respectively, which were subjected to different heat
treatments, [ addition, we present particle sjye distribution of superpara-
magnetic components in the as-recaived and heat trented samples in the
presence of multidomais ferroma snetie structures, and wig)y speciaf reference
1o this distribugion around 313 K, which is qitife close
perature for methanation,

to the reaction fem-

2. Experimental Methods
Appararus -

A vibrating sample magnetomeler, manuluactured by the Princeton
Applied Reserach Curpam[ion, wWas used for magnetic measurements. This
teslinique was sefectad for the present investigation because it jnvolved very
farge mignitudes of % a;amd g, as wif] ag Hs. The present investigation
did not warcant the use of the nidre s2nsitive force-type magnetometers
(available in our !aboratory). which are otherwisz ussd for the measurement
of weakly dia- apd para-mazaetic properiies. A critique of various measuring
techniques including the Lewis mignctometer is given by Mulay!® and the
Progress in magnetic instrumantation ang asplications relevent to this work
has been appropriately reviewaed bixanu iy by Muluy ang Mulayi® sipce
1962,

Magnetic fig)ds Up o KOz were aeneratey with an clectromaznet made
by Viriun Associates, i conjunction with 127 diam pojes tapered to 67,
Fields up 10 20 Koe haye been emiafoyed by mast workers (¢f 69 and
references therein) at Cryosenic temaeratures for studies on fipe particles and

such were employed in the present studies i furthermore, (he speciat “hil
climbing®, Computations used ip the analysis of magnctizalion  curves
{described fater) atowed so (0 speak (he seessary “extrapolations™ (o ultra
“high fields”, (hys obviating the nasy forszlting up more sophisticated
eqitipment,

The fields were measwred with a separare Baussmeter probe inserted
between the poles and fosatey very close to the vibrating sample.  Maganeti-
zation measurements were recorded digitally over g wide ranpe of magnctic
fields,  The magnetic ficld could be reversed casily to yield coercive forces
as small as 10 0c, A jow temperature cryostat was used for measurements
in the region 77-300’5.’, whereas for high temiperature measurenents (up to
915°K), a furnace with non inductjve windinas of plutinum was used. This
furance was surroundeq by a water jacket 1o prevent damage to the detection
coils of the magnstometer, e catalyst sample (~ 100 mg) was sealed in
the lower scction of a Partitioned quartz tube, which in turn was attached
to the lower end of a brass tubs coupled to the transduzer of the maeneto-
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meter. This arrangement permitred the sample tube to vibrute freely in the
pole gap of the magnet, -
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The quartz tube assembly is shown in Fig. 2.” It was designed so that the
catalyst sample could be supported firmly in thetobe, This set-up prevented
unduevibration of the sample itself within the tube and consequently preveq.
ted the generation of spurious signals in the magnetometer., Furthermore, the
assembly allowed the insertion of a copper-constantan thermocouple Lip close
to the sample for an accurate measuremient of femperature. The magneto-
meter was calibrated with a standard spherical sample of nickel, for which
the saturation magnetization (AL)is 484 pauss, which gives the  per-gram
magnctization, o,=53.4 emu/g, [Tebble and Craik!?}=, '

" #These awthors and authors of Papirs in the J. Catalys’s, cic, use "L'Hm;g" or
gauss-emtle’ to desiprnate the magnetization (e, «,) and the remanence (o). They also
use the Oersted (or Gauss) for the magaetic ficld (£7), Conversion to S.1. units is done
using the followios : Magnetization of I Gauss=10" dm—1; A field (H)of | Oersted (or |
Gatess)==79.6 Am~*, For a discussion of magnstic units sec Mulay1®s, Jackson and
Bliraney and Bleansets,
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The as-received and heat treated samples were reduced in /f; and seated
under vacuum in quartz tubes prior to magnetic measurements.  Reduction
was for 8 hours in flowing ultrapure 7y at 623°K followed by outgassing for
6 hours at 623°K to a final vacuum of 108 Torr. The sainple was then
cooled to room temperature in vacuum, Sealing of the sample tube under
vacuum was carried out while the sample was surrounded by liquid nitrogen
$0 as to p event its sintering during sealing,
3. Results and Discussion

