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. ABSTRACT

- The sintering behavior of various supported metaf catalysts
" was studied. The re]ative stab111ties of various meta]s (rt, Ir and
hh) supported on the same support (alumina) and p]at1num supported on
various supports (y-alumina, silica-alumina and silica gel) were
compared after thermal. treatments in oXygen and hydrogen atmospheres
at- temperatures of : 800°C The s1nter1ng behavior of these catalysts
was studied for treatment times of 1, 4 and 16 hours at various
:temperatures
_ The changes in meta] dispersion during thermal treatments

were used to compare the stabilities of the various catalysts. The
dtspersions were measured for unsintered and sintered‘catalyst |
samples by hydrogen chemisorption. The pulse dynamic adsorption
method_was employed for measuring hydrogen adsorption uptakes. The
effects of thermal.treatment op support crystalline structure and
‘support surfaoe area were-studfed by X-ray diftraction andeéT surface
area measurements. | | '

In oxygen atmospheres the sequence of'thermaI stabilit& for
the different supported metals studied uas found to be Rh > Pt‘> Ir,
.wh11e 1n hydrogen atmospheres the sequence was Ir > Rh > Pt.
Increases in d1spers1ons due to treatment in oxygen were observed for.
Pt and Ir cata]ysts The relative stabilities for supported Pt
catalysts on dlfferent supports was found to be Pt/y- -alumina > Pt/
s1lica-a1um1na > Pt/s111ca gel in both hydrogen and oxygen»atmospheres.

The observed re]at1ve stab111t1es were cdmpared to
qualitative predictions based_on sinter1ng mechanwsms. The . crysta111te

_migration mechanism is unable to ekp]ain the observed resu]ts for

v



sintering in oxygen. The rgsults are in agreement with predictions

of the atomic migration mechanism. It was concluded that the
crystallite migration mechanism is not the main mechanism for sintering
of supported metal cata]ysf§ in oxygen.- Further experimentation is
necessary to confirm the belief that the atomic migration mechanism is
also the predominant mechaﬁism for sintering of ;upported metal
catalysts in hydrogen atmospheres.

. ' »

’
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CHAPTER 1

INTRODUCTION

1.1 Supported Metal Catalysts

»

Metal catalysts are one of the key ingredients in many chemical
processes. Processes such as hydrocarbon hydrogenation and oehydro-
genation, petroleum reform1ng, 1somerlzat1on and partial oxidat1on use
these catalysts. But, supported metal cata]ysts, rather than bulk metal
catalysts, are usually used because of the high cost and short the of
bulk meta] cata]ysts - _
Supported metal catalysts consist bf an active meta] (e g-. Pt
Pd, Ru, Rb, and Ir ) supparted on a re]ative]y stable and h]gh surface
area support (e.g-.a1umina, si11ca, and molecular sieves). The metal
in sopported metal cata]ysts is present as small crystallites (usually.
<5 nm in diameter in fresh cata]ysts) distributed over the surface of
' the support Because of tﬁe small size of the crystallités; a large |
fraction of the. tota] metal atoms are surface metal atoms The ratio. of
surface metal atoms to the total metal atoms is called the d1spersion, |
and the h1gh d1spers1on of 'supported metal cata]ysts is one of the
reasons for the1r extensive use.y For examp]e a supported p]atinum
catalyst with an average crystallite size of 2 nm has a dispersion of
"~ - ~0.5, while a bulk platinum powder with an average particle size'of»Z.O'

.mm has a dispersion of ~5 x 10f7.

This means that in the above example,
utilization of the platinum as a catalyst io the'supported'@etal
catalyst is one million times greater than that of the powder-because-
the catalytic activity is usua]]y;approximatgly proportiooalfto the -

metal surface area.



/

Another reason for the use of thévﬁuﬁﬁpﬁted metal rather than

1 1

bulk metal catalysts is the superior therma: sf@bi]ity of the suppérte&
metal catalysts. ' In bd]k metal catalysts the metal partic]es\@re in®
direct physical contact with each other aﬁd exposure bf.the bulk metal
pbwdqf to e]evéted temperatures ( > 150°C) causes fusion of the particles
resulting in a loss in sur}ace area.’ In supported metal.catalysts,
the small metal crystallites are physica]]ymsepérated on the support
surface and the metal crystallites are’'stable to sigﬁificant]y hjgher
temperaturgs. ' : ’ s

The technique most commonly empidyed to prepare subported
mét;] catalysts is impregnation; "It consists of contacting‘the support
with an aqﬁéous solution contaiging a salt of th? desireq metal and then
evaporating the water. This results in the precipitation of the metal
salt onto the support surface. Treatment in a reducing atmosphere
- results in formation of the small metal crystallites. Oftenlﬁhe freshly
impregnaxed cata}yst is‘calcihqd in air, converting the metal salt into
metal oxide.. The metal oxide is then reduced to zero valent metal prior

a

_to using the catalyst. | ' 9

1.2 Sintering of Supported Metal Catalgsts

- dDite being more stablie than bulk metal catalysts, ;he
hactivitv of supborted mefa] catalysts decreas.> . fter prolonged eiposure
to high  -per.tures. This loss in activity is cue to én,jncrease in
the average ..etal crystallite size, i.e. a decrease in metal surféce
.area. The procesé by.which this crysta]]ite gfowth occurs is known as
_sintering. The sintering behaviour of a particular catalyst isvimportant
uAinﬂevaluating the catalyst performanée. Sintering rates aré inf]ﬁenced

by various factors, but for a given catalyst, temperature, sintering



atmosphere and length of exposure to elevated temperatures are the main

factors.

A considerable amount of theoretical modelling on the sintering

=

of supported metal catalysts has been done in the past few rs, but
very little experimental dafa are available to d%scriminate'among the ™
" various proposed 'sintering models. In the present work, the influence

on the sintering behaviour in oxidizing and reducing atmospheres of
different metals on one suppért (A]203)-and of one metal (Pt)ibn Qarioﬁs
suppbrts was studiet. ihe results of this work are compafed té qqa1i-

tative predictions of various previously proposed mechanistic models.’
4

. v
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CHAPTER 2
LITERATURE SURVEY ON SINTERING OF SUPPORTED METAL CATALYSTS

2.1 Introduction

- . The thermal stability.of supported metal catalysts has been

"“\\ R
point of stud: -

vestigators in the past two
Some workers obtained exberimenta] data and possinle correlation
among the data, while others attempted to formulate a mechanisn“for
sintering which would fit the available data. Tne first part of this
chapter briefly reviews the expegjmenta] data on sintering and the secqnd
part gives a brief description of the main mechanistic models that have

been developed. !

2.2 Experimental Investigations

2.2.1 Experimental Data V.

There.are few experimental studies reported in the literature
whicn are systematic enough to determine the effects of the many
veriables, such as time; temperature andjtype of atmosphere, on the
sintering rate of a particular catalyst. Aleo, in many cases, it is -
very difficult to compare_data of one worker with another because of
differences in pretreatment conditions and different techniques used to
measure catalytic activity.

Among the earlier studies on sintering, the work of Hermann
et al. (1) and Maat and Moscou (2) is cited very frequently. Hermann
et ai. determined the sintering behavior of Pt on y-alumina cata]ysts‘
in nitrogen at temperatures from 560°C to 625°C with treatment times of
4 to 350 hours. Maat and Moscou (2) repeated the same kind of experi-

ments at 780°C in air. The catalyst samples used in these experiments



were not reduced phoperly‘prior to hydrogen chemisorption. Dispersions
were measured by chemisorhino hydrogen at 200°C. They concluded that
rafe of sintering in nitrogen follows a second order rate kinetics.
Mills et al.(3) carried out experiments on the sintering of
0.5% Pt on v-alumina in air, hydrogen and steam and found that catalytic
activity of samples decreased after treatment in air and hydrogen above
600°C.” In the presence of sma]] amounts of steam during sintering, the

activity increased slightly, but decreased draét1ca11y when the samp]e

was sintered in pure steam at 482°C. The catalyt1c activity was

measured by a dehydrogenatioﬁ reaction (convers1on of cyclohexane fo )

benzene)?} The results are very difficult to interpret because of the,

“unconventional treatment procedure used. o )
Adler and Keavney (4) also studied the;sintering of Pt on 3

-y-alumina in steam and air m1xtures at. 705°C and they also found that

as the part1a1 pressure of steam increases, the rate of s1nter1ng

increases. However, the-cata]yst used in this study was not reduced

»completely before hydrogen adsorption measurements.

Johnson and Keith (5) found that dispersion of & deactivated
commercial Pt /A1203 catalyst increased when treated in air at
temperatores between 440°C and 500°C, followed by a reduction in
hydrogen at 482°C for 4 hours. They attributed this increase due to
Pt Oz—alumina>comp1ex formation. They a]so observed that increasing
the oxygen partial pressure resulted in higher dispersions. Carbon u
monoxide chemisorption was used to measure the‘changes in dispersion. ///
The patent literature also describes a process for the regeneration’/
of deactivated supported metal cata]yst by treating them at about /g/

' 500°C 1nban oxygen conta1n1ng atmosphere (6). Other studies report1ng

redispersion are discussed later.



éenesi et al.(7) reported fhe effect of preparation method on
therma] stab111ty on silica supported catalysts. They compared the loss
of metal area for''impregnated' and 'ion exchanged' 1. 6% Pt / S102
catalysts. It was found that impregnated catalyst lost 39% of its
- metal surface area due to sintering during a 2 hour treatment in
hydrogen at 800°C, while the catalyst prepared by ion exchange method
lost 31% of initial dispersion’for the same treatment. But it w&s.,
observed that silica gel itself undergoes é 20% 1oss‘in surface area

upon being heated to 800°C. In that case méjor part of the loss in

<

platinum area would have occured through-occlusion of platinum
crysta]Tites situated in the regions of the collapsed silica gel .
Astructure. |

Wilson and Hall (8, 9) have done studies on stoichiometry 6f
hydrbgen chemisdrptjon on Pt, for Pt/alumina Pt/silica and Pt/zeolite
cat§1¥\ . They obserQed that for Pt/alumina . and Pt/silica catalysts,
ﬁ!’iftif:o is c]oseﬂ;o 1, but it is difficult to conclude the same for
Pt/zeolite. They also studied sintering of these catalysts in hydrogen
and found that Pt/silica loses its activity at a faster rate than
Pt/alumina between 550°C and 770°C.

Sagert and Pouteau (10) studied the effectkpf sintering 1% Pt
on si1ica gel in air from 400°C to 706‘6. No signiffgént gédispersion
was observed in this case. Some workers reﬁorting significgﬁf*ref\
dispersion of Pt on aluhina have already been mentioned (4, 5, 6).\
quorska-Ga]as and Wrzyszcz (11) reactivated a used and deactivated
0.4% Pt/k1203 reforming catalyst by treating it in air at 480°C. Inm _
their case, the dispersion almost doubled from 0.37 to O. 72 after

treatment. But treatment in oxygen or air. at temperatures above 600°C



resulted in heavy'sintering of catalysts compared to the degree of
sintering for similar “treatment in hydrogen (12, 13, 14). Wynblatt and
Gjostein (12) sintered Pt on a-alumina at 700°C in both air and oxygen.
The degree of sintering increased as the oxygen content.in‘the atmosphere
increased. | " N |

~ In more recent studfes-by Flynn\andgwanke (13) and Fiedorow
and Wanke (14), the effect of metal loading, time‘and temperature on
the rate of SInter1ng of Pt on a]umina was 1nvest1gated Their
observat1ons show that at 550°C in oxygen redispersion was max1mum
~and 1ndependent of treatment t1me, wh11e at higher temperatures the
dispersion decreased with treatment time. At Tower temperatures the
degree of redispersion was less. The amount of redispersion decreased
as the meta] loading increased from 1% to 4% Pt by weight.

Bett et al.(15, 16, 17) investigated the characteristicslof
Pt/carbon cata]ysts in detail. They found the effect ofjtreatiﬁg Pt/
carbon catalysts in hydrogen n1trogen and in liquid acidic env1ronment
No increase in activity was observed in any exper1ment, and samples
sintered heavily in liquid phosphoric acid at considerably Jower
, temperatures than in hydrogen and nitrogen. The catalyst was found to
be most stable in n1trogen 0n1y sma11 amounts of methanatlon of
carbon support was observed at temperatures as h1gh as 600°C in the
presence of hydrogen. - They measured chemisorbed hydrogen by an electro-.
chemical method to get d1sper51on of the metal after each treatment
step. Th}s technique is described in detail in ref (15). They
consider this method to be superior over standard gas-phase chemisorption

measurement techniques for Pt/carbon catalysts.



Hassan et al. (18) haveireported‘resuitsycontradictory'to most
~of the other workers on sintering of Pt/alumina in temperature range of
300 to 800°C in nitrogen, hydrd!&n, oxygen and in vacuo, in a recentiy
-published work In this work they report that treatment of 1% Pt on’
a]umina 1n nitrogen hydrogen .and in vacuo 1eads to an increase in
activity at temperatures above 400°C, while in\oxygen activity decreases
as the temperature 1s increased beyond 300°C and no reactivation was
observed.. They measured'the activity‘of the ca lyst by two model
reactions, hydrogenation of cyc]ohexane and decomposition of hydrogen
Aperoxide This is the only published worh ) far\which claims reactivation

' ofﬁcataiyst due to treatment in nitrogen and hydrogen and no reactivation
+.of catalyst in oxygen in the temperature range of 400 - 600°C.

r

There are only a few citations in the 1iterature reporting

\sintering'behaviour of supported metals other—than_platinum. Hughes

et az.(ig) studied the sintering behaviour of 0.3% Rh and 3% Ni on

-alumina in nitrogen at 900°C for 72‘hours The reduction in the

: act1v1ty of rhodium was about 60% compared to 90%<}or nickei Wanke
.and Dougharty (20, 21) reported therma] stability of 5% Rh.onn-alumina
in oxygen at 600, 700 and 800°C. Yates and Sinfelt (22) also reported
sintering of 5% Rh on silica in air at 538°C and 800°C for 4 hours,
butsrhodium’was not: in eiementaiﬁform on the support surface prior to
sintering. No significant redispersion for rhodium was observed in any
of the studjes. S

According to a study by Aben 1(23), paiiadium is a thermally

more . catalyst when supported on silica compared to alumina. A

1im‘ted -~ of data is available.on sintering behaviour of nickei

. supportec “umina, a]umina-siiica and si]ica,(24, 25, 26), other than
’ '



\prev1ous1y ment1oned ~ Armstrong et al. (27) have reported some data on
changes in catalytic activity of supported Pt, Ir ‘and other m1xtures of
noble metals in steam at 1000°C to 1200°C. It was found that for
supported Pt-Rh and Pt-Ru, steaming at 1000°C results ih increases in
activity.

* The use of supported metal cqtalysts in emission control
devices in automobiles warrants further investigations on thermal
deactivation of thesefsifilySts under the severe conditions encountered
in aufbmobife catalytic converters. The literature contains very little

information on less of metal dispersion under these conditions.

2.2.2 Correlations

‘ Most of the dafa preseeted in literature have been discussed
qualitatively. Herrmann et aZ (1) and Maat and Moscou (2) fitted the1r
sintering data to a second order rate equat1on as mentioned prev1ous]y
However, the majority of data can be corre]ated in-a similar fashion by

a power law function of the form ' ' _ .

ds _ . o | RN “
-5 -k | " (2.1)

. where S is the metal surface area and the rate constant, k is assumed to

obey Arrhenius 1aw, Z.e.
k= A e E/RT | . (2.2)

The value of n was found to vary anywhere from 2 to 14 for
different 1nvest1gat1ons. Genera11y speaking, a large value of n f1tted
the equation for oxygeh containing atmospheres; while sintering rate

in nitrogen and hydrogen environments are fitted with lower values of

n, except for the temperature range of 400 to 600°C, where "for oxygeﬁ



10.,

negatiQe values of n would be required if this equation was used
to describe redispersion.

In few cases, dispersion as a function of time was found to be

t

described by the equation
p=atd - ,, L (2.3)

\ ,

where ya]ues of a and b change with temperature for a particular

N

catalyst.

In their \review paper, Wanke and Flynn (28) have determined
activa%ion energy, E, and power law order, n, for ﬁany cases. They
have also presented an exhaustive review of the literature and have

given a detailed summary of most of the data reported on sintering.

