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\‘

The loss of metal suréace area in supported metal

b

ABSTRACT

" catalysts due to thermal sinterlng is.one of the maln causes‘

- for the deactlvatlon of the catalysts., In thls study

changes 1n metal surface area caused by thermal treatment in

hydrogen and oxygen at 300 and 800 oC for 1. and 16 h were

examlned for monometallic catalysts (. 1%Pt, 1%Ir, 1%W ) and

blmetalllc catalysts ( 1%Pt/1%Ir and 1%Pt/1%w ) supported on

Td_ aluglna { Alon Yo o

\ ‘ ' /

’

Metal surface ‘areas were measured by hydrogen S

-vadsorptlon u31ng the dynam;c flow method . Support surface

-

- areas where obtained by the BET method and changes in

i ~
) B

.

s support crystalllnlty wereaexamlned by X- ray dlffractlon.'

. B Slnterlng results for &he monometalllc catalysts and

] the phy51cal mlxtuées of the monometalllc_c talysts were

iobtalned so that dlrect comparlsons Hlth nheeb

catalysts could be’ made.r

\

The results for these catalysts

;I ~

A, are 1n general agreement wlth the results obtalned by

prevxous ;nvestlgators,‘l.e. W forms a non- hydrogen <

adsorblng complex with- alumlna, metal surface areas of Pt g

and Ir decrease monotonlcaliy wlth 1ncreased 51nter1ng

’ temperatures for treatment 1n hydrogen'

»es in metal

surface -area. occur for‘Pt and Ir durlng treatment in oxygen :

at temperatures of 300 - 550 OC for Pt and 300 X350 oc for

’ ¥

.2

(]

N

¥
i
o

i‘.

N




*netals;

showed that interaction coxisted between the two metals co-

impregnated on the alumina support1 The sintering behaviour

of the Pt/Ir bimetallmc catalyst was very similar to that of"

the Ir catalyst when treated 1n hxdrogen. ( Note- the
phy51cal nixture of the Pt and Ir catalysts. during treathent

in- hydrogen d1d not dlsplay any sinergistic effects ).

.After treatment in oxygen for 1 h the Pt/Ir blmetalllc,

S

'catalyst showed 1nteract§in between the Pt and Ir. After 16

h treatment in oxygen the results were 51m11ar to those for

- the phy51cal mlxture of Pt and Ir catalysts. The phy51ca1

»mlxture of Pt and Ir 1nd1cated long range 1nteractlons

between the metals vhlch is believed to be due to vapour

phase transport of metal oxide species. The Pt/w system was

less exten51ve1y studled than the Pt/Ir system but the .,

results indicate a strong 1nteract10n»between the Pt and W

~

It was concluded that 1n the freshly prepared ?
/

:blmetalllc catalysts the metals are not phy51cally separated

on the support surface but are {n c%ose prox1m1ty to each

other ( p0551b1y alloyed ).

Y

Vi
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2.1 Supported'Metathatalvstsg :

" . . : ' X ’ ¢

fl. . u-v':)_cﬂAPTdﬁylj

"lﬁTRODU&flON

Supported noble metal catalysts are used 1n a wlde

'varlety of 1ndustr1ally 1mportant chemlcal reactlons. Such

catalysts con31st 1n general,\of small metal crystallttes

'dlspersed over a relatlvely stable porous mater1al Culled thqu

.support.‘ The metal is the catalytlc agent however, ln some

casés the support may also partrcrpate 1n the reactlons <‘7”

(€. g. the reformlng of hydrocarbons). The metal is usually

- added to the. support by 1mmer31ng the support 1n an agueousﬂ‘

.-qolutlon of tne metal salt and allowlng the water to o

~evaporbte.. The ;mpregnated salt is then reduced dlrec

wa »

‘is then reduced The Lesultlng metal crystallltes may varj
'51ze from >200 nn to smaller than 1 nm. The support 1s often

'MQ Dy o
“a metal oxlde such as alumlna or 5111ca and helps to create -

- and malntaln a hlgh metal surface area.

*ifat elevated temperatures and over prolonged perlods of tlme

‘Gthe metal or calc1neo 1n oxygen to form the meta] oxrd‘

o .

-~

4
%

0 .

It has been observed for supported metal catalysts that

A

.the average metal crystalllte 51ze 1ncreases. Thls 1ncrease»‘

fln crystalllte 51ze is called 51nter1ng and results 1n a louer

'metal surface area. Slnterlng 1s detrlmental to the

~performance of the catalyst, because the decrease 1n metal

\’/

l.surface area results 1n feuer 'actlve' surface sxtes upon4

vhlch the catalysed chem‘cal reactlon occurs.'

-



°"'another crystalllte (2)., By elther theory the fundamental

’xt}dr1V1ng force 1s the reductlon 1n the overall surface free '

In addrtlon to tlme and temperature, ‘the type of support

v

and the atmosphere,above the catalyst have - a 1arge effect on

the thermal btablllty of a catalyst, 1 e. its resistance to~
\

51nter1ng. In certaln c1rcumstances the surroundlng
_atmosphere can ‘cause an 1ncrease in the metal surface ‘area. -
This is de51reab1e for the regeneratlon of deactlvated

-catalysts. “‘:i’,'i L : :
' : A ' , e
' \ ‘z,‘- A Lo '_ L

. The mecnanlsm by whlch the crystallltes grow is st111 :jg o S
?)uncertaln. One mechanlsm ccn51ders that the crystallltes move/ L jj

. ‘ X - -
facross the support surface and then coalesce (1) whlle anothet’ T

}theory suggests that atoms of metal leave one crysta{llte, e

_travel across the support surface, and then are captured by

, S = ), hj‘ f /

: dr1v1ng force behlnd the sxuterlng process is. the same.} Thlsv‘ N
. - ' ShoT

energy o_f-.t,he metal. B S s LR
1.2 Measurement of Metal Dlsper51on S e N e e
=== ' SR L

e -

' There are several dlfferent technlques avallable for

a@neasurlng the metal surface area of supported metal

N
\)

chatalysts (3).‘ Among the slmplest 1s the dynamlc flow
l{chemlsorptlon method.: In thls method ‘a sultable che

‘jfspec1es 1s chosensf The chemlsorblng specres should‘be on; ;vpﬁaf_ff¢
'Zf;that readlly bonds to the surface metal atoms Ie.g. H2,02 "‘f.]f
L~ 6‘ L / o )

CO).' By measurlng the amount of chemlsorptlon and assumlng a-

st01chlometry of the adsorbate to the adsorbent (e.g.‘1 H atom

R

adsorbed per 1 Pt surface atom) a metal dlsper510n can be g




+

| . o o . oA
da?ermlned The dispersion'is defined as the ratio of the .

number . of surface metal ‘atoms to the total numher of metal

, - atoms. The- dlSper51on is directly related to the metal »

‘ surface area, and can be converted to a metal surface area hy

multlplylng the dlsperSLon by the total number f metal atoms

\ ~and the average area per metal atom.f/" : U ”

The varlous crlterlaﬂior ch0051ng an adsorbate and the y -
kf\ \ h r‘assumptlons necessary to calculate the dlsper51on from o .“E
2ki.i‘v‘jiadsorptlon uptahes’have been dlscussed exten51vely in the ‘ “%;
Vo ﬁ‘llterature.(Q,S,G)a | x E
1.3, pgorted Blmetalllc Catalysts R ’ R A\ _;ﬁ

g Supported monometalllc Catalysts have domlnated the .ok-v i f‘
1ndustr1al scene 51nce the second orld war' however, ln the h“ﬂl
past decade bl- and multlmetalllc cata”ists héve become wldely
used.: In thlS case two or more metals are ;:spersed on theffly:'f
support.;/zﬁe.popularlty of these catalysts ‘over onometalllcs (t

j‘ 1s‘dde to several factors.' These lncludef'*r_ Lo ~ :‘t*.fd; ‘
"._fji often blmetalllcs have increased act1v1ty thusv _~?%§;;
regulrlng less severe operatlng condltlons forvthe catalysed |
reactlon\. SR : : : \ : |

f“f‘f‘3 :k,jﬂé;g 1ncorporatlon of a second.metal‘may lead to dlfferent %4 jjy
3 S product dlstrlbutlons, l.e: better select1v1ty.;.-ﬂ‘ | C sgg
T;lj blmetalllc catalysts may have 1ncreased thermal SRR ;?

. <;_,;=stahllm y wlth respect to\51nter1ng ”(fh*jf;i!j'y;ff-‘lfi7‘ ; ‘h"Sv b

‘[fa:? blmetalllcs may retarv coke formatlon (e.g. Pt/ﬁe). o

¥
(Thls 1s of great 51gn1f1cance 1n catalytlc reactlons




»subllmatlon)r. For blmetalllc catalysts lt ‘is of 1nterest to

‘~surround1ng env1ronment ‘has on the surface comp051tlon.

‘>Psuppor

B ’_J'O.‘.“- g T . ’ R V ' ‘ “ .

involuing‘hydrocarbons;) .
' . ¢ . ¢

L . - 0 ,
. ; ‘ ‘ : /

Very llttle has been publlshed 1n the open llterature on A

“supported blmetalllc catalysts espec1ally an regards to the n o

<‘thermal stability. The thermal stablllty characterlstlcs and .

other propertles of these catalysts depend partly on the

Jsurface composltlon of the metal crystallltes. Hhereas Hlth

R,

’monometalllc catalysts the comp051tlon of the crystalllte

surface 15 the ‘same as that of the. bulkv thls is not

13

necessarlly true for the crystallltes of hametalllc catalysts.

In: fact, it lS vell known that when two or more metals are,

,-present as an alloy the surface wlll bejggrached vlth the

3 b
metal that has the lower surface energy (or,lower heat of

¥

now whether the;crystallltes form alloys or Hhether the

| metals remaln segregated on the support Also 1f alloys are

kfr formed, 1t ‘is of 1nterest to determine the extent to whlch the -

yisurface 1s enrlched with one component and the effect the fﬁ

» Y

-7

) M _.:»'_ ?‘. L . - /
In the present study the thermal stabllltles of the tVo

ted blmetalllc catalysts Pt/Ir on alumlna and Pt/H on -f;ﬁf;_'

: AN ;f~-/ ARREUTIE <)
alumln\ wera 1nvest1gated There 1s relatlvely llttle 1n the

v?open llterature on the 51nter1ng behav1our of elther of theseﬁ_

Q

"two catalysts., Thls 1s somewhae surprzsmng srnce Pt/Ir on f;’

alumlna 1s uldely used commerglally for the réformlng of

"%g,hydrocarbons. It uas hbped that through the study of the

. A e

”,'Ethermal stablllty . 1nformat10n could be derlved as to the

comp051t10n of the metal crystallltes on the support and the

C e
'

-4




o . o . \ S :
.ﬁ’méchanism“(i.e qrystallite ‘versus atomic migration) by which

the catalysts sinter. ; ~

Ll



CHAPTER 2
EXPERIMENTAL

,2,1 Introduction‘

Thls chapterﬂdescrlbes the methods for catalyst

_‘preparatlon as well as the procehures used for catalyst

i

characterlzatlon..'The catalystupreparation is described at .
some length since this is still very much an art and small
variances in procedure can result in quite different

dispersion of the metal.