3.1, General Characteristics of the Catalysts

Some important physical characteristics of the as-received calalysts are
Hsted in Table I, Heat treatment of the catalysts was carrjed out by (a)

Table 1

Characteristics of As-Reccived Cataiysts

. Catalyst Catalyst

-Sunport . y—.i4,0, y—dAl0,
Nickel,* wt % (rotal} 43 &7
, Average Nickel Crystailite size, A° 185 73
" BET Acen,mljp 51 117
Pellet Size, in ) ’ 1/8 316

*This was determined by a standard ASTM gravimctric procedure in which nickel
was cxtracted with #1CH ¢ HNOy, precipitaled and weighed as a duneihy} glyoxime
complex,
exposure to flowing ultrapure 7, at | atm for 1 hour at selected heat treatment
temperature ({ITT), followed by (b) exposure to a HL,/CO synthesis mixture
containing | mole S, CO for an additional 1 hour at the IITT. The above
procedures failed to cause complete reduction, which was reflected in the
thermomagnetic analysis, described in a Yater section.  This situation is not
surprising in the light of reports by Martin et al.2 who found that reduction
is Tess than 100% complete even at 933K, :

3.2, X-Ray Diffraction Studies

Average nickel crystallite sizes for the as-reccived and heat treated
saniples were estimated from the observed A-ray line broadening for the (111)
diffraction peak using the classica] Debye-Scherrer cquation, Strictly speak-
ing, diffraction peak broadening is produced by a combination of erystallite
size broadening, strain broadening, and defeel broadening ; but it is being
assumed here that erystallite broading is predominant so as (o be consistent
with the conventional dpproach used jn the catalysis literature.  Apparenily
the nickel is of such small erystallite size that the (220) and (311} diffraction
peaks were too weak to use for estimating crystallite size. The (200)
diffraction peak was comparable in line width to the {111) peak for all heat
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treatment temperatures, and thus gave similar crystallite sizes, Resul

based on the broadening of the (111) diffiaction peak are given in Tabk

1 and 2. It is seen that the average crvstallite size for the as-receive
Tabje 2

Average Crystallite Size (A®) of Nicke! in IHeat Treated Samples,

HTT, °K Catalyst A Catalyst 8
723 — ' £
113 191 1t
872 233 115
923 212 146
973 255 140

catalyst B is only 4077 of that for catalyst A. This is presumably due, a
feast in part, to a relatively smaller loading of nickel per unit BET area fo
catalyst B, For both catalysts, average crystallite size increases progressivel
with increa ing WI'T. However, for a given HTT, the relative increase i
crystallite size is more pronounced for catalyst B than for catalyst 4. Fo
example, the average crystallite size for catalyst B heat treated at 973K i
twice as much as that for the as-reccived sample, whereas the correspandin:
increase for catalyst A is only 6077,

With regard to cur discussion on needlz shaped particles, it shoutd &
stressed that their presence was uncgquivocally confirmed in catalysts A and |
subjected to HTT of <73 and 92.°K respectively by the sienificantly farg
magnitude of Ilc and o, (especially at low measuring temperatures) ; thest
measurements are described later.