<y

2.3 Mechanistic Models

Two mathematical models have been advanced recently to de.cribe
the mechanism of sintering of supported mefa] catalysts. The first
modé] postulates thathheta1 crystallite growth takes place by the
movement of metal crystallites on the support surface f0116wed by their
collision and fusidn with‘other Crygtallites, resulting in increase -
in the size of hetal particles and hence loss in metal surface area.
This;mode], developed by Ruckénstein and Pulvermacher (29, 30):/15
referred as crystallite migration-model. A second model, proposed by
Flynn and Wanke (31,'32), postu]ates that sintering.occurs by a three

step mechanism, loss of atoms from metal crysta]]ites,ltransportation

- of these species on the support surface and their %ncorporation into
N .

stationary metal crystallites upon collision. This model will be
referred as the atomic migration model. A detailed description of '

Afhese models is'beyond the scope of this work, but a short qualitative
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summary of both is presented below.

2.3.1 Crystallite Migration Model

This model envisages metal crystallites to move along the
surface of the support as separate entities, and to merge with other
crystallites upon collision. When two crystallites collide, two
limiting situations can occur; first, the interaction between the
colliding bartic]es is very strong so that they form a single unit
within a time which is short compared to the diffusional time; and
second, when the time of meréing process of the colliding particles
into a single unit is long compared to the diffusional time. The
" second situation occurs when support-metal interactions are strong
compared to metal-metal interactions. For the first situation, the
: fate of sin;ering is diffusion controlled and in the secqhd
situafion, the mérging of two crysta]]ites is a rate defermining step.
The latter case is called 'sintering control'.

Ruckenstein and Pulvermacher used equation 2.1 to describe
the rate of sintefing. They concluded that n va;ies ffom‘4 to B'far
" diffusion controlled decay ahd it is less than 3 for sintering
controlled decay. They also postulated from this model that rate of
éintering is- independent of initial particle size distribution.

To account for redispersion, Ruckenstein and Pulvermac.er
propoéed that due to changes in interfacial energies, (which are a
. function 6f the éfmosphere to which catalyst is exposed during
treatment), the crysta]]ites'split into smaller crystallites. At
temperatures of redispersion, splitting of crystallites occur faster
than migration-collision-coalescence énd at higher temperatures, thj§a

trend is eversed to account for observed rapid decrease in .dispersion.
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There are few cases reported in the literature where crystallite
splitting has been reported of Pt on alumina films (12, 33). But the
conditions encountered in these experiments are drastically different
than condifions'under which redispersion of Pt have been obséfved.

Some recently published results contradict the crystallite
migration model. Baker et al.(34) carried out in situ studies of
particle growth of Pt on alumina in oxyge; and nitrogen atmospheres up
_ to a temperature of 920°C, in an transmission electron miéfoscope with-
the heip of a movie camera. They found that in all their experiments;
the platinum particles once formed remained immobile on the support
surface throughout the heating cycle, indicating that partic]e'growth
occurred via the movement of particles less than 2.5 nm in size.
Furthermore, Wynblatt and Gjostein (35) showed on the basis of
theoretital predictions that the merging of metal crystallites (step 2)
cannot control the rate of Sintering at temperaturés above 500°C, which
meansithat sintering control case fs generally not feasible gndér normal
sintering conditions; There is other experimental evidence to show
that this mechanism cannot be the exclusive meChanism‘for'sihtering and
some other mechanism is also responsible for observed particle growth

of metal crystallites. : \

2.3.2. Atomic Migration Model

The méchanism of sinfering of supportéd metal catalysts in this
model is postulated to consist of three steps: one, individual metal
atoms or molecu]es‘(éuch as Pt0, when the catalyst is sintered in
oxygen), move from the metal particies to the support surface; two,
migratiohvof gtomic'species along the surface of support; and three,

capture of metal atoms by collision with a metal crysta]]ite: The third
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step could also be replaced by immob1]1zation of metal atoms by a
sudden drop in temperature or encountering an energy ‘well on the
support surface.

This model envisages that forces other than van der Waals are
important in increasing metal-support interaction, so that loss of
atoms from metal crystallites is substantial at sintering temperatures
The factors which increase metal-support interactions include presence
of defects and impurities on support surface. The presence of oxygen
s1gn1f1cant1y increases ther1nteract1on of meta1 crystallites and oxide
supports which 1s believed to be caused by formation of a metal oxide -
at support surfacc. 'Flynn and Wanke (31) proposed that the rate of ‘
loss of atoms trom a metal crystallite, i, can be described as

%l,;i - p e E/RT (2.4)
where'fki_ is the rate of transfer of atoms to the surfaee, A is a
tonstagt and E2 js the activation energy required to move an
atom from a crystallite to the support surface.

ane the atoms are on the surface, they may be considered as
a two dimensional gas and move quite freely. Their motion can be
"described by kinetic theory of gases or by.jumping from one surface
site to the next. Their movement oﬁ the surface is assumed to be
rapid enough at sintering temperatures, so that there is a uniforu
eoncentfation of free surface metal atoms on the support surface.

_ The”rate'at which a trysta]]ite gains metal atoms by collision
depend; on the concentration of metal atoms on the support surface,

. velocity of these atoms, v, and the effective capture diameter of the '

crystailite, D , or
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Efl'= a D (2.5)
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where‘u is sticking probability of an atom colliding with crystallite,
Nt is total number of‘metal atoms, So is support area per metal atom
and FS is number of atoms migrating on support with an area Ntso’

Fs/NfSo represents the concentration of metal atoms on the support

surface.
The net rate of change of number of atoms in a given crystallite
i is then
© 9N, 6. dL, - \
1. 3 _ _1 _ (2.6)

.dt dt dt.

‘ ,Becausf smaller crystallites teny to equilibrate with higher
concentrations of migrating surfacgwg;gmgxfhan larger crystallites
(Kelvin equation), the larger crystallites grow while smaller onés
decay. Flynn énd wanke solved fequation 2.6‘f5+ %ﬁo cases: one, when
rate of capture of migrating surface metal atoms fs large, (or when
a/S0 is large), resulting in neg]igjb]y small concentration of surfage‘
atoms; and two, when the rate of capture of metal atoms is Tow (or °
wﬁaiiglso is small), resulting in appreciable concentration of surface
atoms. The‘first situation occurs when support-metal interactions are
 weak or metal 1oadiqg is_higﬁ (So is small) and second situation occurs
wheh support-metal %n eractions are strong or metal loading is Tow.

The model prEﬁicts a strony dependence of the rate of
sintering on ihftia] metal ﬁartita] size distribution (PSD): For
" broad PSD, the caté]ysé is predicted to sinter rapidly compared to
narrow PSD. The model also 6redicts an initial incﬁeasé in dispersion

because -of build-up of metal atoms on the support surface.



These atoms can be immobilized on support'surface-by quenching the
catalyst at this stage, resulting in net 1ncrease in d1spers1on * As
mentioned previously, the support- meta] 1nteractions are influenced
by the type of atmosphere. This 1nf1uen;es the ease with which metal
atoms can escape from crystallites. Large metal- support 1nteract1ons
lead to a higher concentration of surface metal atoms. Therefore,
oxygen, which decreases the energy barrier between metal-atoms in
crystallites and on the surface by forming metal oxides, causes
substantial initial increase in dispersion.

This model has been able to explain many of the observatioes
of sintering studies satisfactorily. But it has a noticeable theoretical
limitation. Even at temperatuées as hidh as 800°C, meta]-supporf_
interactions are'barely able to surpass the energy barrier required for
escape of metal atoms from crystallites. Also, the jnitial PSD has to

o g
be known to predict the rate of sintering by the atomic migration model

.and often it is very difficult to get a rejfab]e mea;ure of ¥nitial PSD.
A third model, which postulates that metal transport occurs by
evaporation and condensation of metal atoms, has very serious 1imitatioe‘
of explaining sintering at temperatures where partial pressure of metals
are very small; and hence its contribution to the sintering of -
supportedvmeta1 catalysts is neg]igib]e.
On the basis of available experimental data, it is difficult
to discriminate conclusively petween,the crysta]iite migration and
atomic migration models. In the present investigatien, the effects of
types of metal and types of support on the sintering behavior were |

studied. The results will be examined in terms of the two sintering

mechanisms.
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CHAPTER 3

EXPERIMENTAL METHODS

3.1 Introduction

This chapter describes the procedures used in this work for
- the preparation and treatment of cata]ysts. A short description of
the method and apparatus employed for djspersion measurement, as well
as the BET apparatu; and x-ray diffractometer used for support area
and crystal structure measurements, is also presented. Detaf]s of the
surface area determinations and X-ray diffraction studies are given in

Appendices A and B.

¢

3.2 Catalyst Preparation and Treatment Procedure

3.2.1 Catalyst Preparation and Pretreatment

Both commercial-and laboratory prebéfed catalysts were used

in this work. The commercial catalysts were purchased from Englehard:

Industries, and were reduced in batches (~ 25 g each) before using

in sintering experiments. Since these catalysts had been calcined at

~an elevated temperature by the manufacturer, a thorough reduction,

consisfing of treéatment at 250°C for 1 hour and 500°C for 16 hours in
flowing hydrogen ( 50 ¢c(STP)/min), was carried out. After the
reduction at 500°C, the catalyst batch was degassed in f]oﬁing helium
at 500°C for 1°hour and cooled to r00m temperature in flowing helium.
The catalyst batches were then stored in air at room temﬁérature unt11
use. .

The laboratory prepared catalysts were made by impregnation of
supports with aqueous solutions of various ﬁétal salts followed by

drying and reduction. The impregnation technique used qonsisted'of

completely wetting the support with distilled water, adding the desired
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amount of metal salt solution to the wetted suuport, briefly stirring
the support-so]ution'mixture vigorously and then stirring the support-
~solution mixture intermittently over the next 24 hour period. The
catalyst was then dried at 110°C in a Fisher Isotemp oven for 24 hours.
The'reduetion of the dried catalyst consisted of four steps: one, the
catalyst was reduced in flowing.hydrogen ( 50 cc/min) at 150°C for 16
hours; two, the temperature of furnace increased to 250°C in approx-
jmate]y iO minutes and kept for another 2 hours at this temperature;
three, the temperature was raised to 500°C in about half an hour and
reduction continued for one more hour at 500°C (hydrogen flow maintained
during steps 2 and 3); and four, the hydrogen was : laced by he]ium
and the catalyst was degassed for one hour at 500°C. At the end of this
proeedure the catalyst was reuoved from the furnace and cooled to room

temperature in he]%um. The catalysts were stored until use at room

tefperature in air after reduction.

3.2.2 Sintering Treatment

- uA portion of the reduced catalyst, to be used for a sintering
vnexperiment, was placed into a Vycor U-tubb.' A fresh sample was used
fur sintering at each temperature in a particular atmosuhere, but the
same samp]e was used for‘sihtering at difgerent 1epgths of time. Except
for a few cases, the treatment cycle followed thic .2ttern: the sample
. was treated for one hour and its dispersion was measured;‘it was
sintered for another 3 hours and aga1n its dispersion wzs measured and
fina]]y it was treated for ]2 hours more before final measurement of
its dispersion. The samples thus treated were con51dered to be sintered

for 1, 4 (143) and 16 (1+3+12) hours, respectively. An approximately

constant amount of catalyst was used for each kind of catalyst. The



amount of samples used for individual runs, along wfth type of
catalyst, are shown in tables B-1 and B-2 in Appendix B.

The following standard treatment procedure was adopted for all

sintering experiments:

1. The furnace was heated to the desired treatment

| temperature.

2. The U-tube conta%niné the sample was first flushed with
nitrogen or helium in case of treatment in oxygen. After
5 minutes of flushing oxygen flow was started at room
temperature at a rate of 50 ce(STP)/min. In case of
treatment in hydrocer., flushing with jnert éas was omitted
and hydrogen\flow was started at room temperature.

37 The Vyeor tube\containingﬂthe samp]ehuas inserted into -
the furnace and left for the desired treatment time. The
treatment time was measured from the t1me that the furnace
regained the set-point temperature Th1s took about two
minutes after the insertion of the sample.

4. 1In case of treatment in oxygen, the oxygen flow was
replaced by nitrogen or helium at the end of treatment

'_ time, the sample tube was removed from the furnace and
cooﬂed to room temperature in flowing inert gas. For
sintering in hydrogen, the'samp1e was cooled to room
temperature in f]ow1ng_hydrogen.

For all treatments (inc]uding reduction and pretreatment'steps),

a modified Thermo]yne muffled furnace was used The furnac2 temperature

was controlled to the accuracy of + 2°C with the help of a J-type 1ron-'

constantan thermocouple and Thermo-Electric 400 type temperature controller.

o

s
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3.3 Dynamic Adsorption Method

The metal dispersion of the'céta]yst samples was determined
by measuring the amount of.hydrogen chemisorbed by catalyst sample.
The pulse dynamic adsorption method was used to measure chemisorbed
hydrogen. Dispersion was calculated assuming a 1:1 stoichfometry
between adsorbed H atoms and metal surface® atoms. The calculation®
procedure is detailed in Appendix A.

A1l catalyst samp]es were pretreated with‘the same procedure
before carrying eut the hydrogen chemisorption measurements to ensure
that the catalyst surface is in the same condition prior to measurement
for all runs. Pretreatﬁent.consisted of two steps: one, the catalyst
was reduced in f]owing hydrogen (50 cc/min) at 500°C for oﬁe hour; and
two, the sampie was degassed for two hours in flowing nitrogen (50
cc/min) at 500°C and then cooled to room temperature in flowing nitrogen.
The chemisorption measurement was carried out immediately after pre-
treatment. -

Hydrogen pulses (18.7 umoles of hydrogen per pulse) were
injected into the nitrogen carrier stream at 3 minute intervals. The
flow rate of nitrogen carrier gas was kept constant at 45 cc(STP)/min
for all adsorption measurements. A two Toop e]ectricai]y actuated
Carle gas sample valve (Model 4200) was used to iﬁject the hydrogen
pu]ses. The amounf of hydrogen not.adsorbed by the catalyst sample
was measured by a thennalcbnducfivity'cel1 (manu?actured by Gow-Mac
Instrument Co., model #10-735). The T.C. cell was kept in an ice -
water mixthre and connected to a Varian A-25 recorder-integrator,
which recorded the amount of hydrogen passing through the T.C. cell

- in the form of peaks. The pulses were injected until the height of -
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two consecutive peéks was the same to ensure that no more hydrogen
was being adsorbed by the catalyst. The amount of hydrogen adsorbed ‘
was calculated as the difference between the améunt of hydrogen .
injected and the amount of hydrogen eluted.
A schematic diagram of the apparatus is shown in Figure
3.1. A complete déscribtion of the apparatus including procedure for
calibration of sample valve has already been given by Flynn (36) and
~ hence 1is not included here. It should be pointed ou% that the sintering,
reduction and adsorption procedure; were carried out without removing
| the catalyst sample from the sample U-tube.
The g;ses'used for all experiments were of high purity
grade to avoid contamination of catalyst surface. Hydrogen was
generated in the laboratory by a Matheson 8320 (Elhygen-R) hydrogen
generator and was purified by passing it through an Englehard Deoxb‘y '
hydrogen purifier and molecular sieve bed before entering the rotameter.
Prepurified grade.nitrogen S%Pplied\by Linde was used after
passing‘it over Cu/Cu20 and molecular sieve beds to remove traces of
hydrogen, oxygen and water. Oxygen and helium used were both of
ultra high purity grade, were supplied by .Linde and were used without -

any further purification. - ' ‘ ) \

3.4 X-Ray Diffractometer

Ve

A Phillips (type PW 1380/667no. 0698)?X-ray diffractometer
was‘used to determine the crystalline structure of the support. These
experiments were conducted to determine the effect of thermal treatment
on the support crystal]iné structure. The X-ray diffraction patte}ns
were measured for the fresh and heavily sintered samples. Cu-K o

radiatidn was used (copper tube with a nickel filter). The scanning
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’

rate was 0.25° per minute.

3.5 BET Apparatus

Surface areas of tﬁé‘supports were measured by using a
standa;d constant volume BET apparatus. The dead vinme determinations'
were done using helium and the BET isotherms were measured using
‘nitrogen at liquid nitrogen temperatures. The vapor pressure of
nitrogen at the liqqid nitrogen Egmperatures kas measured with a
Wallace-Tiennanvpressure gauge. The pretreatment o% catalyst consisted
of évacuating the samples at 200°C to a pressure of é 10'3 Torr. An
~average of 5 points in the range of 6.055 P/Py < 0.35 were measured
for each surface area determination. Again the surface areas of
supbort were meaﬁure& for fresh and heavily sintered samples only, to

ﬁetermine'the cﬁanges of support area during sintering.