2.2 Catalyst Preparation

~ o

’ fivendifferent catalysts uere used in this uork:
T.‘l%Pt/a:lumJ.na, 1%Ir/alum1na, 1%H/a1um1na and co- 1mpregnated
“1%Pt/1%Ir/alum1na, 1%Pt/1hn/alum1na., All catalysts vere
prepared in the laboratory and ln all cases the support: was
1lon._ Alon is a com erc1al gamma-alumlna manufactured by the
‘Cabot Corporatlon cf Boston, Massachusetts. The support was

‘1mpregnated u51ng ‘an agueous solutlon of the metal salt.

ki

"3,Plat1num (II) chlorlde and 1rldlum (II1) chlorlde were

purchased from Engelhard Industrles of . Canada Ltd., Toronto,.

'Ontarlo.i Ammonlum metatungctate vas obtalned from ICN ”N”

@

Pharmaceutlcals, Pla1nsv1ew,_N Y,. The analy51s of the

~tungsten content in. the metatungstate 1s outllned in Appendlx

!
,c. ‘ @.__, . R
Por the preparatlon of the monometalllc catalysts, a

fuelghed amount of dry Alon (usually 100 grams) uas wetted uath

K 0. o N . . [ .- . . . "..
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distillcd de—ioui;od vator until a 5dooth paste was formed.
Approximately 1 wml of water was added per gram of Alon. Tha
requiced amount of the aqueous salt solution (i.c. that IR
required to give a metal loading of 1 weight percent) was
pipetted into 4 graduated cylinder and diluted with 60 mls of
distilled de-ionized uater. The contents of the graduated
cylinder were sloviy added to the alumina paste which vas
being stirred'viéorously. The qraduated cylinder was rinsed

vith Several 10 ml portions of distilled de-ionized water and

the/uashihgs were added to the Alon. The Alon was left to

'monometalllc catalysts except for one change: the required o

stand for 24 hours, belng stirred 1nterm1ttent1y. It was then
i
eing continuously

slowly heated, on ‘a hot plate, whlle

stirred untll a thlck paste formed{ The paste wvas spread

evenly over the walls of the containing vessel (2000 ml

+

beaker) and allowed to air dry for 24 hours._ Next, the

[

f,catalyst vas crushed to flne powder and drled in a Fisher

a,,’

Isotgmp oven at 110 oC for another 2u hours.

3

The procedure‘for the preparation of the co-impregnated

catalysts~vas the same as that just described for the

volumes of the metal salt solutions (plus the 60 mls of

distilled de—lonlzed water) were mixed thoroughly’ before

v ow g

adding to the alumina paste.

«

. o o :
The reduction of.the dried catalyst consisted of a series

of Stebs; Flrst the sample was reduced in-a flow of hydrogen'

"(50 cc/mln) at . 150 °C for 16 hours. The temperature vas then

1ncrea$ed to 250 °C for 2 hours and finally 500 °C for 1 hour.



The samplo was purged with nitrogen ("0cc/min) and cooled to
room temporature. “The catalyst vas reduced in 20 gram hatchoy
and all batches wero wmixed togoether to give as homogenasdusn a
catalyst An possiblu. The rndu;ed catalyst wag storad at roon

teaperaturce in air.

s

2.3 Experimental Schedule

the dispersion of {ze catalysts before and after thoxmdl

treatment under a prescribcd set of conditions. In all

: ‘ s
the initial dispersion vas mcasured. The 1n1t1a1 di&w
<S4

will also be referred to as the dispersion of the 'fresh®

catalyst or the 'ungintered' c§£alyst. The cataly$t sample
was thén treated in either hydrogen or oxygen for 1 or 16
hours at a given sintering'temperature. The dispersion of the
sintered catalyst was meésured and a relative uptake (sintered
dispersion/ unsintered dispersion) was calculated. The
relative uptake was determined over a range of temperatures;
The relafive uptakes were plotted against temperature to give L
the sintering curvesk. -

Besides the sintering‘behaviour ofvthe monometallic and
bimetallic catalysts, an invéstigatioh'of the thermal
stability of mechanical mixtures of the Pt and Ir, and, Pt and
W monométallid'éatélyst wvas made. In this case 50/50 weight
percent mixtures were prepared by intimately miximg the
catalys&s in a'mbrtar with a pestle. _The sintering curves for

the mechanical mixtures were compared to the curves for the .



monometallic as well as the himetallic catalysta, 1t was of
Interest to sve it the motals in thelmechanicnl mixturos
sintered indepondontly of cach other or vhether thore ware
fynergistic affocts due to long rango petal transport

(©.9g. vapour phaso transport).
I i

2=4 Dynamic Flow Adsiorption Hethod

o s e o o ot ol

The metal dispersion was measured by hydrogen
chemisorption. The apparatus used was much the samo as that
described by Freel (7) and Plynn (8). A schematic diagram of
the apparatus is shown in Pigure 2.1, Calibration of the
apparatus is detailed in Appendix A. The origiﬁal’samplu
loops on the gas vample valve were too large and a pair of
0. 345 cc loopg Were constructed from 0. 125 inch stainless

steel tublng.

The initia} metal dispersion was measured by the
foliowing procedure. An accurately weighed catalyst sample
(~1.5 grams for all the platlnum and iridium catalysts, ~2.5
grams for the Pt/W bimetallic catalysts and ~ 3.2 granms for
the Pt-w mechanlcal mlxture catalysts) vas packed hetween
glass wool in the chor U-tube sample holder and purged with
hydrogen (50 cc/min). 1In the later sStages of the
investigation, Sintering was carried out at temperatures
>500 oc, and quartz wool instead of glass wool wvas used. The
furnace {Lindberg Box Pufnace,,Sola Basic .Industries ——- -
Hatertown, Wisconsin model 517Q8) vas heated to 500 ocC (+/-

2 0Q) and controlled using a Thermo Electric {
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finlectrol temperature uuhtrullur (Thermo Electric Co. faddle
Brook, HN.J. w@odel 301402110). The sasple vas then placed in
the furnace and treated in hydrogen for 1 hour. Hydrogyen was
used in order to clean the metal surface of any oxides., Next
the gan wvan nvitched to nitradnn (50 cc/min) and the zample
purged for 2 hours. The nitrogen ﬁérqu alloved for the
desorption of hydrogen from the motal ﬁurfncé. The sample
holder was rueamoved from the furnace, H(Lli purging with
nitraévn, and alloved td cool to room temperature, While the
sample wasn cooling tho thermal conductivity cell (Gow-Hac
Instument Co., Madison, N.J. Model Ho, 10-7135, wvith rhoesiun-
tungsten filaments, povered by a Gow»ﬂacvpauer supply, model
40-05C) vas swvitched on and alloved to varm up. Tho filamcnt
current vas preset to 150 mA. The T.C. cell vas immersed in
an ice wvater bath. The output from the T.C. cell went to a
Hewlett-Packard erodel 3380A reporting integrator which was
also alloved to warnm uﬁ'several minputes prior to use.
Hydrogen at a constant flowv rate of 50 cc/min vas pas sed :
”through one loop of the B-port Carle gas saaple valve (Carle
Instruments Inc., PFullerton, California model 4200.). When
the catalyst sanble vas at room tenpecaﬁyre the gas sapple
valve was electrically activated and injected the volume of
hyarogen in the sample loop (0.345 cc) into the nitrogen
égrrler stream. The gas sample valve had twvo sasple loops an&«
va$>so designed that when activated one loop vhich was purq}ng
vith-hydrogen.udgsfsg}ated and flushed with the nitrogen
carrier. The other loop thch had just previously been

flushing with nitrogen was now purged with hydrogen. Pulses



of bydrogen vere 1ujected at 3.5 albutes luntervals ukvil the
Elze of Lwo cofsecutlively eluted peaks, as shGes ob the
integratol, velre constant (i.e, ho sore hydrogen vas being
ﬁdﬁurﬂﬁd); The asmount of hydrogen adsorbed vas ¢aloulated as
the difference between the amount of hydrogen ipfected and the

amount of hydrogen eluted.

Toe sinter a sample the furnace was set to the desired
temperature.  The sasple, f@f thcﬁ?%Eefinitial dispersion had
just beon determined, van purged vt?ﬁ hitﬂ@q@n (50 co/uin)
then placed in the furnace and allo#&d to raach the sut
teaporature.  Whoen the net teaperature wvas achioved the
nitrogen flow was replaced by th; desired gaa (flov rate 50
ccysin) in which the sintering charactegrintics were to be
detersined,  In this study the ataosphere vas oither oxygen or
“hydrogen. The sasple vas alloved to sinter for the required
length of time and then the flovﬁvgﬁ switched back to nitrogen
and the sample holder removed ffon,th furnace. Tho furnacoe

'S

vas brought to 500 9C and the sau? procedure vas folloved to
measure the dispersion of the si;tered sample as that ;sed to
mcasure the initial dispersion. 1In most cases repeat
deterainations of the hydrogen adsorption were made on the
same sasple. The procedure for the repeat determinations wvas
to reduce the sagple again in hydrogen for 1 hour at 500 o¢
folloved by a 2 hour nitrogen purge. The sample vas withdrawn

from the furnace, cooled to room temperature, and the hydrogen

X 1
adsorption uptake was remeasured.