3.3. Thermomagnetic Anoly:is.”

Plots of relative magnetization, 6fog gramy, as a function of temperitire
over the range 77 to 700°K are shown in Fiu. 3 for the as-received catislysts
A and B along with the thermomapnetis eurves for an “ideal” superpara.
magnetic dispersion of nickel® and for bulk nickel.?2  Unfortunately, Michel
ct al.2! did not define the scale for their magnetization axis and as such no
quantitative interpretation can be derived from their curve.  The significance
which can be attached to this curve is that the masnetization of an ideal
superparamagnelic system, as expected, decreases asymptotically with tem-
perature, because there is no magnetic interaction between the single-domain
superparamagnetic particles.  Furthermore, this situation, in contrast Lo the
ferramagnetic case, prevents the possibility of any co-operative effects belween
domains and, consequently, forbids the onsct of any phase transition, thus
eliminating the appearance of a Curie temperature,  For these reasons the
ideal superparamagnetic behaviour is said to be analogous to the ‘magneti-
cally dilute’ paramagnetic situation in which no interactions take place
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Fig. 3. Relative magnetization {9/ conmr)) 85 a function of temperature,  Here
S ¢nutkt Tefers to the true saturation maznetization of bulk nicke! at 0*K. Th:
mignztization for nickel dispersions studicd by Michel et 0l is shown on the
right which is in arbitrary wnits. ‘

between neighbouring species™,  The only difference }ies in the fact that -
superparamagnetic particle may consist of several thousand piramagneti
species (atoms or jons). This gives rise to very large magnetic moments (o
several thousand Bolir magnetons per particle) in the superparamaguetic
System.  In comparion to the curve of Michel etal, the curve at the top i
Fia. 3 represents the characteristic ferromagnetic multidomain behaviour ol

bulk nicke].

Figure 3 shows that catalysts A and B have a behavior intermedinte
between that of bulk nickel and ideal superparamagnetic dispersion.  1hat
is, the Curie temperatuies (Te) for samples 4 and B ure not as sharp as for
bulk nickel for which Te=63°K, This fact is attributed to the presence of
a substantial fraction of superparamagnetic particles in 4 and B.  The fact
that the relative magnetization, ofo; guny, for these sumples does not reach
the maximum value of unity can be attributed to the possibility that part of
the nickel remains bound {0 the substrate as nickel aluminate (involving the
N2+ type of paramagnet je ions), indicating incomplete reduction and equally
importantly, because a large number of spins remain uncompensated on the
surface of the Superparamagnetic particles present in the sysiem, Super-
paramagnetic particles are indeed difficult to saturate even at a field of
20 KOc and 70°K. Tt should be noted that (hese uncompensated spins and,
$0 to speak, the holes in the o band of nickel are betieved to be responsible
for the chemisorption of moleculces and subsequent eatalyzed reactions.
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3.4, Effect of Heat Treatment Temperature on He and o,

Figures 4 and 5 show typical plots of He and 6, as a function of IITT
and measuring tempernture, T, Maxima in the plots suggest that a growt)
in particle size with increasing HTT has occurred. In the following paragraphs
we outline some gencralizations concerning both catalysts Aand B, and in
the last paragarph we point out differences in their magnctic behavior which
characterize the changes in their particle profiles with HTT,

CATALYST A
3048 - m%..—-u—— G - -
P -
- - 14
-~ K
.

Oy gount

1Y -

! 1
3 . . 873 . 1127

* Meot Trec' nent Terpreature, 9K

Fig 4. H(solid lines) and ¢, (dasht':dhiincsl a‘s a function of heat treatment tempera-
ture for catalyst A, "Thc_ me 1suring tcmpe{aturc is indicated oo cach curve,

A feature common to catalysts 4 and B is that over the entirc range of
HTT of the catalysts (713-973°K) the Hc and o, values are practically zcro
at Tm=373K. However, at T»==423"K and below, significant values for
He and 6, are observed, which can be attributed to the formation of single-
domain anisotropic {that is ‘ncedle shaped’) particles. This behavior suggests
that the ‘blocking temperature’, Ta, for the two cataysts is somecwhere®
between 423 and 573K, This observation is consistent with Kneller and

*Extrapolstion of plots of He versus T, 10t =0 indicates that Ty ~ SC0°K for the
typ2s of systems considered here, TFhe dependense of Ty on particlz velume in the case if
Ni-8i0, and Ni-AlLO, sputtercd films is discassed in detail by Gitileman and coworkers,”
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. CATALYST B