!
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» ; CHAPTER 4
RESULTS AND DISCUSSION

4.1 Introduction

. Two series of experiménts'were conducted to éxp1ore the
sintering behavior of supported metal catalysts. In the first series
Y of experiments, the sinféring beﬁavior of platinum, rhodium and iridium
suppofted on a]umiha.was investigated. The sintering behaviqr of supported
platinum on vY-alumina, silica-alumina, and silica gel was studied in the
second series of experiments. The BET jsotherms and X-ray diffraction
gatterns'were measured fop,catalysts used in both série§ of‘experiments.
The results from both the series of experiments are reported in section

4.2‘followed by discussion of these results in Section 4.3.

4.2 Results 1

The Eata]ystsrused in this study are described in Table 4.1.
The metal content of the catalysts prepared by impregnation were
ca]cu]af@ﬁ from the weight of the support and the amouﬁt of metal in the
impregnating sb]utions. The impregnation technique resulted in an
uneven distribution of the metal in the sUpportYpellets; the metal
concentration decreased towards the interiof of the pellets. Some £
fines ( < 5% by weight of the support used) were formed due to stirring
during the impregnation procedure. The colour of these fines indicated
 that they probably had, on theiaveragei a higher metal content than‘the
impregnated supporf spheres. Hence, the ndmfnal metal content
reported in Table 4.1 may be‘somewhétvhigher than the aciua] metal
content. | L

! In order to calculate the metal dispersions (the ratio of



TABLE 4.1

DESCRIPTION OF CATALYSTS

24.

Initial Sample Size
Cata]yst' Catalyst Method of Dispersion Used for
Composition Preparation (Dg) Sintering(g)
1 0.5% Rh on Commercial Catalyst  0.42 (+113) 3.0
alumina (Englehard; Lot 17-941)
2 1.0% Rh on Impregnation with 0.32 3.0
Kaiser KA-201 Rh“C]3 solution
alumina '
3 2.0% Pt on Impregnation with 0.28 (+10%) 2.5
Kaiser KA-201 H2Pt C16 solution o
alumina
3A* 2.0% Pt on Impregnation with 0.35 (+9%) 2.5
Kaiser KA-201 H, Pt C16 solution
alumina .
4 0.5% Pt on Commercial Catalyst - 1 (+%%) 5.0
alumina -Englehard; Lots
18-381 and 23-288)
5 2.0% Ir on Impregnation with 0.7 5.0
‘ Kaiser KA-201 Ir C13 solution ‘
alumina
6 1.0% Pt on Impregnation with 0.13 (+1% 3.0 and 5.0
granular silica H, Pt Clg solution
: gel (Alfa
" Products)
7 1.0% Pt on ‘Impregnation with 0.17 (+22%) 5.0
silica-alumina H2 Pt 016 solution
(A1fa Products)
8 1.0% Pt on Impregnation with 0.27 (H1%%) 5.0

y-alumina (Alfa H2 Pt C]6
Products) "~ solution

*
This catalyst is the same as '3', but was prepared in a separate batch.

-



surface to total metal atoms) from hydrogen adsorption uptakes, one has
to know the adsorbtion stoichiometry, i.e. the number of hydrogen atoms
adsorbéd per surface metal atom. ‘For supported Pt, and to a lesser
degree for supported Rh, considerable evidence exists fﬁat one hydrogen
atom adsorbs per surface metal atom. Very little‘iqformation»is known
about the Stoichiometry of hydrogeﬁ for shpported Ir. The dispersions
listed in Table B-2 were calculated using the assumption that one
hydrogen atom adsorbs per surface metal atom. |

"In the present study ;e are interested in the relative‘
stability of various supported metal catalysts. The dispersions, D,
| determ{ned by hydrogen adsorptfon after various treatments were
normalized with respect to the dispersions for the fresh catalysts, D,.
This normalized dispefsion, D/Do, is then a measure of the change in
dispersion due to the thermal treatment. Furthermore, the value of
D/D, is independent of the hydrogen adsorption stoichiometry‘gs Tong
as this stbichiometry is not a function of tﬁe thermal treatment. It
is for this reéson that the results in the subsequent sections are

7 ) ‘ . -
presented in terms of D/Do. Co

$

4.2.1 Reproducibility of Dispersion Measurements

A measure of the reproducibility of hydrogen adsorption uptakes,
from which the dispersion was cé]cu1ated, is the coefficiépt of
variation (40), Cv, for runs where repeat adsorptiops werewcarried out.
Repéat adosprtions were carried out for 222 runs of the runs listed in
Table B-2. The average value of the CV for these 222 runs was 7.4%. Fof

52 of the runs CV was @ >10%. Examination of data shows that for 40 of

the 52 runs the total amount of hydrogen adsorbed was < 20 umole ( < 1 pulse).

k4
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A total of 87 runs resulted in hydrogen uptakes of < 20 wmoles, i.e.

39% of‘the total runs were responsible for 77% of the runs with CV >10%.
~ The average value of CV for 135 runs with hydrogen uptakes >20 umoles

was 4.3%. This dependency of the reproducibility on the amount of

- hydrogen uptake is not unexpected since reliability of measuring the
amount of hydrogen adsorption is of the order of i_2 umoles (+ 0.1 pulse).’
“This error is due to.équipment-limitatiohs (e.g. slight pressure
fluctuations, a]ignment Qf samp]é ports in pulse injection va]ve and
integration of areas undéfméluting peaks) and;irreproducibilities‘in
.proceduré (e.g. slightly different reducing and degassing times and
temperatures, derivations*in timés between pulse injections, and
variations in adsorption temgerafure). ‘Thevrepréducibility in the

_ dispersions calculated from the hydrogen adsorptibn uptakes.is more

'than adequate for the determination of re]ati?e stabilities.

Repeat adsorptions were?cérried out on a number 6f catalysts
that had been stored in air for periods of up to several months after
thermal treatment. - The results pf these experiments are summarized in
Table 4.2. The standard adsorption pretreatment (reduction and
degassiﬁg) was done before the repeat adsorptions. lb

The results for Catalyst 1 (0.5%_Rh/A]203) do not show any
unusual behavior, Z.e. the repeat dispersions are essentially equivalent
to the dispersions measured immediately after the treatment. The 2%
Pt/A]?_O3 (Catalyst 3f, on the ofher hand, shows some unexpected
behavior. The dispersions measured after treatment in oxygen aﬁd'
exposure to air are considerably lower than the dispersions measured
immediately after the oxjgen’treatment at < 700°C. After oxygen

treatment at > 700°C, the exposure to air does not appear to influence



TABLE 4.2
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xee1ts of Repeated Hydrogen Adsorption After

Sintered Catalysts Were Exposed to Air

Treatment Dispersions
y Temp. Time After Repeat After
cat. Atm. (°C) (h) Treatment Exposure to Air’ Runs

1 0, 550 1 0.381 0.355 ERH 46 & ERH 46 1
700 1 0.298 0.302 ERH 50 & ERH 50 1
H, 550 1 0.372 0.401 ERH 47 & ERH 47 1
- 700 1 0.357 0.341 ERH 51 & ERH 51 1
800 1 0.267 0.281 ERH 56 & ERH 56 1
3 0, 500 1 0.680 0.458 19 & PT W1
550 ] 0.652 0.467 3 & 3R,3R/2
600 1 0.652 0.590 20 & PT 20 1

700 16 0.112 0.106 7 &R
800 1 0.039 0.047 & PT C1
‘H, 600 1 0.234 0.329 D&PT D1
700 1 0.193 0.284 184 & PT 18H 1
800 1 0.110 0.180 B% PT AB 1
5 0, 300 ] 0.439 0.406 IR 98 & IR 981
400 1 0.489 0.424 IR 107 & IR 107 1
500 1 0.322 0.259 - IR 87 & IR 871
700 ] 0.055 0.052 IR 89 & IR 891

| o 5

Hy - 600 1 0.381 0.368 IR 86 & IR 86 1
700 1 0:358 0.354 IR 76 & IR 76 1
800 1 0.341 0.339 IR 63 & IR 631
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. 1
subsequent dispersion measurements. iEquﬁpre to air of Catalyst 3 after
hydrogen treatment increases the dispersion. The behavior/of the Ir
catalyst after treatment in oxygen is similar to that of the Pt catalyst
although the effect is Jess marked. Treatment in hydrogen followed by
exposure to air does not appear to effect the {r dispersion.

At present, the author has no explanation for these
observations. Tﬁese results are presented here to illustrate some of
uncertainties in the results and to give future investigators food for
thought. )

Another faetor to be.considered jg homogeneity of different
~catalyst samples teLen from the same batch of catalysts. Table 4.1
lists the percent standard deviation in the determ1nat1on of the 1n1t1a1
dispersion for the various cata]ysts As can be seen from these results,
the average variation is considerably ]arger than tﬁe variations in-
hydrogen adsorption uptakes. Therefore it is coneluded that the
variations in D, are due to variations in metal content from pellet to
pellet. Differences in the color of the pe]]ets 1nd1cat1ng d1fferenoes
- in composition in the same batch were apparent. These variations in’
- composition (and possibly metal crystallite size dist?ibutions) among -
samp]es of the same cata]yst is one of the Timiting factors 1n this

work.

4.2.2 Different Metals Sepported on Alumina

4.2.2(a) Supported Platinum

The sintering behavior of 2.0% Pt on Kaiser alumina and 0.5%
Pt commercial Englehard cata]yst is shown in F1gures 4.1 and.4.2. The
normalized d1spers1ons as a function of s1nter1ng atmosphere, time and

temperature are shown in these figures. Two batches of 2.0% Pt on Kaiser
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KA-201 alumina were prepared. For the first batch, the initial
dispersion was 0.28 and for the second batch it was (.35, The'preparation
_ method was the same fdr both batches. The initial dispersiqﬁ‘was 0.20
for Englehard catalyst (0.5% Pt on a]umina).

The disperions gfter treatment in oxygen at < 600°C were _
higher than the initial dispersion fok both 1aboratory brepared énd
commercial catalyst. The maximum dispé#sion varieé from 1.5 to 2.5
times the initia],djsperéion. It occured éfter treatment at 550°C for
bath céta]ysts. In Figure 4.1, the effect of length of treatment is
also shown. For temberatures ;_550°Chthe dispersion is iﬁdependent of
length of treatment time, while at higher temperatures, the dispersions
for 16 hour treatments are significantly lower ihah 1 hour treatments.

Thé treatment in hydrogen resulted in monotoﬁic decreases
in tpe metal surface area with increasing sintering temperature.
Incféasing the sintering time also resulted in'decreasedlvaluesqof the
dispersion. Sintering iﬁ;hydrogen never’resulted‘in increased Pt

dispersions.

4.2.2(b) Supported Iridium

t

Sintering behavior of a 2.0% Ir on Kaiser KA-201 alumina was

studied.. The average initial dispersién of the catalyst was 0.42. The
results presented in Figure 4.3 show that supported Ir is considerably
more stable in hydrogen than in oxygen atmofpheéé. Treatment in
hydrogen for 16 hours at 800°C résu]te@ in a 20% decrease in dispefsion.
freatment in oxygen at 300°C resulted jn small increases in Ir dispersion
( ~ 5%) for treatment times to 1 to 16 hours. Treatment at 400°C in
oxygeﬁ for 1 hour resulted in an 18% increase in dispersion, but

incfeasing°the sintering time at 400°C€}o 4 and 16 hours resulted in
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7 and 49% decreases in dispersion. Oxygen treatment at temperatures
above 400°C resulted in rapid decrease in Ir dispersion. These results
indicate that sintering of Ir in oxygen occurs by the same mechanism

as that of Pt. These results are further discussed in a later section.

L, T

4.2.2(c) Supported Rhodium

Two rhodium cata]ysts»were used in this study. The first
catalyst used was commercial 0.5% Rh on alumina (Englehard) and thé
second one Was 2.0% Rh on Kaiser KA-201 alumina. The second Eata]yst
was prepared in’ the laboratory. The average initial di;persions“for
commercial and laboratory prepared catalyst were 0.42 and 0.32,
nespeétive1Y-

The normalized diﬁbersion of these two Rh catalysts as a
function of treatment temperature, time ahd atmosphere are presented in
Figures 4.4 and 4.5. Tfeatment in 6xygen did not result in any
appreciable increases in dispersion. Sintering experiments in oxygen
at 300 and 400°C resulted in a D/Dy ~1.0. To.determine whether

treatment of sintered catalyst in oxygen at < 600°C results in ihcreases
in dispersion, a sintered sample of 0.5% Rh commercial catalyst (750°C
in oxygen for 8 hours; D/Dy = 0.62) was treated iﬁ oxygen at 500°C for
16 hours. Afpef the 500°C treatment,jthe D/D, was found to be 0.59. A
sintered sample of 1% Rh on Kaiser a]hmiha (800°C in oxyaen for 1 hour;
D/D, = 0.24) was subsequently treated in oxygen at 500°C for 16 hours.A
D/Dy éfter this treatment was 0.%9, (results obtained by R. Fiedorow).
These results show that treatment in oxygen at 500°C does not result in
significant redispersion oquh'supported alumina. |

Nevertheless, the‘presence'of oxygen appears to have a

¥

retarding effect on the rate of metal surface area loss at temperatures

.
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< 600°C. This is very noticeable when comparing the changes in
dispersion for hydrogen and oxygen t¥eatment- of 1% Rh on Ka{ser alumina
(Figure 4.4). At temperature < 700°C, the dispersion after treatment
in oxygen is higher than the dispersion for s1m11ar treatment in (
hydrOgen. This effect is less noticeable for commerc1a1 catalyst
(Figure 4.5), but in this case the decrease of dispersion in oxygen at
temperatures < 700°C for oxygen treatment is higher than that for
treatment in hydrogen, while at > 700°C the.decrease in dispersion is
about the same for both atmospheres (with the exception of the 1 hour
treatment in hydrogen). Comparing the 1 hour s1nter1ng (F1gures 4.4 and -
4.5) shows that the 1% Rh/a]um1na is less stab]e than 0 5%- Rh/alumina
durind treating in oxygen. '

' The situation is reversed for treatment in hydrogen, i.e.

1% Rh appears to have a greater therma] stability than 0.5% Rh For the

1% Rh catalyst, the dispersion decreased signifjcant]y when the sintering _

temperature was increased from 600 to 700°C. Increasing the sintering
temperdture to 800°C resulted in a relatively smail decrease in

disperion. This was an unexpected observation, but repeat experiments
with fresh cata]yst samp1esAresu1ted in excellent reproducibility (see

Figure 4.4).

4.2.2(d) Effect of Thermal Treatment on Support Properties"

v The X-ray diffraction patterns of Kaiser KA-201 alumina and
2.0% Pt/Kaiser alumina samples (fresheand sintered) are shewn in
Figure 4.6. The X-ray diffraction patterns of fresh and sintered Ir/
alumina and Rh/alumina samples are shown in Figures 4.7 and 4.8,
respectively. These X-ray diffraction studies showed that no detectable

change in the crystalline structure of the support occurred due to- thermal
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treatments. All the A]203 supports (unsintered and ointered) display
diffuse peaks corresponding to y-A1203'(or possibly n~A1203) For some
of the heavily sintered samples, diffraction lines corresponding to the
metals were observed. These lines were absent from all the unsintered
‘samples. |
The thermal treatments did result in changes in support
surface area as determined by the BET mefhod. The changes in surface
area did not depend on the‘sintering atmosphere- and the supported metal
but'onlyIOn the temperature and time of treatment. The results are -
sunmarized in Table 4.3. Where more than one determination on the same
support material but different'sintering atmosphere.wao carried out, the
standard deviation is given in Table 4.3. Tnese results snow.that for
| the catalysts supported_on Kaiser alumina, no appreciable changes in
support surface area occur during treatment for 5_16 hours at temperatures
< 600°C. ' For the Eng]enard catalysts the support surface area is
approximately constanf for treatment at temperatures < 700°cC. The high
thermal stability of this support is probably due‘to caﬂcination of
- these catalysts at an e]evated temperature by the manufacturer
Correct1ons to the measured dispersions.due to decrease in support area’

are discussed in a later section.