The ggses'\sed vere 6f very high purity. Bydrogen vas




generated electrolytlcally ulth the Hatheson Elhygen— »:V.n‘ -

hydrogen generator (Matheson Gas Co. East Rutherford " Ne J.-v
‘,:u. —fd)/ . Y a

model 8320)3 The hydrogen was further purlfled to remove

"é traces of oxygen by pass1ng 1t over an Engelhard Deoxo

el 7":- Nl / [
hydrogen purlfler an then over a bed of uA molecular s:.eves.i
ey A : @ :

The n1trogen°was Ilnde Spec1alty Gas prepurlfled (Unlon,

Carblde Canada Ltd., Toronto, Ontarlo)., It uas further =
pprlfled to remove traces of oxygen and.hydrogen by uSLng a
Cu/Cuo catalyst heated to 300 °C.“ The nltrogen waSaalso ﬁvnv .
passed through a bed of 4A molecular 51eves._ The oxygep uas A

oy C
Llnde spec1alty gas, Ultra ngh Purlty, and was used wlthout i

R . » R
o Lo (O
3 AP oy e : B

further purlflcatlon.. ' ".‘Jf
S AR N & . C v /,(-/‘

Z,SQX—ray Diffraction'Measurement“‘

'f, :; /Some of the catalysts used 1n thls study were examlned by

“ X~ray dlffractlon. The dlffractlon patterns were used ”.E;\-- =
T . i § / I
gualltatlgely to examlne the changes in the crystalllnlty of

~..a=’/

the hlnﬁ support and t hE” changes 1n metal crystalllte size due
to thermal treatment. The X—ray data vas found gulte useful _ 1_ ‘ @ﬁ
o S s

1n the 1nterpretat10n of the chemlsorptlon data and the

51nter1ng behav1our.

e e e e i e e

azhanges 1n the’ crystalllnlty of the support are 1mportant
= S 4 , o . ‘
beca " L B ~ ) : )

5. @

'hl. Crystalllzatlon of the orlglnally amorphous support

o

decreases the surface area~uh1ch results 1n metal crystallltes

ol ,becom;ng ;naccesslblg tovthe hydrogen:adsorhategﬂy:ffd»p- S ,




I ‘h.: B S L S b
2 Changes in the structure of the support will affect
- , B N\ V_,‘. .

the moblllty of the metal and thus affect the rate of

~.

o . \

sinterlng. : ‘_ ‘f‘ld j: . ;.\ .3a

PN

uetal‘partlcle 51ze ‘can he obtaﬁ‘*d

dlffractlon.,.The presence of small crystalllne partlcles\\r

——

‘A[_causes a . broadenlng of the dlffractlon llnes.; Equatlons are

\\ .

v'_reportedlln the llterature (9) whlch relate the llne |

J“broadenlng to the average partlcie Slze., Although in thls

Z

¢ B i

,-work actual partlcle sizes. uére not calculated the X—ray data
‘uas used qualltatlvelz to 1nd1cate how theametal crystalllte‘

,“51ze changed Hlth dlfferent 51nter1ng treatments.' -

A o
Preparatlon of" the catalyst for an X rag scan 1nvolvef
crushlng the sample to a flne powder.« The powder was then
llghtly sprlnkled onto. a glass sllde whlch had been coated onvp
one/51de wlth petrcleum Jelly. The purpose of the jelly wasr
to hold the the powdered sample on’ the sllde. Excess sample
was removed from the sllde by a gentle tapplng; The sgmple -
uas then mounted in the dlffractometer. A Phllllps
dlffractometer (type PW 1380/60 no.h0698) vas. used. Cu(K°c )'
(A-O 1541 nm) radlatlon was used with a nlckel fllter.»*For
most o’f the scans the angle scan rate was 0.125 deggees/mln,:
ﬂthe attenuatlon wvas 4 the CPS vas uoo and the time constant
0 u. The scan started at ;: angle of 9—17 and usually ended
o at e=24 1f only the changes in the detal crgstalllte size uere

belng studied .To studx/changes 1u vhe crystalllnlty ‘of the

v oo

Kl

support the angle vas scanned to e 36.

Theadiffractlon patteru_vas recorded on a strip chartf';i



A

.f2;64BET Surface Area Measurement'

{The vapour pressure of nltrogen at llguld nltrogen:'e‘

v,

15

iy "
S ‘

: R R » 4 v - LT ;o
with the intensity~of signal‘measured againSt 264;‘These,’ ’

recordlngs uere trach and replotted versus the d spac1ngs

'quhleh are obtalned by substltutlng the angle © into the Bragg

eguatlon (10).; o & : L

\
EE

-

N

Cn Surface areas of the support uere measured by u51ng a o

S [y
'standard“constant volume BET apparatus. ‘The dead volume

»determlnatlon._ Surface areas(of the support were measured forﬂg_““

‘determlnatlons were done u51ng hellum and. the BET 1sotherms'

_uere measured u51ng nltrogen at llgu1d nltrogen temperatures.

I

\ @

' -temperatures Has measured With a. Wallace-Tleruam pressure

..]

gauge (Pennualt, Wallace 8 Tlernan DlVlSlon, 1500 Hi -
=Performance Gauge Llne, Bellev1lle N Je )', The pretreatment ofdr

.the catalyst con51sted of evacuatlng the samples at 200 °C to

b

‘a pressure of <10—3 Torr.t An average of flve p01nts 1n the

crange of 0.05<P/Po<0~35 were measured for each surface area

fresh and heav1ly 51ntered samples, only,_ln order to

} ' '
determlne the changes of the support area durlng 51nter1ng. S

PN




, o ~ CHAPTER 3
e T 'RESOLTS

' 3., Introduction

The hydrogen adsorptlon results, the x-ray dlffractlon';s
(XRD) results and the BET surface area measurements are f-r
o summarlzed 1n thlS sectlon. All the hydrogen adsorptlon
results are llsted in Table B-j of Appendlx B. Each |
~‘ expenlment in Tc < B 1 con51sts of a set of hydrogen

. chemlsorptlon measurements (called 'runs ) for a fresh

e

catalyst sample.f The metal dlsper51ons are llsted as the{h
~"hydrogen to metal' ratlo (H/M) (where H total atcms of

hyd‘ogen adsorhed and/M total metal atoms), and throughout
I .
; thls work the two-terms wlll be used 1nterchangably.; Thei}*

dlsperSJOn is egulvalent to the H/M only lf one H atom.

‘chemlsorbs on . one surface metal atom. There 1s eV1dence 1n

' the llterature (11) that a 1 1 st01ch10metry ex1sts for H

atoms adsorbed on Pt-‘however, for Ir and w the adsorptlon

-

st01chlometry has not yet been establlshed : The presentatlon

of the chemlsorptlon data 1n terms of the H/M rather than

5

dlsper51on was perferred 51nce; the. H/M 1mplres no

assumptlons as to adsorptlon st01chlometry.,u';

The eguatlon used for calculatlng H/M 1s' v 7
H/ﬂ-= ) N, % V. * F. % No L . - [3. 1] -7
o (H/100)*(u1/uw1+n2/uw2)*uo L 2

K3 f'.]"

~where: ' ‘ ;
. N=the no. of pulses adsorbed (calculated from the peak
- areas) . .

~V=the- average volume of H2 ln the sample loops—O 3&5 cc.,t"

F~((1/22a1u)*(2)) moles of H per Cc. -
No—Avogadro‘s number : SO



111ustrat1ve example are g1ven ‘in Appendlx A. Appendlx B‘

mr and tabulate the data as glven in Tahle B-1

AR N 4

| . o e,

W=the weight of the cataIyst sample 1n grams (a)
Ml1=the wt.% of metal 1 on the catalyst’
. M2=the wt.% of metal. 2 on the catalyst L
_ MW1=the atomic weight of metal ‘1. . e
oo uH2=the atomic uelght of metal 2

(a) H W/2 for the mechanlcally mixed;catalygtsl,//%** :f:.

s In the case of the bimetalllc M in the term H/M represents the o

total number of metal atoms. .,

kN

The method used for calculatrng the H/M and an'jfit,;

AN

1lStS the computer programs that were wrltten to calculate H/M

NG

I D

*f | For each experlment llsted ln mahTE”ﬁ—T—a relatlve uptake

R -4

average dlspers10n of the 51nteren sample to the average

uas calculated.; The relatlve uptake 1s the ratld of the‘

dlsper51on of the un51ntered sample.» ThlS is equal to the

e

ratlo of the amounts of hydrogen adsorbed by the 31ntered and

un51ntered sample, thus the term relatlve uptake..

' l?

Relatlve uptake (RU) 1s a rather useful concept 1n the

/

b; study of chemlsorptlon on supported metal catalysts for

several reasons.i One reason is that no’ assumptlon need be'f5~
made concernlng the adeorptlon st01ch10metry 1n order to

/ '.
calculate the RU. The only assumptlon 1s that the adsorptlon

‘i'st01chlometry is. 1ndependent of the metal crystalllte 51ze. fh

second reason for u51ng relatlve uptake 1s to & count for

not only found between dlfferent batches of catalyst but alsohlh,f'”:

t\_g_/

inhomogeneltles 1n the metal content and the 1n1t1al metal

dlsper51on of the catalyst samples.g Such 1nhomogene1t1es are}Vi

"‘f o~ .I‘
C L




wlthln the sampllng of the _same batch._ It is found that lf

~ S =
PO @

tuo samples from the same batch of catalyst are 51ntered by
exactly the'same treatment condltlons, the resultlng

%o

dxs%er51ons wlll be dlfferent 1f the 1n1t1al dlsperSLOns Here o

v

TN -

s d1fferent.l4The RU ceemstocompensate for small varlatlons ;na
the'inltlal dlsper51on. An example of thls lS found hy o
comparlng the results of Exp.# 37 and Exp.# 38 1n Table B 1.

In both these sets, a sample of\Pt/Ir'blmetalllc-catalyst-uas

g3” s1ntered 1n oxygen at 500 oC for 1 hour. The average 1n1t1al

¥ , N TS "f:‘n:'

'.and 51ntered dlsper51ops for the flrst set were 0 u3u and

o.25u reSpectlvely.~ For the second set the averages vere

A

0.&71 and 0 26u.< Although there is more than ‘an 8% dlfference

~

betueen the 1n1t1al dlsper51ons and a 4% dlfference betueen.VW'
l .

‘{

the 51ntered dlsper51ons, there 15 only a: 2% dlfference
between the relatlve uptakes.l The relatlve uptake wlll only
= 'smooth'-the data 1f the dlfferences 1n the 1n1t1al

dlsper51ons are small (12).} A thlrd reason for u51ng the

et . 2
L]

relatlve uptake 1s that systematlc errors 1n the experlmentél
apparatus such as-'lmproperly callbrated sample 1oops,

varlatlons 1n gas flow rates, temperature and pressure are

} 2

'?L_cancellede These errors can be 51gn1f1cant when calculatlng

the 'absolute' dlsper51on.'