Ca gy

L13] i1

Hees Tragrrant Tempeioture, OF

Fip. 5 11 (Solid lines) and sy {dashed lines) as 1 function of heat treatment fempera-
ture (IITT) for catalyst B, The measuring temperature s indicatcd on each
curve.  Notz that #, and % plots with proctically zero values at a measyr-
ing temperature of 57378 yre seen to overlap over the entire I T raage,

Luborsky’s theory and their observations 5 for cobalt particles dispersed in
mercury, as summarized in Fig. 1. The maxima in o, and e are attributed
to the formation of single-domain anisotropic (needle shaped) particles.
Furthermore, the maxima in //c ohserved at specific HTTs stgoest that these
maxima result from shape anisotropics and not from crystaltine anisotropics
of such needle shaped particles. From published results of Kittel and Galgle,
the eritical particle diameter for erystal anisotropy to  become significant for
nickel (fec) at 300°K is about 438.4° with a maximum He of only 135 Oe,
whereas a maximum He of 3150 Oc¢ can occur for needic shaped particles
having a much lower diameter of about 704>, Sirce many of the isolated
particles on the ca'{afysls have diameters much less than those required for
significant crysta] anisetropy as determined from hydrogen chemisorption
discussed later (sce ref. 24y, and also because the observed corrcive forces are
quite large, it appears that the anisotropy contributions to fe are mainly due
fo the prcscnéé‘ of elongated {needle shaped) praticles. Electron m icroscopy did
reveal the presence of such pacticles in catalysts 4 and 2 when subjected to
HTT of 873 and 923°x fespectively, . o .
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A comparison of the curves in Fig. 4 and 5 with Fig. 1 based on Kneller

*nd Luborsky's resuits's suggests that the maxima are probably due to (he
Hlowing competing mechanisms (i) and (it), which occur during the heat
treatment of the catalysts ¢

(i} Ceuaversion of superparamagnetic particles to single-domain aniso-
tropic particles occurs by some migration and growth process on the citalyst
surface at and below the characteristic HTT at which maximum coereivity and
renanence coeur, :

(ii) Conversion of single-domain anisotropic particles to multidomain
particles occurs via a mizration and growth process above the characteristic
ITT,

However, a partial conversion of superparamagnetic particles dircctly
to multidemain particies, especially at higher temperatures, cannot be ruled
out. These considerations complicate the modeling of the sintering process,
Perhaps -2 more elaborate analysis is required than that put forward by
Ruckenstein and Pulvéermacher?s and by Fiynn and Wanke?s,

Catalysts 4 and 8 show maximum values of [le =250 Oe and 200 Or,
respectively, and of o, = 14 gauss at Tp=77°K. The fact that 4 showed the
maximum in He at a lower HTT than 8 suggests that B is more resistant, in
the thermal sense, to the formation of needle shaped  pacticles and/or (o
their conversion to multidomain partieles. '

3.5, Magnetization Versus T Curves,

Curves for the relative masznetization ¢fss as a function of /1,7 were
obtained for the as-received and heat treated nickel catalysts A4 and B, using
ficlds up 1o 20 KOe and aover a range of Tw, generally between 300 and 600°A,

pical magnetization plots for catalyst B are given in Fig. 5a, In the dis-

2 T T .
Typicci Fie 1 For NI Coralysr o
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A magnctization curye for super-
paramapnetic particles (3047 radiys
at 5713* K) is shown for comparison,
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cussion to follow we consider the plots obained at 573K only (Fig.6and 7
ho HIT = 913k
At
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Fig. 6 Relative magnetization {1f32,) plots as a function of the ratio Fielg (N Measur.
ing Temp. (T), for catalyst A for the *high feld" region, The heat treatment

temperature (11T} of each sample is indicated on the curve,
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Fig. 7. Releative mageetization \a/3,) as & function of the ratia Field (M Measuring
Temp. (T), for catalyst A for the *“hgh feld" region. The heat ireatmet
temperature (HTT) of cach sample is indicated on the cutve, '