4.2.3 Platinum on Various Supports

4.2.3(a) Pt Supported on Gamma Alumina

Laboratory prepared 1% Pt/y-a]umina catalyst was used in this
study. The catalyst had an average initial ﬂispersion of 0.27. The
normalized Pt dispersion versus temperature for diffg?ent times in
oxygen and hydrogen atmospheres are plotted in Figure 4.9. The treatment

in oxygen at temperatures < 600°C results in appreciable increases in

[
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TABLE 4.3

Support Surface Areas as a Function of Thermal Treatment

Treatment Average Specific

Number of Surface Area
Catalysts Temp (°C) Time (h) Determinations (m?/q)
Kaiser KA 201 unsintered* 4 213 (+19)
alumina
Sported 6% 16 3 211 (:21)
catalysts 700 16 2 180 (+ 3)
(Cat. 2, 3, ' _
o ) - 800 1 4 17 (2 3)
800 _ 16 2 135 (= 1)
Enge]hard unsintered* » 4 103 (+ 9)
Catalysts v
(Cat. 1, 700 16 2 104 (+10)
and 4) 800 1 1 92
800 -4 1 - , 84
800 16 2 84 (+7)

* unsintered catalysts had undergone standard pretreatment and hydrogen
»adsorption measurements. T
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dispersion. The maximum dispersion, which is about 1.8 times the

jnitial dispersion, is observed at 500°C. At this temperature fhe increase
in dispersion is approximately independent of the treatment time. |
Treatment at 600°C in oxygen for 1 hour resulted in a 50% i-~rease in
dispersion, but increasing the §intering time at 600°C to iv hdurs
resulted in ~ 30% decrease in aispersion.k Treatment at 700°C for

4 hours resulted in more than 80% decréase in +  persion.

The treatments in hydrogen always resu]ted‘in de;rease in
dispersion. The treatment at 800°C for 16 hours resu]tedifn ~ 55%
decrease in dispersion. The sintering behavior of support Pt on.
v-alumina is very éfmilar to that of supported Pt on Kaiser alumina and"~ -
commercial Pt/A1203 catalyst (see Figure 4.1 and 4.2)ff The Pt/y-alumina

~

catalyst seems to be a Aess\stab]e catalyst in oxygen compared to the °

3

other two Pt/A]éO3 catalysts but in hydro%en, all.three catalysts show

some degree of stability. Results of the Pt/Y-A1203 catalyst are used

as reference for comparison with other supports.

4.2.3(b) Pt Supported on Silica-Alumina

"Figure 4.10 shows the sintering behavior of ]%'Pt’on silica-~
aﬁumina in hydrogen and oxygen atmospheres. The composition of the
support as supplied by the manufacturer was 45% alumina and 53% silica.
The average initial dispersion of platinum was 0.170. _ffeatmeht inﬂ
oxygen at 400°C does not lead to muéh change in dispergion of the
catalyst. Treatment time at this-té@pe:;ture is unimportant because
even aftef 16 hours of treatmént the dispersion is close to initial
value. The normalized dispersion, D/Dgy, wasﬂjust slightly more than .
1 afterétreatment at.400°c, but it decreaseq rapidly as the témperature '

of treatment was increased. At higher temperatures, the longer time
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of treatment leads to 1arger decreases in dispersion. At 500°C,
treatments for 1 and 16 hours resulted in decreases in dispersion of

~ 40 and 65%, respective]y- The treatment tine of 16 hours at 600°C
resu]ted in more than 80% decrease in metal surface area.

Treatment in hydrogen also resu]ts in steady decreases with

increase in temperature and length of exposure. Treatment times of 1, 4
and 16 hours at 600°C lead to approximately 28, 53 and 75% losses 1in
metal dispersion. This difference becomes significant]yv1ess as the

temperature of treatment increases from 600 to 700°C,

4.2.3(c) Pt. Support on Granular Silica Gel

 The 1% Pt/silica gel catalyst used in this study was prepared

in the laboratory by impregnation resulting in an average initda] Pt‘;
A“dispersion of 0.130. The normalized dispersion as a function of"‘j‘t |
temperature, time and.type of atmosphere is plotted in Figure 4.11.

Treatment. in oxygen at 400°C for 1 hour results in 17% increase
in dispersion, but as the time of treatment is increased to 4 and 16°
hours, the dispersion decreases and agter 16 hours treatment its value
is about 95% of the initial value. A simf]ar kind of behavior is observed
on treatment of the catalyst at 500°C infoxygen. Treatment at this
temperature for 1 hour does not change the metal dispersion by any
significant amount (an increase of ~ 5%) but as the time of exposure .
increases to 4 and 16 hours, the dispersion decreases by 10 and -~ 50%.
At higher temperatures ('v 550°C), the d1spers1on d- ~ases nery .
'rap1d]y even for short treatment t1mes. _

The cata]yst is slightly more stable in hydrogen than in
ox :n, but treatment in hydrogen always resuited in continuous decreases

1is  -sion. The sintering behavior of Pt/silica gel is similar to that
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of Pt/silica-alumina in hydrogen atmosphere. One hour of treatment in

. hydrogen at 600°C results in a catalyst with about 80% o% the initial
diépersion. But increasing the time to 4 hours and 16 hours reduces

the metal surface area by ~ 50% for both cases. At higher temperatures
‘the difference in dispersion values for different times of treatment at
the same temperature becomes small. An exception to the monotonic |
decreases in dispersion on incre@siﬁg the 1ength of time of exposure in.
hydrogen at the same temperature occured at 700°C for both Pt/silica
gel ahd Pt/si]ica-a]umina cata]ysts. When the time of treatment at 700°C
was increased from 1 to 4 h;urs, the dispersion for both catalysts
increased slightly. This was probably due to traces of oxygen‘diffusing

into the sample tube during the time between experiments.

4.2.3(d) Effect of Thermal Treatment on Support Properties

The X-ray diffraction studies on unsintered and sintered
samples showed (Figure 4.12) that no detectable changeé occurred in
the support crystalline struéture. Diffused and small peaks of Pt
appeared on the diffraction patterns of heavily sintered samples. The
silica-alumina and silica-gel Qid ﬁot show the presehce of any kind of
chystalline\structure in both uhsintered and sintered samples. These
- supports are assumed to;have an amorphous structure. A

Table 4.4 lisps the suppert surface areas for all three
ycata]ysts before_and after sintering . .“tained by the BET method.
There was no appreciable change ( - 5%} in the surface area of y-alumina
for the catalyst sintered both in oxyj-n and hydrogen. For silica-
alumina, the'catd]yst sfntered at ?OO°C for 4 hours had almost the
same surfaﬁe areaa(100'ng)-as that of unsintered sdmple. An unexpected

increase in area was observed for silica gel with increase in treatment

(4
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Sample
Identificati

S1G-17-1
SI1G-20-4
SIG-30-3
SAL-18-1
SAL-27-3
GAL-12-1
GAL-24-4

GAL-36-4

1% Pt
1% Pt

1% Pt

1% Pt

1% Pt

1% Pt

1% Pt

1% Pt

TABLE 4.4

Support Surface Areas

Catalyst

on silica gel .
on silica gel }(1
on silica gel
on si]ica—éiumina
on si]ica—a]umina
on y-alumina

)

on y-alumina

on y-alumina

49.

Treatment Surface Area
(m?/q)
unsintered 220
0,, 550°C, 9 hours 246
H,, 700°C, 4 hours 275
unsintergd 100
Hs, 700°t, 4 hogrs 100
unsintered 73
02, 600°C, 16 houré 73
70 .

Ho, 800°C, 16 hours
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temperature. The unsintered sample had a support surface area of

220 ng in comparison with 240 ng of a sample sintered at 550°C for

" 9 hours in oxygen and 275 ng of another sample treated at 7005C for

4 hours in ﬁydrogen. Thfs unexpected increase in surface area of
si]idé gel is probably due to avdi]abi]ify of more pores fpr nitrogeh‘
adsorption caused by the dehydratidn of silica gel on exposure to

high temperatures. The atmosphere of sintering does not seem to

influence the support sufface drea for any of the three supports studied.

4.3 Discussion

4.3.1 Interpretation of Results

Although the reproducibility of hydrogen adsorption meaﬁure—
ments was good (See Section 4.2.1), fhe results for several runs listed
in Table B-2 were not included in the previously presented Figures. The
results for runs SIG 27 1; 2, 3 and 4 were omitted because they did
not agree with any of the observed trends for supported Pt, i.eﬁ |

's1nter1ng at 460°C in oxygen for these runs resu]ted in normalized
dispersions that were lower than the norr. “zed dispersions for sinter-
ing at 400 and 500°C. Runs GAL 32 3 and 4 were not used because the
Pt dispersions increased significantly when treatment timd in Hy at
600°C was increased from 1 to 4 and 16 hours. The cause of this
unusua] behavior may have been due to accidental exposure of the
samp]e‘to air between treatments. Most of the dispersions obtained
for several repéated‘sintering experiments carried out after the
treated catalysts had been exposed to air, wéfe*not used in the.

. mormalized dispersions previously presented. The runs not included
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¥ . .
for this reason were Pt 19 1, 3R, 3R/2, PT 20 1, 7R, PT C 1, D, PTD 1,
PT D2, PTD3, 184, PT 184 1, PT 184 2, B, PT AB 1, PT AB 2, PT AB 3,
IR 86 1, IR 98 1, IR 107 1 and IR 87 1.

The results for runs SAL 4 1 and -2 were not used because
the initial dispersion was not measured. The large variaticns in
ieitial dispersions for the same catalyst (See Table 4.1 and Section
4.2.1) is one of the limiting factors in the present work. It is
largely due to this limitation that the following d1scuss1on of the
results is qualitative in nature and the fitting of the data by rate

functions was not attempted.

4.3.2 Sintering Behavior of Different Metals

. 4.3.2(a) Supported Platinum

The experimenta1 results on sintering of supported platinum
in oxygen can be summarized as follows: (1) the dispersion increased
at low treatment temperature ( ;:600°C); (2) at low temperatures
( ~ 500 - 550°C), theldispersions were relatively independent of time;
and (3) the dispersion decreased at higher temperatures ( > 650°C).
These changes in dispersion resu1t1ng from-treatment in oxygen have
been discussed previously by Fiedorow and Wanke (14). According to
their interpretation the transport of metal at sintering temperatures
occurs main]y'by the movement of PtO2 species on the support surface.
Their explanation ot the sintering behavior of supported platinum in
oxygen is consisient with the predietions of atomic migration model.
The various processes by which transport of Pt can occur are discussed

in detail in reference (14).
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Treatment in hydrogen resulted in monotonic decreases in
metal surface area with incfeasing sintering temperatures. This is
contrary to recent results reported by Hassan et al.(38). These
investigatofs report a decrease in Pt sﬁrface area due to treatment
in hydrogen at temperatures below 400°C and an increase at temperatures
above 4OQ°C. They also report a steady decrease in metal surface area
with increasing‘treatment temperature in oxygen atmospheres. These
types of behavior were never observed in this study nor in the several
hundred sintering experiments carried out in this.laboratoiy using

‘alumina supported Pt.

4.3.2(b) Supported Iridium

The results presented in Figure 4.3 show that supported Ir
is considerably more stable in hydrogen than in oxygen atmospheres.
Treatment in hydrogen for 16 hours'at 800°C resulted in a 20% decrease
in dispersion. This is less than the decrease in support surface area
(34%) for these treatment conditions. Hence it can be conchded that
the loss ihsIr dispersion fof,treatment in hydrogen at temperatures up
to 800°C and 16 hour periods is ﬁain]y dﬁe to collapse of the supﬁort
pore structure.

| The. higher vo]aii]ity of Ir oxides compared to Pt oxides
(37, 38) is probably the cause of the low stability of’suppofted Ir
in oxygen. The higher volatility of Ir oxides causes redispersion at

Tower temperature range for If (300 to 400°C) compared to that for
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\

Pt (300 to 600°C). This is also the reason for the rapid decreases
inldispersion at temperatures >400°C. Due to the re]ativeiy high

vapor pressure of Ir0y (37), it is possible that vapor phase transport
contributed significantly to the decreases in measured dispersions after
oxygen treatments at 700°C and 800°C. Vapor transport can decrease the
measured disﬁérsion by causing crystallite growth as well as by

' decreasing the Ir content of the catalysts.

Lt
4.3.2(c) Supported Rhodium

The supported rhodium did not show any appreciable incrgase
in dispersion due to treatment irn oxygen. The attempts to redisperse
sintered sampaes by treating them in oxygen at 500°C did not result in
sighificant changes in dispersion. Comparison of Figures 4.4 and 4.5
for 1 hour sintering leads to the conclusion that 1% Rh is Jess siab]é

than 0.5% Rh in oxygen even after the larger loss of support surface

area for the 1% Rh catalyst is taken into account. But the situation isl
reversed for treatment in hydrogen, i.e., the 1% Rh catalyst appears
to have a greater thermal stability than the 0.5% Rh catalyst.
Examining the changes in support surface area due to thermal
treatment (Table 4.3) leads to the conclusion that the loss in Rh
dispersion for 1% Rh catalyst is mainly due to loss in support area
which would make some of the Rh inaccessible to hydrogen during .
adsorption. For 0.5% Rh, the loss in support surface are; is insufff\\
icient to account for the total loss in dispersion (e.g. sintering at

800°C for 16 hours resulted in a 41% decrease 1n~d1spers1on wh11e the

support surface area decreased only 18%)



Differences in the initial crystallite size distributions,
support metal 1nteractions and metal 1oad1ng could all be responsible
for tia different behavior of the two Rh catalysts. It is 1mp0551b1e
on the basis of the data obtained in this work to determine which,

if any, of these factors are ‘the cause of the observed behavior.

4.3.3 Comparison of Stability of Supported Metals

It is difficult to compare the stability of different
catalysts since various factors can infiuence the stabiiity. These
factors include the initial dispersion, the‘erystaiiite size |
distribution, the meta] loading and the nature of support In order

\“3 stability of cata]ysts in oxygen and hydrogén as a

;'ﬁf?erature all these factors should be kept,constant.

An approximate method for obtaining the relative stabilities

of various catalysts is to rompare relative change in dispersion, 1.e.
compare normalized dispersions, - Correction for the-change in support
surface anea should also be made. The result of these corrections are
shown in Table 4.5. In'making these corrections it was assumed that

the loss'in suppert surface area is proportional to the loss in

N

accessible metal. This procedure probably overestimates the fraction
of metal which becomes inaccessible to hydrogen because nitrogen was
'/;£>used in the BET surface area—measurements dnd some of the internal

pore structure after sintering may be accessible to hydrogen but not
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b TABLE 4.5

Effect of Changes in Support Surface Area on Dispersion

Treatment Conditions
700°C and 16 h 800°C and 1 h 800°C and 16 h

S S
catalyst (3 (I @ & oy & )(S)
0 0 0 0 0

Treatment in Hydrogen

4 - - 0.54 0.60 - -
3A +0.47 0.5 0.53 0.72 0.37 0.58
5  0.82 0.97 0.82 111 0.80 1.26
0.78 0.78 0.74 0.83  0.59  0.72

0.99 - -

2 - - 0.73

e wm e m m l w w m m m m m v W o e e e e e e e e me e oy e e e ae we oam e e

Treatment in Oxygen

4 - - 0.16 0.18 - -
3 0.40 0.47 0.14  0.19 - -
5 (<0.02)  (<0.02)  0.086  0.06  (+0.00) (~0.00)
1 0.63 0.63 0.49 0.55 0.2 0.26
2 - - 0.24 0.33 - -

* S0 and S are the specific surface areas of the support for uns1ntered
and sintered samples listed in Tab]e 4.3.
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to nitrogen. It is believed that this is the reason that some of the
normalized dispersions corrected for loss in sqrface area exceed unity
for the Ir catalyst.