'aﬁ,3;?-Adsorption'hesults~‘g?{f~”-i.if; 7”-' R

The methdﬁs used for 51nter1ng the catalysts and
e measurlng the hydrogen adsorptlon have heen dlccussed
prev10uc1y in the experlmental sectlon.,vrhf]eps 'ff‘\ BN

Y



Lo

The results from-’ Tahle B-1 have been summarlzed in terms

\\

o of the relatlve uptake and are llsted in Tables 3.1 - 3.u.ﬂ

. . /! . ‘ . T ' Y
Huch data were collected on the 1n1t1al d1sper ions of
the dlfferent catalysts. As such an average 1n1t§a1 ¥

\

dlsper51on was calculated for each catalyst. 'A Etandard
3 [N

dev1ataon (SD) and the coeff1c1ent of varlence (CV) uere also g

! \

calculated The results are\glven 1n Table 3.5. The CV is

the standard deV1atlon d1V1ded by the average (13). ‘Results

\f of repeat uptake measurements on the same" catalyst sample are

o e ’””19,.

l}v

-

. glven 1n Table 3 6 Results ‘of. repeat 51nter1ng experlments
._,\ & -
on fresh catalyst samples are glven 1n Table 3 7. L R
'« 3,3 The BET Surface Area'Resultsh B O S DT AR
The surface areas of the support were measured for some »
of the fresh and heaV1ly 51ntered samples u51ng the BET
- method The results are glven 1n Table 3. 8.‘ A sampleA ﬁ.;[,Vt
Jcalculatlon of the surface area is glven 1n Appendlx A._"
ik?*#piétéglDifﬁtéftébﬁ&Resu;tse; {f*txf S "L-“. RS A
e S 'u‘x. R sl e T . IR o
-;4€3,ev The X-ray dlffractlon patterus are shown 1n Plgures 3 1-
DIREEN RS “
3 5¢ Intens1ty of srgnal 1s plotted agalnst lattlce spac1ng,'
L D B ]
',‘d‘ Increased 1ntem51ty of the x—ray dlffractlon llnes :
v /o TUNFT - : Lo \
- 1nd1cate lmcreased crystalllnlty.,_j .
N i s \,* B . o
o . H /o - -
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Catalyst

N~

1r

Pt

Pt/Ir
Biget

Pt/Ic

Hix

Pt /¥
Bimet

Table

3.1

Kepeat Experiscnts op ¥reah

Catalyst Saaples

Exp.
§

10
LR

13
14

15
16

17
18

3
32
33

37
38

41
42

43
by
45
52
66
67

69
70

Treatment

atn

0xXy

HYD

HYD

HYD

oxY

HYD

1908 ¢

oXY

oxY

oxy

oxy

0XY

R

200

650

GH0

800

300

650

400

500
400
600

600

h

16

16

16

16

16

16

Relative Uprake
/U0

Q.20
Qo?flﬂ

0.743
0.8813

0.821%
0.802

0.607
G.62¢

0.952
1.027

* o
L o
[#]

o
0
0

SolE S}
Lo S SN

0.585
0.573

0.608
0.565

0.889
0.914
0.895

0.862
0.847

2.5U44
2.623

1.710
1.982
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e _’:’-" Table 3.8

: /" "‘ ,L):
The® BET. Surface Area Heasurements for“
TR the Catalyst Support

, :Cat;;f‘i ~Eip; J’jiféatment,"
e e s AtmeTemp Time

.
i,

_ {SurfaéélArea
v .. 8qem/g SR
'(h) Coo e
- 1%Pt . . . ubpsintered 96,4
L " T22 - coxy 700 1 o7 96,7

- 2
Iy .

1%Ic .

un51ntered

; 95,5, 96.0 |
12 HYD 800 |

e
1 %
- : B
R )
_ ‘ : ;
13
L.

1%

16 HYD 800

216

i

s

unsin tered

1%Pt/1%¢r

Blmet.

=

Bimet.

e ;
‘g, . O
7t ©

o N
) oy
gh
- T
U e o

C1%Pt/1%R

‘unéinteredj
50 OXY 800 16

unsintered”
:0XY 700

s
. 0xXY 600
72-”?‘£19a300,,‘ 1.

16 .7

%

%
3
%
H
4
Y
¥

%
5
kS
5
3
5
%
3
3
3
H
»
H
H
H
1
H
:
5
i
11
H
%
H
¥
H
X
H

x
by
®
P
3

P

i
. ®
S
A
5 WP
NURIR

AR

¢

97,8

J W
101 6 . o

SETRE

93.2 |
102.3 -

96. 4 -

‘T,92-q :,f' o o

96. ov'

100 8

95.1

‘td"
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1. - I c ]k‘” 1 , ‘q” L »JIF B l RS
‘ Exp #34 . £ o a o
11z Pt/Alon sintered for 16 h at S Co S ‘
800 C in Hy \
\'5~Exp #28 o ‘
1% Pt/Alon sintered for 16 h at
’ ‘800 C in 02 ‘ .
| Exp. #2700 B
‘ 1% Pt/Alon sintered for 16 h.at
B 700 CinoO, ..
S0 2
il
L
te
D
El 26
=Y Exp. it ' 3
I 14PPt/Alon sintered for 16 h at
- 600 €'in 0,
N ‘ ‘ -
1% Pt/Aiéﬁ freshiéétaLySC
¥
B,
1.76 1789 2,06 2.25 . 2,49
e=(26) (24) 22 @ (18) ]

/

Figure 3.2:

"\;,f-Pt) ST T R 23 23

Lattice Spacing d (A)

‘

x~ray dlffractlon patterns for 1%Pt/Alon o
sintered at varlous condltlons.(Llnes 1nd1cated
correspond to' as "\"Al 0, +b="¥-141.0 c= VL AlO

R Y
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Exp #72
: 1/Pt/1/W/Alon Bimetallic : : .
sintered for 1. h at 800 C in H2 o ' }

e! \.C[lsl.. v..;'v;['

.

1

Exp #67

17Pt/1ZW/Alon’ Blmetallic A L SRR ‘. N
. sintered for 1 h at 600:C in 0, IR S

IAPt/I/W/Alon Bimetallic
fresh catalyst e S R

"

ﬂb F l 'blr

1.76

- e=(26)

ﬁ Flgure 3. 5‘

.—o< A103mb—7A10 A

-189'-‘206 o 2.25 2.49
(24) (22) - (20) - (18)

’ Lattice Spacing s d (A)

L X- ray dlffractlon phtterns for
1%Pt/1%W=/Alon sintered at various
condltlons.(Llnes 1nd1cated correspond to'
-/2—A1203 ro=H, £= Pt)

2 2 3
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Chapter 4 - »
DISCUSSION .~

-

ﬂé 4.1 IntroduCtion Lo ‘ . : -
:rhe.topicsEJXSCussed-in this chapter are:
1.} the factors which affect initial metal dispersion on
" the support; .

: : »
. - o : - o
—— * S T - A

‘;' 2. the limitations ot the dynamic flow'technique and‘the
- .“repeatabilityfof”hydrogen chemisorption.measdrements;
) 3. the factors that affect hydrogen adsorptlon on the
‘catalyst foo | |

/

‘nfq;- ‘the results of the 31nter%ng experlments for the
’monometalllc Pt Ir and H catalysts and the blmetalllc Pt/Ir

iand the blmetalllc Pt/w catalysts.'h

S
' I

4.2 Factors Affeéting Initial Metal Dispersion

In ordefotqemakeoa heanlnéful:comparisoh-betueen.thef
,thermal‘stabilitlesrof the differentesuPPorted metal
catalysts, the catalysts have to have approx1mately the’ sane
-1n1tlal meétal dlsper51on (12).. An.fven_metal d;strlbutlon on

the support is also de51red. Achiévement~of these properties

'1s dependent on . a number of factors, the flrst belng, the
”}method of addltlon of the metal-to ‘the support.A In. this study'

the 1mpregnat10n technlque was used because of 1ts 51mp11c1ty.’

: Other'factors considered durlng'the-preparatlon ofzthe

@
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‘catalysts are discussed in the rest of this section. -

<

'4.2.1 Choice of Metal Salt

1

Con51deratlon was given to the type of metal salt to be.

\ /

used for the 1mpregnatlon of the support. The crlterla for

chooslug the s&lt lncluded such.things as: the solublllty in

water; the rate of adsorptlon on the support and the ease of

reductlon in hydrogen.‘ T ‘ Lo - _

Since'aqueous 501utions of platinum and iridium chloride

e . .
sl

had uorked well for others (1“ 15) these salts vere used for

the preparatlon cf the monometalllc catalysts.. For the

/
b1meta111c Pt/Ir catalyst adaptatlons of the preparation

technlques of McKee and Norton (16) ‘and . others (17) were used._
latlnumﬂ

\It vas dec1ded that a- mlxture of' aqueous solutlons of p

faud 1r1d1um chlorldes Hould be sultable. The use of ammonlum

metatungstate for the monometalllc W and the Pt/w hlmetalllc

catalysts was suggested by uertzwelller (18). ’
_ )

';u.z.g'Cho;ce of Support =~ .

The use of Alon as the support helped in the preparatlon

. of a well dlspersed metal. Alon is a fumed X—alumlna wlth an

_average partlcle size in’ the ‘range of %u NRe The use of Alon

allowed for rap1d and thorough m1x1ng of the support vlth the

‘metal salt solutlon.‘ The use of non- porous Alon also

'c1rcumvented the problems cf uneven metal dlstrlbutlon due to

!

pore dlffu51on whlch is common ulth pellets (19).

e



Thé~catélysts uwere reduced for 16 h in hydrogen at
150‘°C. The’low‘tempefaturgifeduction promoted the.formatiop
.0f a highly dispersed mefal on the\support. To ensure tkét;
all of the metal salt‘had been reduced the catalysts were
further treated in hydrogen for 1 h at 250 9C and 1 h in »

hydrogen»at 500 oc.

To further'indrease the homogeneity of the catalyst
batéh,xthe catalyst was crushed to a fine powder and mixéd

thoroughly. /

Q.Z.Q'Summarxk ‘

- ——— o —

The experimental procedures outlined in thé experimental
“sectiop uere'étrictly féllerd‘so as to ensure a uniforn
prepdtafion of ﬁheAcatalysts thus reducing, to a minimum, any
_varlatlon in the catalysts due to preparatlon technlque._
vUnfortunately the followlng of any catalyst recelpe as closely
as p0551b1e cannot ensure the SEeparatlon of a unlformly
dlspersed metal. There are too many possible sources of
var%ation. For example, 1tgu;s’found in this study that the
rate of drying of the impregnated catalyst vas very critical.
.The flrst batch of Pt catalyst prepared had a crust of yellow
platlnum chloride on the catalyst paste -surface. It was
evident that too rapid drylng had leached out the platinhum
.salt., SubSéguentlthhe_dryiné ﬁ:otedure vas changéd_to;
involve a slow heating of the catalyst thle‘it was being

constantly'stirred.' At the point when the catalyst paste was
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quite thick, it was spread over the walls of the containing

vessel and allovwed to airv dry for 24 h. This technique

stopped the 'leaching' problenm.