for several reasons, First, this temperature is within the range of tempersture
over which methanation is usually conducted, and as such any quantitative
interpretation derived from the magnetization curves at this tempereture
would be expected to have a direct lechnological relevance.  Sccond, at this
temperature any single-domain anisotropic particles would be expected to
behave essentially as suptrparamagnetic particles and thus make a minor
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contribution to e and /fe. That is, as discussed in an earlicr scction con-
cerning Ty and with reference to Figs, 4 and 5, 6, and He were indeed found
to be almost zero 7,=573°K. 1In adition to these criteria we found that a
temperature of 573°K was most svited because it was well below the Curie
temperature of nickel (631°K) and thus yiclded large vatues of o which could
easily be measured to the desired accuricy, ‘

The above discussion points te the situation that at 5734 j is sufliicient
to consider the presence of only two types of particlcs, namely the superpara-
magnetic and the multidomain ferromagnetic, In analyzing the magzneti-
zittion curves we have adopted a new approach in that we estimate the fraction
and the mean particle volume for the superparamagnetic component in the
presence of the mujtidomain ferromagnetic particles. It should suflice (o point
out that the magnetization curves for a {wo component systems®it show a
steep slope in the low field region, resembling the behavior of a ferromagnetic
system ; at high fields the approitch to saturation is rather slow, like that of
superparamagnctic particles.  Thus, at high fields the total magnetization is
composed of a constant saturation magnetization component arising from the
ferromagnetic fraction (1 —x;) and another (y ariable) component which is
strongly dependent on the particle size of the Superparamagnetic fraction (),
which obeys the Langevin equation.  Thus, the equation for the high ficld
magnctization is piven by

s ) g Tt
Ef(’"‘z"’)* A% ()

. i

The expression under the summation sign refers to the superparamagnetic
articles ; L denotes the Langevin function, ¥ is the mean volume of the
rarticles within the x, fraction, and I:ip is the spontancous magnetization
for bulk nickel.? This cquation can be be fitted by a regression routine 1o
experimental data for the evaluation of X and a mean particle volume v, as
proposed by Sehwood and co-workers’,28-33, The Langevin term? for particles
with mean volume 7 is given by :
kT - (2)
where the product [, represents the saturation magnetic moment of the

particle. A value of 1,p=32.5 gauss was taken for bulk nickel at $73°K17,

The high ficld results shown in Figs. 6 and 7 were antlyzed to estimate
the parameters £ ¥, and |, as given by Iigs. 1 and 2, For this purpose a com
puier program for non-lincar regressjon analysis of the data was used, which
incorporated a hill climbing procedure.  This program easily accomplished
coavergence, and a very good fit was obtained between the computed  values
(:hown by a solid line in Figs, 6 and 7) and the experimental data points,
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The estimates of the fractions of superparimagnetic particles, relative to
the total metal present in the two catalysts, and the mean particle sizes with-
in the superparamagunetic fractions obtained by computer anitlysis are shown
in Table 3. The increased transformation to multidomain particles at high

Table 3.

Eeffeet of Heat Treataient on Superparamagnetic Particles
in Catalysts A and f

Heat Treatment Superparnmagnetic Particles
Femperature, X Wi Fraction Mean Darticle Diamejer, A
A n A B
As reecived 0.36 0.38 25 o
713 .27 0.45 9 23
873 0.24 Q.40 54 28
973 .12 0.26 kYl 26

FTT is evident, The transformation to muitidomain particles is accompanicd

by a marked overall magnetic structural change characteristic of 3 transition
metals.  Changes in the mean particle size of the superparamagnetic frac-
tion are less marked for catalyst B, in Jine with its lower [oad ing of nickel
per unit area,

It is noteworthy that the mean particle size of the superparamagnetic
rarticles for both catalysts deereases with inceease in 11TT from 873 to 973°K"
the decrease is more prosounced for catalyst 4. These resulis suogest that
during heat treatment in this temperature range, supporied nickel particles
undergo redispersion resulting in the formation of smaller particles.  Similar
observations have been reported by several workers (¢f 30).  Furthermore,
Fiedorow and Wanke¥! have recently shown that wlen alumina supporied
platinum catalysts are heated in oxygen, sipnificant changes in platinum  dis-
dispersion oceur over a certain I1TT range.
3.6.° Chemisorpt on of Hydyogen : ‘ .