Based on the resu]ts presentéh in Figures 4.1 to 4.5 and

Table 4.5, the order of decreasing stab111ty is

Rh > Pt > Ir . - o (4.1)
in oxygen and :

Ir > Rh > Pt ) | (4.2)
in hydrogen ’ | ‘

The sequence of stability in oxygen given by Equat1on 4.1
is in agreement with the predictions of Wynblatt and coworkers (34,
39). The predictions of relative stability of metals ip oxygé;tﬁére
based on the heats of formation of metal oxides; increases in the
- exothermicity of the metal oxide formétion is postulated to cause
decreases in the stabi]ity Hénce, it can be concluded that the
‘s1nter1ng for a11 these supported meta1s occurs, by the transport of
metal oxide species. The possible steps involved in the transport
of metal oxides has;been discusstd treviously by Fiedorow and Wanke (14).
The prediction of Wynblatt and;éoyorkgfs,(34;-39)vfor the relative
stabi]ity in hydrogen'atmospherés is not jnisomp1ete agreement with
the sequencé given in Equation-4.2. It was found that the supported
Rh catalysts were cons1derab1y more stable than the supported Pt
. cata]ysts According to predictions,. wh1ch are based on the premise
'that 1n hydrogen stabihty increases with 1ncreas?ng heat‘ subhmatmn'

of the metal, the stab111t1es of Rh and-Pt shou]d be approximately

equa]
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It may be argued that the stability sequence based on
re]at1ve changes in d1spers1on yields wrong results due to different
initial conditions (such as 1n1t1a] disper1on and crystallite size
distribution) for the.Pt and Rh cata]xsts. This is not the case since
catalysts with high initial dispersions generally haVe ]arger"decreases
in relative dispersions than similar catalysts (same support and meta]f
loading)} with lower 1n1t1a1 d1spersions The initial dispersions of:
both Rh cata]ysts Were in genera] thher than those of Pt catalysts.
The dev1at1ons from the pred1ct1ons are believed to be caused by
meta] -support and/or metal- hydrogen 1nteract10ns The‘pred1ct[pn5"

:do not include these interactions which, in the op1nion of the author,
play an important role in the sintering of supported metal catalysts.

4.3.4 Effect of SApborts on Sinterfng'Behavidr of Pt

The s1nter1ng behavior of p]at1num'supported on6y-a1um1na was

‘found to be very s1m1lar to that of p]at1num supported on Kaiser alumina.

[}

Treatment in oxygen -at < 600°C resulted 1n 1ncreases in d1spers1on ‘fAt o

GL5Q0°C the time of sInter1ng in oxygen ‘had on]y a minor effect on the

Y

~.’,resultmg dispersion, but at 450°C, the 4 and-16 hour treatments
_resulted in. a cont1nuous increase in d1spers1on The maximum increase
in case of y-alumina ( ~ 80%) was less than that for Kaiser a]um1na

( ~150%). The Pt supported on the y-alumina appears to be Tess stab]e
5? than the Pt supported on the Kaiser a]um1na durinq treatment in

}w oxygen (gf,»F1gures 4.1 and 4.9). Comparing -the changes in nonna]ized:d
dispers1on for these two catalysts due to treatment 1n hydrogen in
F1gures 4.1 and 4.9 indicates that the 1% Bt/v-alumina, catalyst is the
more stable cata]yst, e.g. treatment’in hydrogen for 16 hours at 800°C

. v L g R N
decreased the normalized dispersion for the Kaiser alumina supported
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* catalyst by 64% while for the r-alumina supported catalyst the
decrease fis oniy 53%. But when decreases in support surface area due
to 16 houreof treatment at 800°C are taken into account (37 and 5% for

‘Kaiserkaiumina‘gnd y-alumina, respectively), the decreases in accessible
Pt surface areas are approximately'the‘same for the two catalysts.
ihegx-ray diffraetion patterns of Kaiser-alumina showed
slightly more changes in its crystal]inity ‘than the y-alumina (cf.
Figures 4.6 and 4.12).. The differences W the behavior of these
two supports may b: due to factors other than differences in support
crystaliine structure These factors could include metalbioading,
initial PSD and dispersion, initial support surface area etc It is
_difficu]t to say/which one of these is more importagt_ 'n others.
Honever, despite all these factors t?e behavior of‘Pt supported on
-a]umina and Kaiser ..i was very simi]ar and it is safe to assume

/:

that sintering of Pt »n both these supports occurs by the same ,5)

,‘ B

mechanism Since the met~ loading of Pt qn y-alumina siiica-a]umina
_and siiica gel was the same, the results of sintering of Pt on y-alumina
wi]l be compared with the sintering r!gults of Pt on«siiica-alumina and.
silica gel. o : ) T
' Treatment in oxygen of Pt on silica-alumina and silica gel
“ " did not resu]t in significant increases in dispersion for temperatures
1_500°C, The maximum increase observed was -17X for siiica gel on.
-f treatment at.400°c for 1° hour. There aas virtually no 1ntrease in
) metal dispersion observed for Pt on silica-alumina at any temperature.
At louer temperatures the metal}: dispersion was less “dependent on
treatment time for silica-aimmina compared to silica gel, but at

////higher temperatures the longer treatment.times generaliy resulted in

oy
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lower dispersion for the silica-alumina supportc italyst. Both

supports exhibited similar behavior on_treatment in hydrogen. There

~was a steady decrease in metal dispersion observed with increasing

treatment times and temperatures for both supports. Both silica gel
and silica-alumina were a more stable support in hydragen than in
oxygen. From the results of this study, it is very difficult to say

which one of these two is a better suppc. c. Losses in relative metal

udispersion were ‘of the same order for both supports in both types of
Y\atmospheres The average in?tial dispersions of the si1ic el

‘and silica alumina catalysts were considerab]y Tower than tfie initial

"tdispersion of the y-alumina cata]yst, (0.13 and 0.17 compared,to 0.27).

The role of the support surface area.and the 1n1t1a1 Pt.

dispersion snould,be considered when comparing the results for the

three differenfisupports.used in this work. Assuming all other’

factors being equa], then high surface area support should result in
cataiyst-with higher therma] stabi1ity. This behaVior is‘predicted

by both crysta]]ite and atomic migration mechanisms Catalysts with

fahioh metal disperSions should be less stable’, using norma]ized

dispe. sion- as the criterion for stability, t than catalysts with lower
initia] dispersion -
In 1ight of these general predictions and the results

presented, it is concluded that stica ge] (highest support area and -

.lowest initial dispersion) is the worst. of the three supports studied.

‘Gamma alumina (1owest support area and.highest initial dispersion) is

th&~best of the three supports, t.e. thermal treatment in both oxygen
- ¥
and hydrogen “for y-alumina supported Pt resu1ted in smaller decreases

or larger increases in dispersions than similar treatments for Pt.
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supported on silica-alumina or silica gel.

4.3.5 Comparison of Experimental Results withITheoretica1
Predictions.

One of the major reasons for undertaking this sﬁudy was to
obtain data on the bacis of which it would be possdble to discriminate
between the two s nter1ng mechan1sms Therefore an atttmpt w111 be .
made to exp. 2 observations in terms of mechanistké?models Two
mechanistic models which ﬁave~been proposed for theﬁ§¥htering processes
were described in Chapter 2. The results will be discussed in terms of

each model separately. . ‘ o

. 4.3.5(a) Crystallite Migration-Mode] - : "'Fﬁﬁgﬁt‘

The crystallite migration model always predicts inereeses in
average crystallite sizes, i.e. decreases in disperSion, as‘sintering
pt%ceeds. To account for increases in dispersion, an additiqna§
process of splitting of metal crystal]ites was posgy]atediby R?ckensf in
and Pulvermacher (30). The break-up of Pt films on o;aTumina substrates
into Pt crystallites during treatment in air et 500° to 1000°C has
been observed (12 33) but sybstrates comp]ete]y covered by a meta]
film of 5 to 20 mm th1cknesswis a cons1derab1y different situation than
one encounter; in supported meta}\cata1ysts.4 In supported metal
cata]ysts the fraction oi the su553}t surface covered by ﬁeta] is
usua]ly <1%, e.g. 0.7% of the support area 1s covered by Pt in a 2%
Pt/A]zo3 cata]yst with a support surface area of 200 m /g and an
averade crystallite size of 2 nm. The splitting of Pt f11ms has °

. been observed only above 500°C, while in the present study, - the

1ncreases in dispersion were observed at temperatures as low as 300°C

>
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(Figure 4.3). Also the break-up of crystallites in these studies

yielded particles with diameters generally above 7 nm, while for a

Pt catalyst with a dispersion onS.S, the average crystallite size

is approximately 2 nm. Whether the break-up of the films was

dependent on time‘is not reported in these studies. According to the

splitting theory, the increases in dispersion should be independent

of the ‘surface area of the support, the metal loading and the initial

-metal crystallite size. The dependency of increases in disnersion on

~ metal 1oading was studied by Fiedorow and Wanke (14). They found that the

h1gher the metal loading, the smaller the increases 1n dispersion, which

.1s contrary to the predictions of the crysta111te migration - ¢rystal-

‘ lite splitting model. Assuming that the d1fference between three

“alumina supports used in this study is not Nery signiflcant the

dispersions for all three cata]ysts accord1ng to the splitt1ng theony,

should be approximately equal after a spec:f1c oxygen treatment . The.

- maximum dispers1ons obtained afterrred1spersion varied more than a

factor of two. This is again contqary to predictions of crystallite

migration-crystallite splitting moq&. ‘
The sintering results obtained for treatment in hydrogen <

can possibly be explained by the crysta1]1te m1grat1on model since

continwous decreases in dispersion were obseryed. Nevertheless, it is

difficult to rationalize the high thermal stability of the Rh and Ir-

catalysts in hydrogem on the basis of the crystalllte mlgratlon nzde1

The motion of crystallites in this model is postulated to be caE%éd by

surface diffusion of metal atems on the surface of the meta]

;crystal]ites (34) and this would indicate that the mobility of Rh

crystallites would be approx1mate1y equal to that of Pt crysta]]1tes

v
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resulting in a simi]%r stability for Pt and Rh. This was not
observed. The exceptionally high thermal stability of the Ir catalyst
is also difficult to explain since the surface diffusivity of Ir at
800°C is expected to be of the same order of magnitudé as the surface
diffusivity of Pt at 600°C basea on the argument that surface -
diffusivity is proportional to e'Tm/T where T, is the melting
-temperature (34). The loss of dispersion of Pt at 600°C was greater
than that of Ir at 800°Cnif losses in support area are taken into |
" account. A1l observations of this study lead to the conclusion that

crystallite mi?ration is not the major mechanism for sintering of
Ry v . s

supported metal catalysts.

4.3.5(b) Atomic Migration Model

The atomngmigration model predicts decreases as well as
increases in dispersion depending onlthe treatment conditions.
Increases in dispersion result if the.migrating species a;e trapped
at siteé on the support that have large metal-support interactions or
if'c011iding molecular species re;ult in the nucleation of new
crysta]l{tes.

For p]atinum-oxygen;support system,;fﬁe tranSport of Pt
occurs mainly by Pto2 species. The various possible routes which
result in inéreases in dispersion are described in detail by Fiedorow
‘and Wanke (14). This mechanism is able to explain the behavior of
supported‘plafinum in ox}gen. The only drawback with the mechanism
is that some of the possible routes used in thig sintering méehanism

*;(hafe not well hnderstpod energetically and work should be done to
G’Hfﬁéfing these routes and their energetics. The Ir catalysts aiso

p%ésisﬁy sintér with ﬁhe same mechanism in the presence of oxygen, but

PO ST
S~
I
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because the vo]ati]ity of iridium oxides is considerably higher than
that of Pt02, the vapor phase. transport, could be more important. This
is probably the-reéson'for the low stability of Ir catalysts in oxygen.
In the case of Rh catalysts, the results _can be explained on the basis
of assumption that the rhodium-oxyg?n'1nteractions aié’not very large
and therefore the main transport of rhodium probably occurs by
rhodium atomic species. The heat of formation of rhodium oxide is
known to be higher than Pt and Ir. Therefore, the pred1ction of
Wynblatt and coworkers (34 39), about re]at1ve stab111t1es in oxygen,
based on these heats of formation of oxides, is in agreement with the
results obtained in this study. ‘ ~
| The atomic migration model predicts a continuous decrease
in dispersion if the supbort-migrating species interactions are small.
The migratingvspecies during treatment in hydrogen'are the metal atoms.
The activation energy required for the movement of atoms away from
crystallites would be higher in case of treatment in hydrogen because
of the absence of oxide forming step (28). For this reason the
catalysts Qere generiyﬁy more stable in hydrogen than in oxygen. ' The
rhodium catalysts were the only except1on to th1s observat1on But
th1s can be explained by the fo110w1ng argument. The absence of large
interactions between m1gr§t1ng~spec1es and support caused thg catalyst
to be fairly stable in bé%i the atmospheres. The'transport occured
mainly by atomic rhodium in both oxygen and hydrogen. “fhe exceptional
étability ot Ir catalysts in hydrogen can be argued to be tgg result
of the high activation energy required to move iridium atom§ from
metal crystallites which is supported by the fact that Ir haS a high

sublimation energy.



The absence of significant redispersion for the’Pt/§i1ica
gel and Pt/si]ica—alumina catalysts could be due to the low initial
dispersions of these catalyst or due to support -Pt oxide 1nteract1ons
which are less than the alumina-Pt oxide interactions. At present
the author favours the second explanation, Hgt'further'experiments ere
necessary to substantiante this belief. |

On the basis of the above mentioned observations, it can be
sa1d that for sintering in oxygen, pred1ct1ons of atomic m1grat1on
model are in agreement with observed resu]ts. The crysta111te m1grat1on
model fails to eip]ain many observed phenomenon. The sintering in
hydrogen could take place by either mechanism, but the experiments
of ‘Baket et al.(35) have shown that the sintering of alumina supportéd

Pt in hydrogen occurs.by particles sma11er than 2.5 nm. This again
'supports the atomic migration model since for dispersions < O.QCthe

average. crysta111te s1ze is > 2. 5 nm. For most of the sintering in

hydrogen‘1n the: present work D was < 0.4.

| Experiments to detenn1ne the effect of initial dispersion
on the increase in dispersion during oxygen treatment and the effect
of‘support surface area on sintering behavior should be conducted.
Also, experiments on thermal stability of sppported ailoy catalysts

would further the ﬁnderstanding of the sintering mechanism.

o
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CHAPTER 5
CONCLUSIONS

Based on the data obtained in this study, the following

/
/

conclusions were made:
1. The stability sequencé of alumina supported metal

catalysts for sintering in oxygen is Rh > Pt > Ir.

2. The stability sequence of alumina supported metal

catalysts for sintering in hydrogen is Ir > Rh > Pt.

3. Gamma alumina is a better support for Pt than silica-

alumina and silica gel.

4. Treatment in oxygen ofﬁPt/A1203 Cata]ysts at temperatures

<600°C .results in increases in Pt dispérs{on.

‘5. Treatment in oxygen of Ir/A1,05 at T < 400°C and periods

of < 1 hour results in increases in Ir dispersion.

6. Treatment of Rh/A1203 catalysts in oxygen does not result

in increases in dispersion.

7. Treatment of Pt on silica-alumina and silica gel in
oxygen does not resu]tliﬁ“éignificant increases in

dispersion.

- 8. Treatment in hydrogen of supported'Pt, Ir and Rh does_
T - .
not result in increases in metal dispersion.

9. The sintering mechénism for support Pt, Ir and Rh in
‘L_ oxygen atmospheres is the migration of molecular and/or

atomic species and not the mfgration of metal crystallites.:
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10. The sintering mechanism for supported Pt, Ir and Rh in
hydrogen atmospheres is probably the m1grat1on of metal
atoms, but the m1grat1on of metal crystallles cannot be

ruled out as a contributing factor.

. ‘ﬁ\
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CHAPTER 6
RECOMMENDATIONS

The variation in initial dispersion among samples taken from
the same batch of catalyst was the 1imiting factor in the reliability
of the data obtained in the present study It is recommended that
different impregnation or ion exchange techniques be 1nvest1gated with
the aim of finding catalyst preparation techniques which result in
improved catalyst homogeneity.