‘Table 3;5 gives the initial disperSions for the
catalysts. It is seen from the table that for the
wmonometallic Pt and Ir and the Pt/Ir bimetallic catalysts some
success was achieved in preparing catalysts vilth approximately
the same initial dispecsion. The initial dispersions for the
set of platinum amd iridium catalysts were all within 10% of

. »
each other. The 1%Pt/Alon catalyst had the largest CV (8.8%)
for the set. The cther platinumland iridiumfcatalySts had
CV'satyp1Cally around‘5.3%. The 'initial dispersion ef the
Pt/ﬂvbimetallic catalyst was qmite 1ow (0.067) and the CV was
higm (2“%)._ This was 11kely due to the chemical system rather
’than the preparatlon technlgue. To illustrate how the initial
‘metal dlsper51on varied through the batches of catalysts,
Table 3.5 gives the range found in the measurement of the

~

1n1t1a1 dlsper51on.

4,3 Hydrogen Chemisorpticn yeasurement

Y

4. 3.1 The Dynamic Flcw Method

g

AAdynamic flow method similar to that described by Flynn

* , ‘ .
(8) was used to measure hydrogen cheni sorption. Hydrogen

. pulses were injected into thé‘nitrogen\carrier stream which
passed through the catalyst bed. By measuring the amount of

hydrogen'injectéd:to the cataiyst and the amount of hydrogen .
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)

oluted from the Catalyst, the hydrogen uptukd of the catalyst
wvas calculated. It was assumed that the hydrjqcn uptake was
duce, - primarily, to rapid and irreversible hydrnge
chewmisiorption on the surface of the metal crys talllte There
vere other possible sources of hydrogen adsorptdon vhich may
have contributed to the measurod uptake. These other sources

include spillover of hydrogen to the support and hydrogen

dissolution into the metal crystallites (20).

The great advantage of the dynamic flow method is its
simplicity of design and its rapidity in measuring hydrogen
chemlsorptlon. The}blggest disadvantage of the method is that
it only measures hydrogen adsorption which is rapid and

irreversible. As such, the measured adsorption is generally

lower than that found by, the 'statlc' adsorption method (21).

4. 3.2 Factors Inherentdig‘the Dynamic Flow'Apparatus

that Affect the Measurement of Hydrogen Uptake

v

Variations in the measured hydrogen uptake for a catalyst
can be attrlbuted to several variable factors inherent in the
experimental apparatus. These variable factors include: the
amount of hydrogenkinjected per pulse; the catalyst sample
size and nitrogen flow. rate; the tinme between pulse injections

and the carrier gas purity. '

leferences in the Pulse size can arise fronm changes in
-the atmospheric temperature and pressure, 1mproper port
allgnment in the gas sample valve and changes in the hydrogen

flow rate. "Since the atmospherlc pressure and temperature

*
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changas were usually um@ll (i.ca < 10 omilg and < 2 0C) these
fluctuations account for only a 1 or 2 % chango in thao nmoﬁh&
of hydrogen in the pulse. Impropor port alignment however is
a more serious problem. If the ports arc not aligned exactly,
the restriction in the hydrogen flow through the sample loops
could resdlt in an increased hydrogen pressure in the loops
and thus more hydrogen injected .per pulse. Serious port
nisalignqent was notvbbserved. The flow rate of hydrogen was
alvays méintained’at 50 cc/min and only small fluctuations

verg observed in the flowv.

211 the hydrogen chemisorbed on the metal surféce vas not
irreversibly adsorbed. It was found for 1 gram of either the
Pt or Ir ménometallic catalyst, 7.2% of a pulse éf hydrogen
was %os; when the catalyst was purged for 15 min in nitrogen
at room temperature. .The time between hydrogen injectipns vas
.ﬁhefefore a factor in the total neasured amount of hydrogen
upfake. Because a variation in the time between pulse
injéctions'coqld‘changé the measured amount of hydrogen

adsorbed, a fairly constant period of 3.5 min between pulse

injections was used.

- As mentioned in thé—experimental section, precautions
were taken to rid thé cprrier‘gas,Of traces of oxygen and
hydrogen. Small traces of these contaminants can seriously
affect the amount of\hydrogen adsorbed on the catalyst. ?orv
eiample consider a 6a§b;uhere 1.5 g of 1%Bt éatalyst, with an
initial dispersion of 0.402, is purged'yith nitrogen,

containing 10 ppm of oxygen, for 2 hours at.a 50

.0



39

CC(5TP) ymin fLlovw rate. Assuming that all the oxygaon i
chemisorbed byfthu platinum during the nitrogen purge, 35%
more hydrogen wily’be required in the uptake measucement than
if no oxygen vas present in the nitrogen. The extfu hydrogen
ad sorption is’due to the hydrogen recacting with the
chemisorbed oxygen (to produca uaterkir Small quantities of
oi;gcn in the nitrogen carrier gas can therefore have a very

‘large effect on the measured uptake.

4. 3.3 Reépeat Adsorption Méasurements on the Same Sample

For a catalyst sapple the hydrogen uptake was generally
measured twice and the repeatability of the adsorption
measurements is shown in ?able 3.6. (To perform ihe second
adsorption measurement,'the 9hémisqrbéd hydrogen from the
first measurement was removed by ppfging the catalyst for 2
hours at 500 59 with nitrogen.) FProm Table 3.6 it is seen
that in a majority'of cases the second uptake measurémént was
uithin 10% of the first uptake measurement and except for the
bimetallic Pt/W catalyst, the second upfake vas generally

within' 5% of thé first uptake. 1In a majority of cases, for
both the fresh and sintered Pt and Ir'caéalysts the second
hydrogéh upt&ke measurement was less than the first'Lydrogen
‘ uptake measurement. For the preparation of the table it Wgs
sohewhat‘arbitrarilyﬂchoseh that repeat uptakes within 2.5% of
each other would be assumed equal. Differences in ?Ek;‘
hydrogen adsorption between the first and second upféke”"

measurements has been observed by others (14); however no

- suitable explanaticn of the cause oF fﬁis~diffefence has ever

o .
*
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been givons  In the case of the Pto bimetallic and the I
pechanically mixod catalysts, the second hydiogen uptake vasy

generally laryer than the first.,

b, 3.4 Repeat ﬁ“‘“’!@“ﬂ, g;;)c'e;:i.mtlsi‘lt:;;

To test the repeatability of the sintoring experianents
several repeat experiments were carried out on fresh Catalyst
sampleg. These results are shown in Table 3.7. Overall the
repeatability was quite good. NMost of the repeat
determinations lay within 10% of cach other. A coefficient of
variance (CV) was calculated for cach of the repeat
determinétions and an overall average CV was calculated for
all of the results in Table 3.6. The overall average CV vas
4.2%. The repecat experiments Jhovnd ﬁ&g the techniques used

""“’"a?

to sinter the catalysts and the metth “w& measuring the

bydrogen chemisorption gave repeatable3‘ Sults.

u,u.Péctors Which Affect Hydrogen Adsorption

Changes vere observed in the amount of hydrogen f

o

chemisorbed by the catalysts. The reasons for the change in
uptake included: catalyst inhomogenity; varxatlons in
.experlmental procedure' changes in the support area and

support crystallinity; metal-support surface reactiqn;

variation in the average metal crystallite size,
&

The causes of catalyst inhomogenity and variations
inherent in the experimental procedure were discussed in the
first two sections of this chapter. This section will discuss

the remaining three. ‘ o
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' 4,4.1 Sintering of the Support < .o, v

/. o
At hlgh temperatures many catalyst support materlals

ﬂecrease an surface area.; The reasons for the decrease are-
. i ' 4 F—
collapse of the pore structure' 1ncreased crystalllnlty of the s
A support and p0551ble agglomeratxon of the support partlcles.

///,, N

“In all cases the decrease 1n the surface area’ ‘cati result 1n

JS

the entrappment of the metal. ‘The metal thuS'becomes ““

o

1nacce551ble to the chemlsorblng gases and so the hydrogen

2 b i

"uptake decreases.u

The Aéon support used"in‘this study was non-porous.
° There was little loss in surface area'even‘after'Seiere"
»treatment (heating at 800 OC for 165hj. 'Table 3. 8-shous that

Hith the’exception"of the 1%W catalyst, the lnltlal support

. N :
surface area of the fresh catalysts was approx1mately 96 mz/g..

i
¢ The theoretlcal surface area calculated for spherlcal

S partlcles of Alon 30 nm in dlameter is 0450 mz/g.f Nonb.
spher1¢1ty and surface roughness of . the Alon partlcles
'accounts for the measured surface area belng larger than the
f;g‘.theoretlcal surfaceg area.. Treatlng the dlfferent catalysts
| under a varlety of condltlons resulted 1n a surface area
‘f change ‘of only a feu sguare meters per gram;_ No correctlon
. for the change 1n support area was made to the dlsperSLOns
a8
given in. Table B- 1,5 The~support area for the'tungsten »
h}catalysts seened to be'someihat higher than'the‘Support areas
{ measdred for the Pt and Ir catalysts. Thls may have been due

to the surfabe complex)formatlon between the W’ and the alumlngk

’

support (dlscussed later).gw : L v . fp 1'.j %V'



An 1ncrease in the crystalllnlty of the support can also

: ,“result in- metal crystallltes hecomlng 1naccess1b1e to the‘ _— Vo
\ DRI

o

. chemlsorblng gas. The X-ra;/data shown in- Flgures 3.1~;:3.5_:

lshous no substant1a1 changes 1n the crystalllnzty of the -

'".~suppor¢ ThlS 1s 1nd1ca*ed by the lack of an 1ncreased V‘T'

@

‘1nten31ty of the alumlna dlffractlon llnes.

=
el

'H,ﬁgg Metal~Support Complex'Formation

Low hydrogen uptakes would also result, 1f the metal
1reacted with the support to glve a non-hydrogen adsorblng

surface complex. Such complexes have been postulate&%ior both
;

,W and Pt on alumlna. /

4, 4.2, (a) Tunqsten—Alubina,Compler_f - R ,:h o

: The 1%W/Alon catalyst prepared byxthe 1mpregnat10n of the

3

~Alon wlth ammonlum metatungstate could nelther be reduced to

oen and Pott (23) found, W03 uhen/dep051ted ;e .