Another distinction between the two samples was observed in terms of
their hydrogen chemisorption, which was studied by standard techniques.’
These techniques yeild the number of hydrogen atoms chemisorted on the
surface of the catalyst, which in turn corresponds to the number of surface
nickel atoms,

From these results the percent degree of dispersion {f) is calenlated
simply as the fraction f= (N7 atoms at the surface - total number of nickel
atoms in the bulk per gram of catalysts}) x 160, Relevant information is
given in Table 4, which again shows that the eatalyst B has an overall better
degree of dispersion {and hence better catalytic activity) than catalyst A over
the entire range of H1T,
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Table 4,
Results of Hydrogen Chemisorption

HTITC Sample 4 Sample B
No. of Ni atoms Dispersion No. of A7 atoms Dispersion
per gix 10%) FEvAl rer g (x 10%) fGa
As received .

2,26 512 . 693 10.01

500 2 45 5.54 6,12 9.78
600 1.48 316 5.38 782 .

700 1.67 3.78 524 7.62

The degree of dispersion is plotted as a function of the weight fractionof
superparemagnetic particles in Fig. 7a for various heat treated samples, The

Degree of  No. Ni atoms of Surface [from Hy Sorption]
Dispersion Totat No. Nt atoms [from Composition ]

™

T T T "F ¥ Y

500°¢ - AS RECEIVED

1)

=

Sio-

A 24nm |
Woal 700°C ” ‘ A
Z b 26 m o : 4
b5 o . " 500°c  AS RECEIVED 1
:ﬁ 4_7OO°C 600°C 29nm 255m 7 ) . __
& F37am 54 0m

i 1 { 1 t t L 1 3 t t

o 20 30 30 50 60 .

WT. FRACTION S.P PARTICLES (%)

Fig. 7(2). Plots of the dezrec of dispersion (/) vs weight fraction or superpara-
T - maznatic particles for various heat treated samples,

average particle sizes from Table 3 are also shown next to the dwma
points for the two catalysts. This ﬁgurc clearly indicates that the dzspcmon
for B is indeed relatively large (7.6 to 1077), as we would expect, for smaller
particles (24 to 284°) with a better distribution (26 to 587}, thus this type of
correlation between the results of a strictly chemisorptive technigue and the
magnetic technique is helpful in quantitatively characterizing the dispersions

of metals such as Ni ondiamagnetic supports.

PR .4. Couaclasions

We have shown lhu commercial Ni-A0,0s catalysts indeed can be
charcterized using magnetization (o) versus field/termperature type measure-
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n;ents with repard to the particle size distributicn of very small catalytically
active (superparamognetic) particles in the presence of larre ferromagnetic
structures and under conditions close to the rexction temperature normally
encountered in methanation. We have also shown that crystallite growth
during heat treatment occurs from the (i) superparamagnetic to (needied
shape-anisotropic particles, and (i) from the shape-anisotropic to very large
multidomain structures  These conversions also were foHowed remarkably
well using parameters such as the coercive force and remanence., Thus,
several basic concepts and theories dcvciopéd in the past for the ideal single-
phase systems by magneticists have been applied to the characterization of
commerical catalysts of technological relevance. QOur work suggests the
possibility of emploving magnetic characterization of quality control in the
commercial production of eatalysts. Further work correlating the particie
profite distribution of superparamagnetic particles with their actual methana-
tion reactivity in these commercial catalysts as well as (heir Hy chemisorption
ativities will be published separately,
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