Another factor which affected the reliability of the reported
‘normalized dispersions was the loss of support surface area due to
thermal treatment. A1thoqgh qualitative corrections for this
occurrence were made, the prob]em can be avoided if the support is
ca1c1ned before impregnation at the maximuri temperatures encounfered
dur1ng sintering. It is recommended that supports be calcined at
conditions equal to or exceeding the most severe sintering conditions
to be employed or that supports with stab]e surface areas ac the ﬁ |

‘sintering conditions (e.g. Alon) be used in future investigations.
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’ APPENDIX A
. | CALCULATION PROCEDURES

A-1_Dispersion Calculation §;f,i

’ . ‘Hydrogen chemisorpf?bn was used to measdtre the dispérsion.
Hydrogen ﬁu]ses, 18.7 umoles per pu]sé, were injected into a nitrogen
carrier gas stream at 3 minute intervals until two successivé e]uting
pulses were of the same size. This indicated that no more adsorption
was occuring. The areas under fhe peak< . ~responding to the final two
pulses were assumed to represent 18.7 mn s of hydrogeh. The fractional
output of priof peaks were compute oy comparing their areas with the
- areas of the fina] peaks and assuming a Tinear relationship between the
amount of hydrogen passing thrdugh T.C. cell and the peak area. A set
of“samplé calculations of di;éersidn of Pt atoms for 1% Pt on y-alumina
catalyst (for run GAL-24-2) é;e shown below. The sample calculations
are for the First of two adsdrptions carried out in this run. For most
of the runs, af’]east two adsorption measurements were cafried out and
an aQerage value of dispersion was ca]cu]ated from these two measurements.
In ¢a]tu]ating the diﬁpersion (i;e. thg ratio.of_surface to tpfa] metal
atoms),Ajt was assumed‘that one hydrogen'%tom adSofbs per surface metal
atom. fherefore, the dispergion is equal to the ra;io of hydrogen |
atoms adsorbed by a sample to total meta1 atoms ﬁn the samp]e. The »
assumption- that one hydrogeﬁ atom adéorbs per surface metal atom is.
questionable and for this reasoh the repdrted dispérsfons are normalized
' dispersiqns, D/DO, where D0 is the dispersidniof the unsintered sample.
The value of D/DO is independent of adsorption stoichiometny. .
| The célcu]atﬁons were done on Amdahl 470/VS compﬂting system;

~The program used for calculations is 1isted in table B-3 in Abpendix B.



.

~

" The resu1ts obtained through this program aréfgresented 1n table B 2 in

A
R

Append1x B.

Sample Ca1cu]at1ons

_surface metal atoms
total metal atoms

! D = metal d1sper510n =
" Total metal atoms =,(w)(x)(No) [metal atoms]
MW : .

Surface metal atems = atoms of hydrogen & . ted

) ‘ -6 H atoms
atoms of hydrogen adsorbed = (2)(18. 7x10 )(N)(N )| adsorbed

Substituting equation A~2'apd A-4 into‘equation A-1 yields

) (37.4x10"6)(n)(nw1

0 C)1¢9 Mu— .
where o
W= mass.Of catalyst sample [g]
- X = mass fraction.bf metai in sample
;No = AngadroF§ number .

(M) = molecular (atomic) weight of metal [g/g mole]

N = number of hydrogen pu]é&s.adsorbed

,» A
\,J,

As an 111ustrat1on, the results of Run GAL-24-2 are

used in

the fo1low1ng calculations. The cata]yst samp]e for th1s run was

- 4.745 g of 1.0% Pt/A] 0 and the areas under the e1uted peaks

first adsorption are ngen in the table below.
A R

I ey

for the
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ko a
rA

o Y
TA;LEIAfl. ‘Adsorption Data for Run GAL-24-2 - b

(First Adsorption) - g

; Pulse Number ~  Area under Eluted Peak ' Fraction of Pulse E1uted
R o0 | - 0.0
2 a0 . 140/6,580 = o,agl
I © 5,690 s 590/5 650 = - 0.856
. 6,390 T 6,390/6,580 = 0.97)
ﬁ 5 | .6 650 RS B 1.000

6 6580 1000
~Tota1 Pulse Eluted 3.848

N = total pul!é injected - total pulse eluted = 6 0 - 3 g5 = 2.15
(N is always rounded of f to the ~ost one hundredth of a pulse).

Similar ca\cu;ations for the sc - .orption yie]ds N= 2 2'
‘ JSubstituting "the: approprtqﬁg valu, . xhto equation A-5 yf%]ds

Vom \ i \‘.-.

o .

-5 »h ’ ‘
(37 4110 )(2 15) (195. 1),, My ot
(4,745){0.010) . .36 CT e

,for thg_girst adsorpt1on and O '

. , . ’b <
' for.the;secondladsorplion. \

The avecnge dispersien is therefore R S ok

‘ - _ 03306 + 073383 _' [y 23p - * S .

‘ _Davg =TT = 0.334 B ‘ - - 2

j£\~1he nonma11zed d1spers1on was calculated us1ng the above average
d1spers1on and the d1spersion for the uns1ntered sample (Run GAL-24- 1;

. \
“ Table B-2). .This yields

’y':\.') .
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o

. 0.334 _ 4 aa

D/Do - 0.232 = ].144 ) »

. - ) ) (}.

~ A—Z X- Ray Diffraction Patterns /

Samples for X- ray diffraction measurements were prepared by
crushing the catalyst into a fine powder and sprinkling it onto a thin E
md%aselir coated glass slide The range of scanning was from 8 = 17° to

;ﬁ* 35° at a scanning rate of 0.25° per minute using Ni f11tered€ﬁh

Drad1ation The X- -ray diffract1on patteggs shown 1n Chapter 4 were

obtained by visually/ smoothing the recorded patterns. .-

A-3 Surface Area Determinatiogs

' oy - The support sg@gace area measurements were carried out on a
constant vo]ume BET apparatﬂﬁ Ihe dead volume detenminatlons were ,
~ done us%ng~he11um. At léast 4 readings of dead volume were taken for

&

’each sample*and an aggtage of a11 fhese values was used ‘The. adsorpt1on
'procedure consisted of the: fo]Towiﬁg §teps One, 1ntroduc1ng adsotbate
(n1trogen) to a desired pressure 1nto the gas. ho1der wh1ch is 1solated

‘from the evacuated cat?Lyst ho]der, two, expanding the adsorbate 1nto

« PN \\(..A,.
';waPue, four, isolaﬁi@gﬁthe samp]eﬂholder from the gas holder; five, S

1ntroduc1ng adsorbate to a desired pressure into gas ho]der, and six,
P

repeat1ng st:zs/two,tovfive at 1east fourft1mes. The amount‘adsorbed at-

the various pressures “1s given by

A
Y. - 1 - ) + ) v _ i
| ".’1 \l_%w P ,) Py Yy vd)] P (A
.\ :v‘.‘ ’
where e ‘
- Vg = volume of gas ho]den o .
vy = average dead vo]ume N

i ‘('/‘

.

T oa
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\ N
N Mol

d,L A plot of‘P '/[U (I

temperature of gas holder

pressure in gas holder after ith

adsorbate- 1ntroduct1on
before open1ng va]ve to cata]yst ho]der |
pressure (steady—state value) in gas holder and catalyst’
holder after opening valve to the catalyst for the 1th

measurements (Pl = 0)

g,

K

')] VS. Pi'/P; leads to a straight line

Q

’ wﬁ;h slope a and 1ntercept b.. PB is.saturation pressure‘of adsorbate

(n1trogen) at the temperature of adsorpt1on .. This valve was measured

‘h,calcu]ated bf?&_T

!

1] w1th a wallace£?1ernag,nxgssure gauge " The slopes and 1ntercepts were

ﬁily*fdtt1ng a stra1ght line through the data p01nts

~in: the range 0 05 < P/P <.0.3§. The monbdayer c£Verage uptake u

g1ven by

-

4 eg'.a;? . "‘;;hﬁ - , o o /
C ) : A . . :
4y 1 PSS : & o ATy
Uy .= — : o . .. & v (A_.7.) i
m a+b < . R Y A
: PR T : T . }{"‘ o

Tl’.a.

fokjow1ng equat1on

.

i

@nce U is known - the suppgrt sur{ace area’ fs calculated us1ngw;2x '4-~“
A L d . -~ ' /

leoa T

\,_» . (’4.‘ .‘,_

‘where A ismsupport surface area, N0 1s Avogadro s number and A is area

covered per N2 mo1ecu1e wh1ch 15<@aken to be equa] to 15. 8x'lo'20 2

Samp]e ca]cu]at1ons are shown below:

v

\ .
. \

BEWRY Cl
: P )

%)

A
*



\
Surface Area Sample Calculations ' o
Experiment No.: X-2A ‘ " &

Sample Identification: SIG-34-3, Sintered in H, at 700°C for 4 hours.
/ . : ‘ .

Outgas Témp.:'“3007t v Outgas Time: 16 hours p

Sample Weight:

W, = 5.662%g. - P, = 696+mmHgic 13.44 psia .
W, = 4.8158'g T = 22°C = 295°K -
/ , %
.
Wy = 0.84ip g -
a) Dead Volume V4 Determination: f’;2f
Volume of gas holder, Vg = 145.92.m] -
P]<psia) Pz(?éja) Vd(ml)_= vg’(P]—Pz)/PZ -
5.380 4.210.  %b.55 iR R
. S . " -, : o) .w - -
5.045 & 3;3455!, 40.69- - -
<L o 3 ) s i,f‘ . ’
4.230 3.310 40.56 BN )
4.245°  3.320 ' 40.66 i
Average YQI.,.VH = 40.62 . ST -
.b)<Adsorption Data: -
: W '
i : Pi(ps1a) Pi‘/ps1a- o Py /Pb
1 2.400 0.040. 0:0030
2 2.525 0.440 0.0327
3,7 3.580 . 1.685 ©  0.1254
4" 4.028 2.835 0.2109 . S
i e : jou
. " s 5.210,  .4.038 - 0.3001 -
L z S ¢
6 5.0 . 4535  0.3374

- ’ ‘ \» . o
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c) Computatign of U, and Surface Area:

Ly
iopepy (-FifPo) . P /IV (PP, )]
1 0.0030 0.997  '9.806x10™" 3.068
2 0.032 0.9673 - 17.907x107% 18.878 -
3 ° 0.1254 \ - 0.8746  .24.263x10"" . 59.004
4 0.2109 > 0.7891 29.777x10°% » 89.756
5  0.3001°  0.6999  33.213x70°% 129.099
6 4 146.843

0.3374 0.6626 34.677x10"

+ The p]ot-ofg(Pi /PO/UL(T1-P.1 /P ) vs. P;'/P, for points i =2 _.
to i = 5 results in & straight line with a slope = 400.72 moles~! and

intercept =+8.88 (mtﬂes)'1 ' - o | .

AT B
~Un = o7eeE8  Moles

I

2.44x1073

. Agep- = 2.44x19"?(mo1es)x 6.023xID_-23x158x]0'20(mo]em2 X
o Lo \“‘»1 mz. . - '

. wog —_ = . B .’,‘_‘;'
N - 0.84659 g . .y S
§ y . B e * '3'.41!. : 4 . e “ X "b; .'4 ?; -v ) . :
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APPENDIX B
EXPERIMENTAL DATA

TabTe B-1 describes the different catalysts used in this work,
i.e. their composition, preparation mefhod and identification number as
used in table B-2. The experimental data, including pretreatmehi~'vt R
historxi%samp]e weight and pumber of pulses fbr each run,afegﬁﬁzﬁq,ﬁn_{'
table B-é. The runs which arevidentified by a”*iﬁ'at the énd:ef the
run identification number were conducted by'Dr. Ryszard Eigdprow;
Table B-3 lists thg FORTRAN program é§éd tovcalculate'thelmetag

‘dispersions. Lo - e



et Pt ' PV
Identification No. Catalyst Composition Method of Prepargi!dnﬁ?y}
_ : SR
1 0.5% Rh on alumina commercial catalyst .@ .
. ' (Englehard; Lot»17-9¢1J' .
/ C ¢
5 2 1.0% Rh on Kaiser impregnation with ,\ﬂk\
i3 KA-201 alumina . RhCI 5 solution
.3 2.0% Pt on Kaiser impregnation with
e .~ KA-201 alumina H2Pt CLG solution
. b o Lo ,
4 - 0.5% Pton alumina commercial catalyst
e T (Englehard; Lots 18-381
s and 23-288)
' Y ‘2.0% Irgpn_Ka?seru;" imprdﬁ%atign,uith IrCl,
oy KA-201 alumina ~ solution .
{o 7%;é}f$j J , * 1.0% Pt on granular impregnation with *
: L 3 ~ silica geld , erPt$C16 solution,
s "7 1;0% Pt on silica impkeghation with i
_ o alumina?- H,Pt Cl¢ solution
o8 1.0% Pt'on' y=aluming® ~ impregnation with
: ) : 7+ HyPt Cl,. solution
o A :
. asupport supplied by Alfa Products; Lot #071775
Psupport supplied by Alfa PRoducts; Lot #081175
Esupport supplied by Alfa Producfs; Lot #081175
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TABLE B-2
RESULTS OF SINTERING EXPERIMENTS

Ve .
(pages 80 to 99-)

- 79.



RUN

ERH
ERH
‘ERH
ERH
ERH

ERH

ERH

ERH

ERH

ERH

44

45

23

23

23

46

46

46

46

49

50

50

N ey

CAT

-

1

PRETREATMENT

ATM TEMP TIME

<) (HR)
UNSINTERED
0XY 500 1
 UNSINTERED
\oxyfsoo 4
0XY 500 16
0XY 550 1
0XY 550 1

) _

0XY 550 4
oxy sso %&
OXY 600 -1
0XY 700 1
0XY 700 T

80

SAMPLE  NUMBER
SIZE OF PULSES DISP
(GH)  ADSORBED

3.0308  1.480 0.376
A 1.450 0.368
AVERAGE DISPERSION = 0.372
3.0308 1.460 0.371
1.430 0.363
AVERAGE DISPERSION = 0.367-
3.1666 1.770
1.680 o
AVERAGE DISPERSION "§A¥
3.1666 1.740
1.730
AVERAGE DISPERSION
3.1666° 4 1.880 0.457
. Y 1,860 0.452
AVERAGE DISPERSION = 0.455
3.0189 1.490 0.380
1.500 0.382
AVERAGE DISPERSION = 0.381
3.1210 1.440 0.355
3.1210 1.510 0.372
1.410 0.348
AVERAGE DISPERSION = 0.360
3.1210 1.230 0.303
1.310  0.323
AVERAGE DISPERSION = 0.313
3.0165.  1.330 - 0.339
S 1.620 10.362
C 1. 430 0.365
AVERAGE DISPERSION = 0.356
> 0628 . 1.160 0.292
1.210 0.304
AV.XAGE DISPERSION = 0.298
3.1704 1.150 0.279
L 1.340 0.325:
AVERAGE 0.302

DISPERSION =

s



RON

ERH 50 2

\

ERH 50 3

" ERH 52 *

ERH 15 1

ERH 15 2

ERH 15 3

ERH 15 ¢

CAT

1

PRETREATMENT
ATM TEMP TIME
(C) (HR)

OXY 700 4

ddv
ox 1& f'r;lgo 16
W
0XY 750 7%
ONSINTERED

OXY 800 1

0XY 800 4

0XY 800 16

SAMPLE
SIZE
(6H)

'3.1704

AVERAGE
3.1704
-AVERAGE
3.0676
AVERAGE

3.0570

AVERAGE

3.0570
AVERAGE
3;0579

‘-

AVERAGE

3.0570°

NUMBER
OF PULSES
ADSORBED

1.160
1.210
DISPERSION

0.970
0.980
DISPERSION

1.070
1.070

DISPERSION

1.950
1.920
DI SPERSXON

0.9
0.960
DISPERSION

0.470

0.730

0.610
DISPERSION

1 0.430
0.380

DIsP

0.282
0.294
0.288.

0.236
0.238

0.237

0.268
0.268
0.268

0.491
0.483
0.487

0.239
0.242
0.240

.0.118

0.184
0.154
0.152

0.108
0.096

AYERAGE DISPERSION = Q. 102

Bt 7 4
RV ACEE . p -
ST I . :

‘X ‘ N

£

8
."