They postulated the formatlon of a surface

' tungstate A120k§)3 .' The/structure of the complex is

Y

_umdoubtedly slmllar to the urface structure glven by

l”or the reactlon of MoO3 “with X-alumlna. o

Accordlngly the W0347%-a1um1na complex Hould be: H_':“ {
_ v o

L7
\

r

o

x>
w
o4

21 o -A1‘
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The formatlon of an- 1rreduc1ble cohplex of tungsten on
lumlna vas also found by Sondag and co-vorkers (25). Sondag

observed that tungsten could be reduced to the metalllc state

‘but the reductlon depended strongly on the type of alumlna. J

- used and thelconcentratlon cf the W on the support.

Q.u.zjb) PtéélZQ;L‘IrgAizg3 Surfacelcomplex

The p0551b111ty ofsa reactlon betveen Pt and alumlna vas .

fsuggested by Sprys and Menc1k(26) from thelr electron

*m;croscopy studies.

/ o . ' AR
‘ o . S

Recently Dautzenberg and Holters (27) found that after
treatlng a Pt/A1203 catalyst 1n hydrogen at temperatures
>500 0C. the H/Pt decreased yet X- ray dlffractlon aitd electron

mlcroscopy studles showed no appreclable 1ncrease in the

average Pt crystalllte 51ze. They proposed a reactxon'

S,

—— Pﬁ.Al 0 4 XHO - (4.2) - Ly

Pt + A0 + xiy ——7 273x. T2

vhere Pt- A1203 —x dces not adsonb hydrogen.' Thej su'ggeste'd

-

fthat the formatlon of Ptzuqo3 —x results in lower’ H/Pt wlthout

an 1ncrease 1n the average Pt crystalllte 51ze. The1r7

'Slnterlng studles in oxygen gave iover H/Pt along w1th7

I
.[.

xncreased'Pt crystalllte 51ze¢- No surface complex ‘was

:postulated for\the sxnte:lng 1n'oxygen.

o ) ) ,:‘.
d* 2r ,Q

- The X—ray dlffractlon/data shovn in Flgure 3.2 vould tend

L 3
to verlfy the flndlngs of Dautzenberg and WOlters.Yaa '

T~ ’ . » ' o . ) N .o R ‘
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crystalllne Pt peak of lncrea51ng 1nten51ty appearedlwhen the
Pt catalyst was' 51ntered at temperatures >600 oC in oxygen.
_.The Pt peak lndlcates the formatlon of large crystallltes.
The X- ray pattern for the catalyst 51ntered 1n hydrogen at
800 OoC for a6 h shous no apprec1ab1e change 1n the Pt crys-
'-talkudty but there is a substant1a1 decrease 1n the hydrogen
dhyuptake.b Although the decrease ln H/u could be due to the'
«yformatlon of PtAlfB_ K the 1ow uptake of hydrogen and the_-
,lack of 1ncrease 1n the 1nten51ty of the Pt X- ray dlffractlon'
llnes may also be explalned as. gglidwé. If in the 51nter1ng
- of a fresh catalyst, the crystalfrtes grow to form larger o
crystallltes all Hlth approx1mately the same 51ze (1.e. av

”'narrow' partlcle size dlstrlbutlon) the dlsper51on can be.’

’)51gn1f1cantly lower than the dlsper51on for the fresh catalyst

v v

| .
'ﬁlon llnes. Table u 1 1llustrates this poant. mhe;,

‘l fractlon llne 1nten51ty for several dlfferent

per510ns of a hypothetlcal Pt catalyst. The 'INIIIAI'.

’;catalyst is composed of 800 spherlcal Pt partlcles with an.;A

plnltlal dlsper51on of 0.#1. Dlstrlbutlon numherw1a, although
for a hypothetlcal catalyst, represents uhat may happen to a
real Pt catalyst when sxntered in hydrogen.\ In la palrs of f}
.the 1n1t1al 800 Pt partlcles have coalesced to form 400 -

: partlcles 3.15 nm 1n dlameter. The dlsper51on hac decreased o
from the, INITIAL 0 41 to 0.32. Changes such as these can |

readlly be’ detected by chellsorptlon technlgues. Ihevxfray_-f

llne 1ntensxty has- doubled however,“thlsylncrease gaykfot-be B

C .
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readily obSeryable. This is due'to-a number of factors

1nc1ud1ng. the amount of metal loadlng on the catalyst-

instrument background n01se. ‘the type of dlffractometer used

: and the x-gay diffraction technlques employed. Thus case. .1a

is an example Hhere a substantlal decrease’ in the dlsper51on ‘
N\

occurs wlthout an cbservable 1ncrease 1n the Pt crystalllnlty.

Hhere increased’ Pt crystalllnlty is’ 1nd1cated by 1ncreased X-

jray Iine thm31ty. Dlstrlbutlon 1d represents. what may happen"

to a real(Pt catalyst when s1ntered in oxygen. Here part of

\ )
the lnltlal 800 Pt partlcles have formed 1 1arge crystalllte

‘.20 7 nm: 1n dlameter With a fractlon of the metal 28 9%,

dlspersed as. Pt atoms So as to g;ve the same dlsper51on as 1n
1a5 In thls case however the X-ray dlffractlon llne 1nten51ty

is uoo 7 tlmes that for the INITIAL case.  Case 1d is an

,example where decreases 1n‘drsper51on may.bexf6110wed-by

, b

v L - . ,v . 3 - "‘ s N
_‘Increased x—rayvdlffractlorlllne 1nten51ty. -The other cases

presented 1n Table 4.1 funther lllustrate the p01nt that large

varlatlons 1n x-ray 1nten51ty can occur for catalysts hav1ng

the ‘same metal loadlng and dlsper51on, but dlfferent

crystalllte 51ze'dlstr1butlons.'

The dlffractlon data for the 1r1d1um catalyst in Flgure
4

u3 3 and the x-ray data of Chahar (28) for 1r1dium on alumlna;

shou qualltatlvely the same results. as those just dlscussed
for Pt._ “As. such an 1r1d1um surface complex, Ir1u203_ v could
be éostulated to explaln the low hydrogen uptake and the lack
of detectlon of large crystallltes when the catalyst is

s;ntered at high temperatures 1n1hydrogen.,,As>1n the case of:

|

- Pt;'the surface complex| formation is not necessarily'needed'to



~explain. the results.

Y

The x-ray dlffractlon data for the Pt/Ir blmetalllc ‘

catalyst is glven in Flgure 3.“. As one mlght expect. the same

' gualltatlvg differences in the:dlffractlon patternQ after

\
51nter1ng in oxygen and hydrogen vere observed as those

obse:ved for=the Pt and the Ir catalysts.

The x—ray dlffractlon data for the bimetallic. Pt/w
‘catalyst is given in. Flgure 3.5. In this case no 1arge Pt
crystalllte formation was 1nd1cated after the catalyst was
_51ntered in hydrogen for 1 h at 800 oc. - The relatlve uptake
for the catalyst was low (RU=0. 28) . ga1n 1t is p0551ble to
‘postulate a surface complex formed betueen the Pt and the ‘
ﬂalumlna support., For the blmetalllc Pt/w catalyst 51ntered in
loxygen at 600 oc for 1 h, the X-ray data showed no appre01able |
:'decrease in dlsper51on nor auy apprec1able 1ncrease in

dlsper51on. The hydrogen uptake measurements did 1nd1cate,

‘however, a large redlsperSLQn of the metal.

: . T4
In. order to lnvestlgate the p0551b1e formatlon of the
PtA4203 complex a series of experlments vere carrled out.
These experiments are outllned 1n Table 4. 2. Dautzenberg and

'Holters proposed that‘the PvAlfﬁ_x surface;compound.would~be'

. . / . . -
sensitive to oxygen in that: ; . ' : /
Pt-A1,0, + (1/2)xo0, — Pt + mzo , - (Ue 3)

\)‘

Therefore treatlng a prev1ously reduced Pt/ R catalyst
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Table 4.2 o o

'Special Sintering Treatments for Pt and Ir Catalysts

"Run #

283
284
285
286
289
290
291
292

293

294

295

296

2 h and 2 more h at 500<%.

 ,ln hydrogen for 1 h at 300 and then purg
with nltrogen for 2 h at 500,

Treatment ‘ H/M
The initial dispersion was measured on ‘
a fresh Ir catalyst sample u51ng the 0.467
normal procedure. ‘ , :

A repeat adcorptlon measurement on the 0.451
Irc. sample in run 283, . : .

The lrldlum catalyst was 51ntered in -
oxygen for 16 h at 300°. It was then

reduced in hydrogen at 300° for 1 h and - 0.590 -

then purged With nitrogen at 300<C for

#

Repeat adsorptlon measurement on run 285  0.543
with just a 2 h nltrogen purge at sooqc '

\

The initial/dlsper51on was measured

- for a fresh Ir catalyst sample using the 0.424
- normal protedure. ‘ :
A repeat of the adsorptlon measurement of 0.413
fun 289. S
The Ir sample was 51ntered in hydrogen ‘ 0.308

for 16 h at 650%.

! <‘f~»r e
The Ir sample from TUN: 291 was sintered in
d

4

- oxygen for 1 h at 300°C. It was then reducéd 0. 456

_The sample fronm 292 vas treated for 1 h in 0.2395

hydrogen at 500°C ~and .then pu;ged with

.nltrogen for 2'h at 500°C.

-The sample in 293 was purged with nltrogen 0.235

for 2 h at 500 °C.

The initial dlsper51on was mpeasured on a

fresh Pt catalyst using the normal - ' .0.ﬂ13
procedure. : : :
Y repeatladsqrption ~on run 295 was made. 0.399

Qf
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Table 4.2 cont'd

Run # - . Treatment H/M
297  The Pt samrple was sintered in oxygen for
‘ 16 h at 400%. It was then reduced in . :
hydrogen for 1 h at 400°C followed by a 0. 523

1 1/2 h nitrogen purge at 400 <C anrd a
1 h nitrogen purge at 500°%.