ERH 47 = 5% #YD 6850 1 3.0325, . 1.440 0.366
‘ SRS ' C 7 1.490 0.378 .
= . AVERAGE DISPERSION = 0.372
ERH 47 1 1 HYD 550 1 3.1358 1.660 0.407
_ 1,610 0.395
AVERAGE DISPERSION = 0.401
ERH 47 2 1 HYD 550 4 3.1358 1.580 0.388
_ 1.540 . 0.378
S AVERAGE DISPERSIGH = 0.383
. s S I o ?‘35» o 5
ERH 47+3 1 HYD 550 16 3.1358 1.610 - 0.395
1.460 10.358
AVERAGE DISPERSION =.0.377
) . e g‘ .
ERH 48 * 1 HYD 600 1 3.0634 1.460 0.367
1.520 0.382
AVERAGE' DISPERSION = 0.374



RUN

ERH
ERH
ERH

ERH

ERH
ERH

ERH

ERH

ERH

RH
'RH
'RH

RH

CAT -
51. % 1
51>1 1
28 1 1
28 2 1

28 3 5,1

56 * 1
56 1 1
56 2 1

56 3%,

61A% 2
84 * 2
68{yvf; 2

T4 % -ﬁj

el

“uYp-800 %

0XY 300 1~

PRETREATMENT SAMPLE NUMBER

"TATM TEMP TIME SIZE  OF PULSES
(C) (HR) (GM)  ADSORBED
HYD 700 1 3.0429  1.380
E : 1.440
. AVERAGE DISPERSION
HYD 700 1 3.1421 1.510
1.270
AVERAGE DISPERSION
" UNSINTERED 3.1291 1.620
. 1.780
AVERAGE DISPERSION
HYD 700 4 3.1291 1.490
HYD 700 16 3.1291 1.370
‘ . 1.280
AVERAGE DISPERSION
HYD 800 1 2.4902 ' 0.840
' . - : 0.890
s AVERAGE DISPERSION
HYD 800 .3 = 2.5713 . 0.940
HYD 800" & 2.5713 0.710
o 0.720
;o AVERAGE DISPERSION
e ® v

e

&5 . 2. 5713 0.740
?47%{“’ Sptoe 0,720
e avERaGE DISPERSION

UNSINTERED ' 3.0264 2.530
' ' .;92.620
AVERAGE DISPERSION

0203 2.420

oy . 2.480
d AVERAGE DISPERSION
0XY 500 ° 1 " 3.0514 2.510
. . . » 2.580
. ‘EE?Q ' AVERAGE DISPERSION
0xY 600 1 . 3.052¢  2.620
I 2.610 "

.AVERAGE DISPERSION

#

82

pISP

0.349

‘0.364

0.357
0.370
0.311
0.341

0.399

0.438

0.418
0.367
0.337

0.315
0.326

0.260,

0.275
0.267

0.281

. 0.213
. 0.216

0.214

0.222
0.216
0.219

0.322
0.333

0.327

‘0.308

0.312

0.317

0.321

"0.330
0.329"

0.330

28



o

RUN

RE 73 =*

RHE 72 =*

RH 67 *

RH 65 *

RH 65A%

RH 64 ¥

RH 64A%*

2NS *

2NSR  *

©19

19RN - * -

CAT

3

PRETIREA
ATM TEMP

()

OXY 700 1

O0XY 800 1

HYD 600 1

' HYD 700 1

HYD 700 - 1

HYD 800 1

HYD 806° 1
| o L
" UNSINTERED
UNSINTERED
T W
UNSINTERED
0XY 500. 1

~0XY 500 1

SAMPLE
SIZE
. {GH)

3.0383

AVERAGE

3.0316"

AVERAGE

3.0840
AVERAGE
3.0248
AvERAGﬁ
3.0646
AVERAGE
3.0262
AVERAGE
3.0514

AVERAGE
AGE

' 2;5204

A¥FRAGE

2. 9291
‘AVERAGE

.2.5247

AVERAGE

..2.5334, "

- _AVERAGE

2.5586

AVERAGE

83

UMBER o
PULSES DISP
BED
'2.200 0.279
/ 2.120 0.269
2.190 0.277
DISPERSION = 0.275
0.630 0.080
0.590 0.075
DISPERSION = 0.077
124530 0.316
2.510 0.313
DISPERSION = 0.314
2.120. o 270
2.080 . 265
DISPERSION"="0.267
2.060 . 0.260
2.020 0.255
DISPERSION = 0.258
2.020 0.257
1.890 0.240
DISPERSION = 0.249
¥.950. 0.246
. 1.870 0% 236
DISPERSION = -0.241
1.820 0.260
DISPERSION = 0.256
’ " o
2V 220 - \ 0.315
2.190 0.311

DISPERSION '= 0.313

2.000 , | 0.285
t.910 | 0.272.

1

DISPERSION = 0.278

4,890 0.694
8,700  Id. “X
DISPERSION = 0.6N
4.890 0.687
4.550 - 0.639
DISPERSION = 0.663



RUF
BT 19 1
2RN *.
¢ 21 *
3 *
& 3R *

Y 3RN *
Sy
20 9 Lf*
PT. 20 1
- PT 20 2
a )
- : '_{!,‘f‘
4 ° "%
N
1 3
.10 #
o
e .

CAT

W

3

0XY 609‘_16

PRETREATMENT
ATM TEMP TIME
(C) (HR)

0XY 500 1

0XY 500 16
0XY 550 1
0XY 550 ‘16
0XY 550 16

0XY 550 16

0XY 550 16

. 0XY 600 1
".' : m

B

0XY 600 1

0XY 600 4

4
_
~

" 0XY 650 1

';&V,,

, &
0XY 650 4

B 2]

SAMPLE  NUMBER
SIZE OF PULSES
(GH)  ADSORBED ©

2.5155 3.460

. 2.950
AVERAGE DISPERSION

2.5270 4.840
‘ 4,420
AVERAGE DISPERSION

2.5405 5.050
4.950
AVERAGE DISPERSION

2.5072  4.600
. 4.490
AVERAGE DISPERSION

.2.4730 3.160

2.4712 ° 3.260°

fz.asge ¢« 4,970

4.860

" AVERAGE DISPERSION

2. 53%5/_’//)190
; 4.500

AVERAGE DISPERSION

2 5#34 4.130

. 4. 220“
AVEBAGE DISPERSION

2.5434 3.910
*3.770

AVERAGE DISPERSION

2.5085 . 3.790
13.670

AVERAGE DISPERSIQN

2.5011, . 3.030
$2.8480

' KVE§%GE DISPERSION

" 2.5617  2.340

2.180"

AVERAGE DISPERSION

i}

H

84

~“DISP

0.494
0.422
0.458

0.688
0.629
0.659

0.714
0.700
0.707

0.68%

0.644
0.652

0.459
0.474
"0.717

0.702
0.710

o
Qe :

"0.652

0.584
0.596
0.590

0.553
©.0.533

0.543
b.s%3

0.526.

0.534
0.435

- 0.408

0.422

*0.328
- 0.306
0.317

”

{



. RUN

12

TR

. KPT

KPT

PRE TREATMENT
CAT ATM TEMP TINE
’\(C) (HR)
5 = *x 3 0XY»650 16
« 3 oxy 700 1
* ~ 3, “oxy 700 4
* 3 oxY 700 16
. .r, ‘
*x  3ie OXY 700 16
* 3. oxYy 800 1
c 1 3 oxy 800 1
c2 3 OXY 800 - ¢
101 3 ONSINTERED
L R -
10 2 3  .HYD 600 1
10 3 13 HYD. 600 ¢?
& ' Y
1 4 3 - HYD 600 16
Co _\ s s
121 "3 .  UNSINTERED
. . " '.
. s
Lo

A4

- . 85
SAMPLE  NUMBER B
SIZE OF POLSES  ,DISP

(GM)  ADSORBED
s 2.5101° 1.230 0.176
2.5097 1.180 0.169
' 1.060, 0.152 -,
AVERAGE DISPERSION = 0.160
.2.52¢0  0.870 1 0.12d
0.890 0.127
AVERAGE DISPERSION = 0.125
"2.5319  0.790 0.112
2.4782  0.730 0. 106
2.5194  0.280 £0.940
10.270 0.039
AVERAGE DISPERSION =.0.039
2.1204  © 0.370 0.063
- 0.190  0.032
. AVERAGE DISPERSION =.0.047
2.1208 - 0g310 0.053. .
o - ‘O.‘Z 0 0-039 L
AVERAGE DISPERSION = 0.046. .
2.7912°  2.640, - 0,352 -
2.7912  2.350 . 0.314
2.7912  2.290  0.3064.%
o - 2.350 0,310, |
, AVERAGE DISPERSION,= §.310.
j i, - : B “y
. L b - - B ) z:; . _.,:‘g,
2.7992- -~ 1.950 " 041260
P 1.960 0.262
' AVERAGE DI'SPERSION = 0.261
| '2.5826  2-180 0,374 =
S 12.350 7 - 0.339 - .
2,200 - 70.317

AVERAGE® DISPERSION = 0.324

- ~e
\
-0
- T
4

ooy



RON

KPT
KPT
KPT
KPT
K PT
KPT

KPT

PT

PT

PT

18H

12

12

12

14

14

14

14

CAT

3

PRETREATHMENT
ATH TENP TINE
(C) (HR)

HYD 700 1
HYD 700 q

HYD 700 16

ONSINTERED

HYD 800, 1

HYD 800 &

4

HYD 800 16

'HYD 600 1

HYD 600 1

HYD 600 4

 HYD 600 16

HYD 700 i

SAMPLE
SIZE
(GH)
2.5826
AVERAGE
2.5826 -
AVERAGE
2.5826

MWERAGE

2.6080

AVERAGE

2.6080

AVERAGE

- 2.6080

AVERAGE

2.6080

'AVERAGE

2.5212

AVERAGE

2.2560

AVERAGE
2.2560
AVERAGE
2.2560
AVERAGE
2.5107

AVERAGE

NUMBER
OF PULSES
ADSORBED

1.490
1.580
DISPERSION

1.290
1.100
DISPERSION

1.050
1.050
DISPERSION

2.600
2.830
DISPERSION

1.400
_1.500
DI SPERSION

1.450

DISPERSION:

1.270
+ 0.890
0.800
DISPERSION

1.650
1.650

DISPERSION

2.110
2.020
DISBERSION

1.920
1.720
DISPERSION

1.760
1.760

DISPERSION "=

1.350
1.340
DISPERSION

i

o~

86

DISP

0.215
0.228
0.221

0.186
0.159
0.172

0. 151
0.151
0. 151

0.371
0.404
0.388

0.200
0.214

- 0.207

0.207
0.211
0.209

0.181

0.127
0.114
0.141

0.235

0.235
0.235

0.336

- 0.322

0.329
. 4

0.306
¢ 274
0.290

0.280
0.280-
0.280

0.193
0.192

0.193



AB

RON
pT 18M
PT 18H
B
PT AB
PT
t
PT AB
;E 23
B 97
E 24
‘E 28
£ 25
E 27

CAT

PRETREATHENT
ATM TENP TINME
(C) (HR)

HYD 700 1

HYD 700 4

LY

HYD 800 1

. .
\ N

 HYD 800 1 *
HYD 800 4

HYD 800 16

ONSINTERED

ONSINTERED

{
0XY -500 1
0XY 550 1

oXY 600 1

0XY 650 1

SAMPLE
SIZE
(GH)

2.4541

.AVERAGE

2.4541

AVERAGE
2.5247

AVERAGE"
2.2502 -
AYERAGE
2.@502

AVQRAGE
2.2502
AVERAGE

5.0434

AVERAGE

'5.0026

AVERAGE

©5.0122

AVERAGE

4.7432

AVERAGE

5.0485

AVERAGE
5.03a47

AVERAGE

RUMNBER
OF POLSES
ADSORBED

1.980
1.900
DISPERSION

1.220
1.260
DISPRRSION

0.7°
-~ 0.310

DXSF IReT "7 -

1. ’90
DISPERSION

" 0.970
'0.960
DISPERSIOF

0.470
0.490 .
DISPRRSION
0.670
0.680
DISPERSION

0.750
0.770
DISPERSION

0.960
0.890
DYISPERSION

1.010
1.010
DISPERSION

0.870

0.900

0.910
DISPRRSIORN

0.590
0.600
DISPERSION

87

DISP

0.290
0.278
0.284

0.179
0.185

0.182

0.104
7.115
- 110,

0.206
0.153
0.180

0.155

.0.154

©0.075

0.078
0.077

o. 19“
0.197

-0.195

0.219
0.222

0.279

0.269

0.311
0.311
0.311

0. 251
0.260
0.263
0.258

. 0.171

0.174

= 0.172



IR

RUN
E 26 *
E 29A =
E 94 =

. B 95 =
E 96 =*
IR 62 %
62A%,
IR 86 *
IR 86 1
IR 86 2
IR 86 3
IR 96 =

PRETREATNMENT
ATS TEMP TIME
(C) (HR)

oxYy 700 1

oxYy 800 ~ 1

HYD 600 1
HYD 700 1
HYD 800 1
’ﬁuSIkTERBD
"ONSINTERED -
. HYD 600 ' 1
HYD 600 1,
HYD 600 4
. HYD 600 16
HYD 700 1.

SANPLE

SIZE
(GH)

5.0461

AVERAGE
5.0327
AVERAGE
5.0322
AVERAGE
5.0186
AVERAGE
5.0142

AVERAGE

.. 5.0002

AVERAGE

5.0560

" AVERAGE

5.0445
AVERAGE

5.0304

‘AVERAGE

5.0304
AVERAGE
5.0304
5.0650

AVERAGE

NOUMBER
OF PULSES
ADSORBED

0.510

0.350

0.340
DISPERSION

0.140
0.110
DISPERSION

0.750 o
0.760
DISPERSION

0.590
0.480
DISPERSION

0.410
0.420

DISPERSION

'5.710
5.790
DISPERSION

5.870
' 5.890
DISPERSION

5.340
5.340
DISPERSION

5.100
5.200
DISPERSION

5.310
5.050
DISPERSION

5.120
5.030

5.070
DISPERSION

88

DISP

'0.147

0.101
0.098
0.116

0.041
0.032
0.036

0.217

0.220
0.219

-'0.172

0.14a0
0.156

0.119
0.122
0.121

0.410
0.816
0.413

0.417
0.419
0.418

0.381
0.381
0.381

0.364
0.372
0.368

0.379
0.361
0.370
0. 366
0.357

0.360
0.358



- RON

IR 76 1
IR 76 2
IR 63 *
IR 63 1
IR 63 2
IR 63 3
IR 98 =
R 98 1
IR 98 2
IR 98 3
IR 107 *
IR

107 -1

CAT

HYD

BYD

HYD

HYD

HYD

HYD
oxY
ok:
oxy
oxY

oxY

PRETREATMENT

ATM TEMP TIME
(C) (HR)
700
700 16
800 1
800 1
800 4
800 16
300 1
300 1
300 4
300 16
400 1
4600 1

oxyY

SAMPLE
SIZE
(GH) o

5.0446

AVERAGE

 5.0446

AVERAGE
5.012¢
AVERAGE
4.9404
AVERAGE
4.9404
AVERAGE
4.9404
AVERAGE
5.0489
AVERAGE
5.0886
AVERAGE
5.0886
AVERAGE

5.0886

" AVEBRAGE

5.0288

AVERAGE

5.0787

" AVEEAGE

NUMBER
OF PULSES
ADSORBED

4.970
4.970
DISPERSION

4.840
. 84,720
DISPERSION

4.820 -
4.680
DISPERSION

‘4.8«:»0
DISPERSIOR

4.440
4.670
DISPERSION

4.530
T 4.570 .
DISPERSION

26-. 180
6.140
DISPERSION

5.870
5.620

"DISPERSION

6.160
6.320
DISPERSION

6.060
6.180
DISPERSION

6.880
6.810
DISPERSION

6.010°
5.980
DISPERSIORN

89

DISP

0.354

0.354

0.354

0.345
0.336
0.341

0.346
0.336
0.341

0.325
0.354
0.339

0.323
0.34d
0.331

0.330
0.333
0. 331

0.440
0.437
0.439

0.”41 5
0.397
0.406

0.435
0.446
0.441

0.328
0.437
0.432

0.492
0.487

0.489

0.425
0.423
0.424

I



Vs

' RON
IR.107 2
IR 107 3

' |
IR 87 *
IR 87 1
IR 87 2
IR 87.3
IR 88 *
IR. 89 *
IR 89 1
IR 89 2
IR 90 *
SIG 20 1
SIG 20 2°

9.

CAT

5

6

6

0XY

0XY

- oxY

PRETIREATMENT

ATNM TENP TIME

(€) (HR)

0XY 400 4
OXY 400 16
oxr 500 1
OXY 500 . 1

500
0XY
0XY 600

oxYy

700

700

1
oXY 800

ONSIKNTERED

~0XY 550

500

700

16

-1

SAMPLE
SIZE
(GH)

5.0787

AVERAGE
5.0787

AVERAGE

1

'5.0425
* AVERAGE

5.1051 |

AVERAGE
5.1051,

AVERAGE

- 5.1051

AVERAGE

1 5.02044

AVERAGE
5.0624
AVERAGE
5.0822
5.0822
AVERAGE
5.0437
AVERAGE
3.8520
AVERAGE
3.8520

AVERAGE

NUMBER

OF PULSES

ADSORBED

5.490
5.470
DISPERSION

2.870
3.020
DISPERSION

4.460
4.580
DISPERSION

3.420
3.940

DISPERSION

- 2.510
2.540

DISPERSION

- 1.220
1.470
DISPERSION

2.380
2% “00 ‘
DISPERSION

0.760
0.770
DISPERSION

0.730

0.190
0.180
DISPERSION

. 0.250
0.290
DISPERSION

0.980 .
. 0.710
DISPERSION

0.230
0.310
DISPERSION

90

DISP

0.389

0.387

0.388
0.210
0.214
0.212

0.318

1 0.326

I

0.322

0.241
0.277

= 0.259

]

|
.
~

0.177

0.179

0.178 ..

0.086
0.104
0.095

’ ‘0" 1\\70

» 172

0171

0.054
0.055
0.055

0.052

0.013

- 0.013

0.013

0.018
0.021
0.019

0.186
0.134
0.160 -

0.059
0.051



RUN

SIG

' SIG

' SIG

516
SIG
SIG
.SIG
SIG
‘SIG
SIG

SIG

20 3

22 1

22 2

22 3

25 1

25 2

25 3

25 4

27 1

27 2

27 3

0XY 500
0XY 500

0XY 500

0OXY 460

0XY 460

L4

AVE]

SAHA

SIZE
(GM

3.8520

AVE%AGE

8%20
AVERAGE
AGE
.7k19

AV RAGE

&

19

3.1
AVERAGE

!

w

.P374
AV%RAGE
.8375
AVERAGE

3.8375
AVERAGE
3.8375
AVERAGE
3.8240
AVERAGE
3.8240

AVERAGE

3.8240

AVERAGE

NUBBER
OF PULSES
ADSORBED

0.440
0.280 '
DISPERSION

0.290

0.330

0.220
DISPERSION

'0.540
 0.680
DI§PERSION

0.670
0.660

DISPERSION

0.490
0.540 .
n;spnnsxoﬁ

0.580
0.530
DISPERSION

0.580
0.590
DISPERSION

0.510
DISPERSION

0.250
~0.230
DPSPERSION

0.850
0.730
DISPERSION

0.590
. 0.800
DISPERSION

0.450
0.310 ,
DISPERSION

91

DISP

-0.083"

0.053
0.068

0.055
0.063"
0.042-

0.053

0.105
0.133
0.119

0.131
0.129
0.130

0.096
0.105

0.100

0.110
0.101
0.106

0.110
0.112
0.11%

. 0.091
0.097 .

0.094

0.Q48
0.044
0.046

0.162
6.139
0.151

0.113
0.076
0. 094:

0.086

0. 059
0. 073

~

A

A}



RON

SIG
SIg
sxq;

SIG
SIG

SIG
S16
SIG
SIG

SIG

27

29

29

29

29

31

32

32

32

32

34

34

CAT

0XY 400 1

)]

PRETREATMENT
ATM TEMP TIME
AC)  (BR)

OXY 460 16

ONSINTERED

-

‘OXY 400 4

OXY 400 16
UNSINTERED

ONSINTERED -

HYD 600 1

HYD 600 4

_
s/
HYD 600 16
UNSINTERED
HYD 700 1

N

N

-

. SAMPLE
| SIZE
(GH)
13,8240
AVERAGE
- 3.8852

AVERAGE

3.8852

AVERAGE
3.8852.
_ AVERAGE

3.8852

AVERAGE

5.0202

AVERAGE
4.9871

'AVERAGE

. 4.9871

. AVERAGE

4.9871

AVERAGE

4.9871

AVERAGE

£14.9685

"' AVERAGE

4.9685

AVERAGE

NOMBER .
OF PULSES
ADSORBED

:0.500
0.520
DISPERSION

0.480
0.680
DISPERSION

0.700
0.660
DISPERSION

'0‘. 470‘
0.540
DISPERSION

0.490

0.660

0.640
DISPERSION

0.980

0.700

0.550
DISPERSION

0.940
0.940
DISPERSION

0.790
0.760
DISPERSION

0.370 -
0.550
DISPERSION

0.720
0.660
DISPERSION

0.810
0.840
DISPERSION

0.110
. 0.160
DISPERSION

92

DISP

0.095
0.099
0.097

 0.090

0.128

0.109

0.131
0.124
0.128

0.088
0.101
0.095

0.092

0. 124
0.120
0.112

0..142
0.102
0.080
0.108

0.138
0.138
0.138

0.116
0.111
0.113
0.054
0.080
0.067

0.105
0.097
0.101

0.119
0.123 °
0.121

0.016
0.023
0.020



" RON

SIG

SIG
SIG
?IG
SIG
SAL
SAL
SAL
SAL
SAL
" SAL

SAL

34

36

36

36

36

CAT

PRETREATMENT

ATH TEMP TINE
(C) (HR)

HYD 700 ' ¢

UNSINTERED

HYD 600 1

Y
e

HYD 600 4
HYD 600 1§
'ONSINTERED
OXY 600 1
0XY 600 16
&

- UNSINTERED
0XY 600 1
oxY 600 16

URSINTERED

SAMPLE
SIZE
-* (GH)
4.9685
4.9625
AVERAGE
. 8.9625
” AVERAGE

4.9625

AVERAGE
4.9625

/ AVERAGE
1 5.0007

AVERAGE

5.0007

AVERAGE.

5.0007
AVERAGE
5.0001
X
"AVERAGE
5.0001
" AVERAGE
5.0001

AVERAGE

4.9975

'AVERAGE

NOUMBER
OF PULSES
ADSORBED

0.230

01960
0.930
DISPERSION

0.790
0.770
DISPERSION

0.510
. 0750
0.510

DISPERSION_

0.420
0.280
DISPERSION

1.530
1.460
DISPERSION

0.570
0.41
DISPERSION

0.140
0. 200
DISPERSION

1.660
1.070

DISPERSION

0.240
0.660

DISPER%ION

0.350 -
0.350
DISPERSIOR

1.850
1.230
DISPERSION

93

DISP

0.034

0.141
0.137
0.139

0.116
0.113
0.115

0.075
0.110
0.075
0.087

0.062
0. 035 N
0.049

0.223
0.213
0.218

0.083
0,060
0.071

0.020
0.029
0. 025// "

o
0.242
0.156
0.199

0.035
0.096
0.066

0.051
0.051 .
0.05%

- 0.270

0.180
0.225-



ROUN

SAL

SAL

SAL
_SAL
SAL
SAL
SAL

SAL

" SAL

SAL

SAL

SAL

3 2

16 1

16 2

16 3

16 4

22 1

22 2

22 3

22 4

CAT

oxY

)

PRETREATMENT
ATM TEMP TIME
(<) (HR)
OXY 550 1
0XY 550 16
0XY 500 1
500 16 .

[

uus;uTzkzo
0XY 400 1 °
‘dleioo 4
0XY 400 16\

uus;ursazo/
0XY 450 1
bxx.asb w
- 0XY 450 16

SAMPLE
SIZE
AGH)

4.9975

AVERAGE

4.9975
4.9403
AVERAGE
4.9403
AVERAGE

5.0011

AVERAGE

4.9960

AVERAGE

4.9960
AVERAGE
4.9960
AVERAGE
5.0304
AVERAGE
5.0304
AVERAGE
5.0504

o

AVERAGE
5.0304

AVERAGE

NUMBER
OF PULSES
ADSORBED

0.960
7.610
DISPERSION

0.460
"1.710
1.420

DISPERSION

0.980
0.940 .

DISPERSION’

1.080
0.800
DISPERSTION

1.040
0.990

DISPERSION

0.990
0.950
DISPERSION

1.020
0.950
DISPERSION

1.110
1.070
DISPERSION

1.030
0.900
DISPERSION

0.680
0.920
0.660

DISPERSION

0.900
0.670
DISPERSION

94

DISP

0.140
0% 089
0.115

0.067
0.253

0.210
0.231

o‘ 145
0.139
0.142

0.158
0.117
0.137

. 0.152

0. 145
0. 148

0. 145
0.139
0.142

0.149
0.139
0! t44

0.161
0.155
0.158

0. 149
0.131
0.140

0.099
0.133
0.096
0.109

0.131
0.097
0.114



RUN

SAL

SAL

SAL

SAL

SAL

SAL

SAL

SAL

SAL

SAL

SAL

GAL

25

25

25

25

27

27

27

29

29

29

1

CAT

PRETREATMENT
ATH TEMP TIME
<) (HR)
ONSINTERED
: (
HYD 600 1
) 9
HYD 608 4
HYD 600 16

UNSINTERED

4

JHYD 700 1

HYD 700 4
UNSINTERED
0XY 500 1

0XY 500 )

[ 4

oxY 500\ 16

UNSINTERED

SAMPLE
STZE
(GH)
4.9895
" AVERAGE
4.9895

AVERAGE

'
) .

4. 9895

ﬁﬂgvghpcz

a. 9Q95
KT
AVERAGE
5.0119
AVERAGE
5.0119
AVERAGE
5.0119
AVERAGE
£4.9863,
AVERAGE
4.9863
AVERAGE

4.9863

 AVERAGE

4.9863
AVERAGE
4.9829

AVERAGE

NOMBER
OF POLSES
ADSORBED
0.920 '
0.980
DISPERSION

- 0.690

0.670 \_
nIspERsrﬁﬁ

RS
0. 3uaf X
QG\“O

D$Spgn51

nxsﬁzasxon

0.970
0.910
DISPERSION

0.420
0.240
DISPERSION

0.320
0.360

DISPERSION

1.030
0.960
DISPERSION

0.540
0.630
DISPERSION

0.500
0.490
DISPERSION

0.350
0.350
DISPERSION

2.930
2.930

DISPERSION

M 4

95

_ DISP

T 0 .’:1-35

0.050
0.089
0 069

0.041
0.034
0.037

0.141 .
0.132

0.137

0.061
0.035
.0.048

-0.047
0.052
0.049

0.151
0. 140
0.146

0.079
0.092
0.086

0.073
0.072
0.072

0.051
0.051
0.051

0.4829
0.429
0.429



RUN

GAL
_GAL
GAL
GAL
GAL
GAL
GAL
GAL
GAL
GAL
GAL

GAL

11

11

11

16

16

16

16

18

18

18

18

20

CAT

PRETREATMENT
ATM TEMP TIME
(C) = (HR)

HYD 600 1

HYD .600 4

HYD 600 16
ONSINTERED
~ 0XY 500 1

0XY 500 4
0XY 500 16

ONSINTERED

_OXY 500 1

Ry Xid
R

&>

0XY 500 4
OXY 579 16

UNSINTERED

SAMPLE
SIZE
(GH)
4.9829
AVERAGE
4.9829

AVERAGE

4.9829.

AVERAGE

18.7618

AQERAGE
4.7618
AVERAGE
4.7618
AVERAGE
4.7618
AVERAGE
4.7551
AVERAGE
4.7551
AVERAGE
4.7551

AVERAGE

AVERAGE

4.7031

AVERAGE

NUMBER
OF PULSES
ADSORBED

2.620
2.520
DISPERSION

2.570
2.540
DISPERSION

2.070
2.170
DISPERSION

1.760
1.850
DISPERSION

2.750
2.630
DISPERSION

2.910
2.950
DISPERSION

2.760
3.020
DISPERSION

. 1.780
1.630°
DISPERSION

3.690
3.590
DISPERSION

3.170
3.060
DISPERSION

3.400
3.500
DISPERSION

1.660

1.980

1.470
DISPERSION

L

96

DISP

0.384
0.369
0.376

0.376
0.372

"0.374

0.303
0.318
0.310

0.270
0.283
0.277

0.u421
0.403
0.412

0.446
0.452
0.449

0.423
0.463
0.443

0.273
0.250

0.262

0.566
0.551
0.559

0.486
0.470
0.478

-0.522
0.537 -

0.529

0.258"

0.307

0.228
'0.264

»



RON

GAL
GAL

GAL

. GAL

GAL

GAL

GAL

GAL

GAL

GAL

GAL

GAL

20

20

20

24

24

24

24

26

26

26

28

28

CAT

PRETREATMENT
ATM TEMP TIME
(C) (HR)

0XY 450 1
0XY 450 . 4
0OXY 450 16

UNSINTERED

oXYy 600 “- 1

OXY 600 & .

0XY 600 16

UNSINTERED

oxY 700 1 -

0oxY 700 4

ONSINTERED

0XY 800 1

SAMPLE
SIZE
(GH)

4.7031

‘AVERAGE

4.7031

AVERAGE

- 4,7031

AVERAGE
4.7454
AVERAGE
4.74854

AVERAGE

4,7454

AVERAGE

4, 7454
AVERAGE
4,7475
AVERAGE
4.7475
AVERAGE
4.7475
AVERAGE
4,.7522
AVERAGE
4.7522

AVERAGE

NOMBER

'OF. POLSES

ADSORBED

4.050
2.080
DISPERSION

2.710
2.570
DISPERSION

3.170
2.950
DISPERSION '

1.740

1.430

1.360
DISPERSION

2.150
2.200
DISPERSION

1.730

1.220

1.420
DISPERSION

1.010-
1.060
DISPERSION

2.220
2.350
DISPERSION

0.800
0.820-
DISPERSION

0.310
0.230
DISPERSION

2.050
2.090 —
DISPERSION

0.560
0.480
DISPERSIORN

0

1]

97

pISP

0.318
0.323
0.320

0.420
0.399
0.410

0.492
0.458
0.475

0.268
0.220
0.209
0.232

0.331
0.338

0.334

0.266
0.188
0.218
0.224

0.155
0.163
0.159

0. 3“1 ‘
0.361
0.351

0.123
0.126
0.124

0.048
0.035
0.041

0.315
0.321
0.318

0. 086
0.074a
0. 080



RUN
GAL
GAL
GAL
GAL~
GéL
GAL
GAL
:'GAL
GAL
GAL
| GAL

GAL

30

30

30

30

32

32
32
‘32

34

34

34

34

CAT,

8

-

PRETREATMENT
ATM TEMP TIME
(C) - ' (HR)

UONSINTERED

0XY 400 1
OXY 400 4

OoXY 400 16

UNSINTERED
N
HYD 600 1~
RYD 600 . 4
HYb.soo 16
ONSINTERED
EID 700 1
HYD 700 4
HYD 700 16

SAMPLE
SIZE
(GH)

4,7222

AVERAGE
4.7222
AVERAGE

4.7222

AVERAGE
4.7222
AVERAGE

4.9893

AVERAGE

4.9893

" AVERAGE

4.9893
AVERAGE
4.9993
AVERAGE
5.0061
AVERAGE
5.0061

AVERAGE

'5,0061 -

AVERAGE

5.0061

AVERAGE

NUMBER
OF PULSES
ADSORBED

1.680

2.050

1.160
DISPERSION

1.990
1.530
DISPERSION

1.980
DISPERSION

1.780
1.860
DISPERSION

1.450
1.420
DISPERSION

1.230
1.310
DISPERSION

1.660
1.700
DISPERSION

1.680
1.710
DISPERSION

1.910
2.000
DISPERSION

1.630
1.650
DISPERSION

1.490
1.020

DISPERSION

1.200
DISPERSION

98

v
.
DISP

0.260

'0.317

0.179

0.252

0.307
0.236
0.272

0.278

-+ 0.292

0.275
0.287
0.281

0.212

. 0.208

0.210

0.180
0.192
0.186
0.243

0. 249
o' 2“6

N

0.306-

0.246 -

0.250
0.248.

- 0.278

0.291
0.285

0.238
0.240

0.239

0.217
0.149
0.183

1 0.179

0.175
0.177



RUN

GAL 36

GAL 36

GAL 36

GAL 36

CAT

PRETREATMENT

ATN TENP TIME

C) (HR)
UNSINTERED
HYD 800 1
HYD 800
HYD 800 16

|

SAMPLE  NUMBER
SIZE © OF POLSES
(GN)  ADSORBED

g.988a g1+ 390
2.060
1.650

"AVERAGE DISPERSION
q3.9884 1.020
- 1.060.

AVERAGE DISPERSION
4.988¢ - 1.030
1.140

AVERPGE DISPERSION
4.9984¢ 0.780
0.810

AVERAGE DISPERSION

It

99

DISP

0.203
0.301
0. 241
0.249

0.149
0.155
0.152

0.151
0.167 .
0.159

0.114
0.118
0.116
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