298 A repeat uptake measurement was done by 0.513
- purging the sample in run 298 with nitrogen
for 2 h at 500°¢.
299 The sample in run 298 was reduced in |
hydrogen at 5009 for 1 h and then pupged " 0.454
for 2 h- Hlth nitrogen at 500°C.
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in oxygen should inchuso ghc measured H/Pt. They observed
that the H/Pt for a catalyst treated in hydrqgen could be
returned to almost the same H/Pt for the fresh catalyst after
5 oxidation/reduction treatment cycles. Oﬁf oxidation results
were somcwhat inconclusive. Runs 295-299 in Table 4.2 outline
an»experiment'uhqre a sample of the 1%Pt/Alon catalyst was
pretreated in the normal fashion in hydfogen at 500 °C and
then treated‘in oxygen at 400 ocC for'16 h. The‘éatalyst vas
reduced at 400 ©C for 1 h and then‘purged with nitrogen. It
vas thought that the oxygen treatﬁent‘followed by the low |

Q‘ "
temperature reduction would result in the generaticn of more

available Pt metal fd; hYdrogéh chemiéorption. The relative
uptake of 1.27 uaS~¢6mpargble to the relative.uptake of 1.22
found using‘the normal treatment methpds.‘ No large increase
;n the H/Pt vas observed. There Has a 12% drop in the uptake
-éftef the sample was treated for 1 h in hydrogen af 500 ocC.
This may havé indicated PvAl;G_x fotmation; however this
decrease may also be attributed to the ;ormal decreasé' /
(although somewhat high) observed for the second hydrogen,
adsorption measurement. The lack of i;créase.in H/Pt after
the low temperature oxidation indicates that either there was

- 2 3=x
to an appreciable exent under the conditions of the oxidation

)

no formation of Pt-Al0 or reaction (4.3) did not proceed

treatment. Runs 283-286 in Table 4.2 outline a series of
similar experiments for the Ir catalyst. The "oxidation

temperature had to be even lower than that used in the Pt
experiments in order to avoid the complication of heavily

sintering the Ir. In this case the RU under the special

a
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treatment (at 300 éc.forl16 h in oxygen) was 1.23 cempared to
a RU of 1.22 under normal treatment conditions. Again there
is no indication of formaticn of a sur face eomplex. Runs 289-
29“ showed s 48% increase in the H/I: for ; sample treated in
oxygen at 300 OC for 1 h which had been'previously treated in
hydrogen at 650 °C for 16‘h - Assuming that the Fercent
redlsper51on of ‘the Ir catalyst from run 291 would be, about
the same as that for a #resh catalyst treated ;n oxygen for 1
h at 300 °oC, the QG% increase is significanf (i.e. compared to
the 18% increase normally observed .~ see exp. 1 Table B~1).
It was also observed that when the sample was reduced in
hydrogen at 500 0C for 1 h the uptake dropped by 48%. The -
results fron rugs 289—29u tend tg support the existence °f4
reactions (Q.Z)Jand (4.3) for‘Ir. .This conclusicn differs
ffom the conclusions drawn from the other rums in Table 4. 2.

"As such the results of runs 289 - 294 appear to be anomalous

and repeat experlments should be done.

In summary the x-ray dlffractlon data for the Pt catalyst
51ntered in oxygen and sintered in hydrogen conflrm the X-ray
findings of Dautzenberg and Holters. Sidilar results were
found for ;ye Ir catalyst and the Pt/Ir bimetallic catalyst.
The chemisdrption exferiments were inconclusive in proving or
disproving the theory of a‘susface reaction betwveen Pt or Ir
~and alumina. It vas found that a more :anentlonal

explanation could explain the X-ray and'chemisorption data

without the need for a non-hydrogen adsorbingosurface'complex.



4,4,.3 Changeh in crystallite Size

The usual cause of decrecased hydrogen adsorption is metal
sintering. As . the metal crystallites increase in size more
and more metal bdcomes incorporated into the bulk of the

crystal leaving smaller numbers of metal atoms exposed at the

surface. i

- !

Essentially two mechanisms have been proposed to explain

how the crystallites actually grow. Both theories are based
on the same driving force, that is, the reduction of the

!
overall surface free energy.

One ﬁechanish-proposed by Ruckenstein and Pulvermacher

(28) suggests that the crystallites travel over the surface of

r

the support and coalesce to form large crystallites. This

nechanism predicts a sintering rate law of the form:

where: e
S=netal surface area

t=tine i

-Ks=ex

s=experigzental constant

.~ h=expoment -

The value of n liesAbetween 2 and 8 dépeﬁding'on vhether the
. rate of fusion (éariicle sihtering).or the rate of surface
._diffusion’}s r&te aontrélling. The\limitationsvoffthe model
Aaré‘thatréxgonent valués‘outside fhe 2 andialhéve been

Jobserved (29) . Also this model does not explain redispersion

+

.
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of the metal.

.

Another mechanism proposed by Flynn and Wanke (2),
suggests that atoms leave the surface of one crysfallite,
travel across thé surface of the support and are capturcd by
another crystallite. Their rate equation is based on the &

continuity equation:

net growth of a particle = )
rate of gain of atoms on the surface'- [4.2]

rate of loss of atoms on the surface

The rate of loss of métal atoms is dependent on the energy
»)parriegxfor an atom to cross from tye crystal surface to the
K;§§3pport surface. The rate of gain of metal depends on a
'sticking coefficient, the number of migrating metal species on
the surface and thé diameter}of the crfstallite. The
advantage of;the Flynn and ﬁanke modei is that it prediétsb, uﬁA'

values of exponent in equation [U.1] outside the 2-8';ange;

-

It also predicts the possibilty of metal rediSpersidn~aﬁd;éLs§

.n!. F3

gn Bt T T
§ ‘ Yy
.ou %

own equations that not only accouni for surface diffusi

“also for vapour phase transport.
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Uy .4 Hunmary

It has been stated that lover hydrogen uptake can occuy
due to:

o

1. entrapment of metal particles‘flue to support

sintering andsor support crystallization;

2. formation of a surface complex which makes the motal

inaccessible to hydrogen;

“~

3. increasoed average crystallite size.

from the BET measurements it was found that the Alon
surface area changed only slightly even after treatment at
800 °C for 16 h. The X-ray diffraction data showed that there

~was no observable change in the support crystallinity.

2

Impregnation cf Alon with ammonium metatungstate resulted

in the formation of a irreduéible, non-hydrogen adsorbing

surface cBmplex. The surface complex is ihdught tc be

Al pM0,)3 . The X-ray data for the plat}uug, 1:1d1um and
Q

hlmetalllc Pt/Ir catalysts 51ntered in Qxygen, show the

?fof tlon cf large cr stallltes at lncreased sinterin
Y %? g Y g
T ) o

femperatures. The X-ray data fqi catalysts sintered in
‘E;h;drogen shg%ed no formation of large crjstallites ever after
.asfhté#ihg at 800 9C for 16 h. The X-ray diffraction data digd
.ﬁqt ﬁnémbiguously prove the existehce of a Pt or I£ surface
complex as suggested by Dautzenberg and Wolters. A series of
special sintering experiments were inconclusive in

- demonstrating the existence of these surface complexes.

.
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v
f'the‘average metal crystalllte size. 'Ho t ilkely the 51nter1ng

ioccurs by the atomlc mlgratlpn model

Y . | R
o It is belleved that the ‘main éause of reduced hydrogen- J’f
/ AR
ake 1n the sznterlng experlments uas due to an 1ncfbase ln ’

\

[

° ) e .‘. 7 ! . E : . ' . 3 - P . oo

‘a-

B;STThe‘MondmetalliC1Céfa1?$fs

The thermal stabllltles of monometalllc 1%Pt, 1%Ir and o
- : . - ,/ e

1%W on Alon wereqlnvestlgated fQﬁ two reasons. The flrst was

‘so a comparlson could be made between the thermal stabllltleq,_ S

'“of the nonometalllc catalysts and the thermal stabllitles of ;ﬁ

’the blmetalllc and mechanlcal mlxtures, and second very

”monometalllc catalysts.‘ 1A good deal has been publlshed for B

'.Pt howeVer not us1ng Alon as a support.) A /<

"slnterlng tlme and the 51nter1ng temperature for each of the

' 51nter1ng atmospheres. The data for the plots were taken from

¥

a

llttle has been pugglshed on the thermal stabllltles of these

”~

-

7

; The SLnterlng curves for the monometalllc Pt and Ir.
. 1 '
catalysts are glvenwln Flgures 4.1-4. u._ The relat{ye or
'normallzed' uptakes vere. plotted as.a functlon/of the
J

v Tables 3. 1 and 3. 2 Note that there was no observable o 4f - S B

" in Flgures u.1 and u.z. The flgures ‘show that’ the hydrogen
'uptake decreased monotonlcally ulth sxnterlng tlme and » i

.51nter1ng temperaturey' As a compar;j9~ “the relatlve‘

hydrogen adsorptlon\on the W catalyst. ' | o

. 13 - . oo - : L
A o ’ - . : g
4..5.1 Supported Platinun %

—, . . R ..
\\ LIS - . o N : . . . AR

The thermal stablllty of 1%Pt/Alon in hydrogen 1s glven

, e
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uptake was 0. 83 and 0. 59 at 650 and 800 Oq/respectlvely after
1 h santerlng. After 16 h the uptakes at 650 and 800 0C were
0.60 and 0.28. The decreases 1n RU are attrlbuted to a

f

reductlon in the metal surface area.

The thermal stablllty of 1%Pt/Alon in oxygen is shown in
Flgures 4.3 and u.u. The StabllltY-Of’Pt 1m1axygen is much
less than the stablllty in-hydrogen; It uas found that at
temperatures >900 OC the relative uptake rapidly decreased.
Thls decrease, 1ncreased wlth s1nter1ng time and temperature.
It vas. also observed for the Pt catalyst that between 400 and
600 °C a RU > 1 00 occured. This is attrlbuted to a |
redlsper510n'of the metal. A maximum RU of 2.11 was observed

o

after 51nter1ng the catalyst in oxygen for 16°h at 500 °C.

Slmllar results for the sintering of Pt on alumlna have

been found by others (14 15 31)._ Chahar (32) in hls-studles

wlth 2%Pt/Kalser alumlna and Engelhard commmercial

0. S%Pt/alumlna catalyst ‘found someuhat greater stablllty of Pt

[N \

' 1n hydrogen and somewhat less redleper51on in oxygen. Chahar

found a max1mum redlsper51on in oxygen at 550 oC and llttle

the catalysits.

*

dlfference 1n the amount of redlsper51on after 1, 4 and 16 h.

-

leferences between Chahar's results and those for the

1%Pt/Alon can be attrlbuted to the use of dlfferent alumina

.~ supports; dlfferenttlnltlalpmetal dispersions and/metal

loadings; and slightly different methods used for sintering

» €

Fledorow and Hanke (1u) have also reported the

redlsper51on of supported Pt in oxygen., They explaln the




S

Ta

“'oxygen at temperatures >600 oc..

ncrystallltes.p ThlS explalns the rapid 51nter1ng of Pt in .

simple atom transport (perhaps as Pt-H) across the support. .

redispersion in terms of atomic migration“on-the support,
According to the theory, in-the initial stages_of sintering a | i
number of mlgratlng surface spches (possibly Pt0,) accumulate
on the support 1f, durlng this time of enhanced migration’
the catalyst is cocled the surface species.remain as small
clusters and the totaﬂ’m?tal surface area is xncreased.
“FPiedorow and Wanke: suggest that at temperatures <600 ©ocC
mlgrdZLng ox1de sPec1es are formed while at temperatures above
600 oC the oxide decomposes 1nto Pt and oxygen gas. The Pt

H

atoms are hlghly mobile and are, captured by the large

JEES PP e

B

&

.

In hydrogen the sintering-of the metal is the result of

Q;S.Z.Supported Iridigm‘ | ) : .
! ' ‘ '
The thermal stablllty of 1%Ir/Alon ‘in hydrogen is shoun

in Figures 4. 1 and M.2., The curves .are. 51m11ar to those for

TN

Pt except, as the flgures show, Ir is more thermally stable

than Pt, espec;ally at 800 °C. The 51nter1ng curvps for Ir/ln

oxygen are glven in Flgures 4.3 and 4. u.w Some redlsper51on,of

the ir occured at 300 oc (18% 1ncrease after 1 h and ' a 22%

,s

1ncrease H/u after 16 h). howover at hlgher temeperatures the

Ir 51ntered very rapldly. After treatment at 500 and 600 oCc - \
L 3K
the metal had 1o=t most of 1ts surface area. Ir was much‘less
-

thermally stable 1n oxygen than P%}ﬁ -
N . /

& LT : S . B .
- " e -

The ».f_indiugsj "cf,’Chaha;- (nzv) f,or the thermal stablllty of

a




Ir/aluming caﬁalysts were .somewhat different than the findings
presente@ here for 1%I§/Alon.v Chahar fQ?ﬁd greater thermal
Stability in hydrogen for 2%Ir/Kaiser a umina. In oxygen,
Chahar found a maximuh redispersion of 18% occured at 400 °C
after 1 h. Fbr longer sinteriAg tiﬁe; at U400 OoC the

di spersion decreased markedly.. Chahar also noticéd quite a

rapid drop -in the the dispersion at temperatures >500 ©°C. The

variations between Chahar'5~resdlts and the results for the
1%Ir/Alon were likely due to the different supports, the
,diffeteni initial metal dispersions and metal loadings and

differences in experimental technique.

An explaﬁatién‘cf the increased-thermai stability in
hyﬁrogen of Ir compared to Pt‘cépﬁpe‘found Qsing fhe atomic
'rmigration theory. 1In crde;lfor.gﬁéfaqe metal atoms to jump . '%
from thé surfaée of the crystal to the support :they must éross

an energy barrier at.the‘CIfstallite surface. The required

. energy will be proportional to the heat of sublimation

‘ & :;ll
b
Fo
*

(assuming that interactions between the metal and the support’
and between the metal and the'hydrogen environment have

roﬁghly the same effect on'tpe heats of sublimaticn %or"Pt and

£ —— b
R g

'Ir). The heats of sublinmation for Ir and Pt are 692 and 511

kJ/hole respectively (33). Thus the increased thernal

Y

stability of Ir. can be correlated to its'higher heat of -
‘ _ _ / _
sublimation. Correlations betwveen the heat of sublimation and

metal thermal'étability in hydrogen have been reported by
others (3#); QNS

;Theiéigteringfmééhanisq for Ir in oxygen is 1iké%1ﬁ'




similar to that for Pt. . A mobile iridium oxide species that
decomposes to the metal plus oxygen‘gasl at tehper;tures
> 500 oC, could account for the redispersion and the rapiq«
sintering. Enhanced sintering rates of Ir compared,to Pt in
oxygen may also have been due to vapour phase transport of the
Ir as a volqt%le oxide. Evidence of vapour phase transport
lies in the fact that the vapour pressure of iridium oxides
are relatively high (35). Also it;wae observed that when a
sample of 1%Ir/Alon wvas sintered in oxygen at 800 °C for 16 h,
a ‘black film was dep051ted on the walls of theisample holder .
just outside the furnace. This film was believed to be Ir0j..
Wynblatt and Gjosteln (3“) have correlated the thermal
stablllty of several metals 1nclud1ng Pt and"fr in oxygen, to
the heatg of formation of the metal ox1des. They stﬁte that .
the 1ncreased exotherm1c1ty of metal oxide formation
‘correlates to decreaced thermal stablllty. It'coh be

concluded in this case that the 51nter1ng 2f the metals is by

metal oxide species. o

Hcvicker et al. (36) have recently studled the
red;spers;on of iridium on alumina in oxygen. For a S
1ZIr/alum1na catalyst they found an initial H/M ratio in o %@ﬁJ
excess of 1.' They attributed this to hydrogen spillover
and/or the p0551bl1ty of multiple hydrogen bonding of hydrogen
on the corner and edge atonms. HCVleer et al.,éound that Ir
;dlsper51on rapldly decreased with length of 51Eter1ng tlﬁ?f

i. “
McVicker et al. sinptered the catalysts at temperatures gﬁhhter

than 500 ocC and did not observe any redlsper31on. @;‘
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4. 5.3 Supported Tungsten

. \
It was thought that the nmore refractory nature 'of

tungsten and its high heat of subllmatlon (846 kJ/mole (33))
vould pzoduce a supported catalyst Ulth even greater thermal
stablllty in hydrogen than that for Ir. Ammonium
metatungstate uas used to 1mpregnate the catalyst but, it was
found that upon reductlon of the 1mpregnated catalyst, a
surface complex formed thCh wvas 1rreduc1ble in hydrogen and
did not adsorb hydrogen.‘ The - catalyst was prepared by the
standard technlques to ensure consxstency in preparatlon.

3

4.6 The Bimetallic Catalysts

' , g
) ! -

There ‘are. s»veral features of blmetalllc catalysts which

r

make them harder to prepare and harder to characterlze.k/
B -‘\

Flrst, impregnating the.support vith different metal salts can-

result in uneven mefaijdistribution, eepecially if one metal
~ion is more strongly adsorbed by the support than the other
>(1§,37,38). Second, the metals may form alloyed crystallites
or ﬁue metals may remain segregated on the support‘surfaCe.
Third, an immiscibility gap can result in formation of metal |
crystallites with varying composirions. Fourth, there can be
enriehment,of one pmetal at the surface of tue crystallite due
to differeuces in the surface free energy ef the metals.
-Fifth, the surface composition of the crystallite can also

depend on the surrounding environment including interaction

with the support and the atmosphere.

s
o

In ﬁhis section the thermal stability of bimetallic:

:
/

7

ot -

*




1%Pt/1%Ir and biwmetallic 1XPt/1%W supported on Alon is

discussed.

-

An insight into the cemposition of the metal crystallites
and the reasons for their sihtering.behaviour vas gained.by' |
comparing the thermal stabilities of the monometallic‘and
mechanical mixtures of the monometallic catalysts with the

thermal stabilities of the bimetallic catalysts.
. ~

M

| The thermal stability curves for bimetallic Pt/Irc and
bimetallic Pt/W supported on Alon are glven in Flgures 4 5~
<4.12. " The thermal stabilities of 50/50 wt.% mlxtutes of the
‘mqnometalllc catalysts are also given in the ﬁlgures as well
as tae arithmetic average of the Pt andllr siatering eurves 7
'(i.e;,(Pt+I:)/2). The relative‘uptake was pietted as a
function of the“sintérind'time and.sintering temperature for
each of the sintering atmospheres. The relative uptake data
for the figures uete taken from Tables 3.1-3. 4.

‘& i ’ -

'4.6,1 Supported Bimetallic Pt/Ir Catalysts

The thermal stabilities of the bimetallic Pt I cafalyst ‘ Af
and the. mechanlcal mlxtures of Pt and Ir monometalllc |
catalysts in hydrogen are shown in Pigures 4.5 and 4.6. The
:thermal stability for both catalysts decreased monotonlcally
vith increased sintering temperature and increased sintering

time. b
o 0 \&\)

P
It was found that the therﬁ?l stability of the bxmetalllc

Pt/Ir catalyst was essentially the same as the thermal

e

( -
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stability of the monometallic Ir catalyst (see Figure 4.7).

It uaS'surprising that’the Pt inbthe"bimetallic catalyst
seemed to have no effect on the sxnterlng and thgt.the rate of.
sxnterlng was controlled by the presence of the Ir. Thpse
results show that there was a strong 1nteract10n between thev"ﬂ
Pt and the Ir 1n the b&metalllc catalyst. Recently Ramswamy
et al. (39) looked at the role of Ir in stablllzlng the metal
_dlsper51on of Pt eon alumlna in hy@[ogen.ﬂﬂﬂe found for his
catalysts that there were no sxgnlflcant dlfferences betveen

the 51nter1ng rates of Pt/Al : and Pt/Ir/ A1,0

2 3 2 3
(@I.
flnd;ngs of Slnfelt‘(QO) and,WOZIOV'et al. “1).
K G ‘ T ) %" ) . N e .

R

| 'Thegthernal_stability of the’ !xcal mix:

b'one might" expect 1f there lS no. long range metal transport or
long range metal 1nteractlons. S é@ﬁa
, v | R ‘ é‘i, |
Flgures 4 8 and 4.9 show the thermal stabllltles of the
blmetalllc Pt/Ir and the mechanlcally mixed Pt and Irc 'f
_catalysts 51ntered in oxygen.- Also 1nc1uded ‘is the arlthmetlc

Lo : Ei g
‘average curve “of

apt

ie Pt and Ir 51nter1ng curves.‘

TN , ’ T
R . / X %. .

h ) Slnterlng for 1 h in oxygen the blmétalllc Pt/Ir catalyst

.decreased in hydrogen uptake@between 300 and 500 °C and then

_ seenms to level off hetu exn 500 and 600 °C.3 The Pt-Ir
mechan1ca1 mlxture 51ntefed dlfferently.uiThe curve was

'dlfferent fﬁom that for the blmetalllc catalyst and that for

\
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the arithmetic average of the Pt and Ir sintéring curves.

WL
By

This indicated that'within the first‘hour of sinterfhg there
seémed to be some 1ong range 1nteractlon between the. metals in

the mixture. There was certainly an 1nteractlon between the
Pt and Ir metals on the blmetalllc catalyst ~ After SLnterlng

for 16 h in oxygen, the blmetalllc Pt/Ir and the Pt Ir R

mechanlcal mlxture had ‘the same shape of 51nter1ng curve as

o

that for the arlthmetlc average of the Pt and Ir monometalllc ,a“"

"catalysts. The closeness of the sxnteéang data for the

mechanlcal mixture with that of the arithmetic average

' suggests that the metals in the mechanlcal mixture 51ntered
_1ndependently of each other, The same general shape of the

.blmetalllcawould lead to the same conclus1on that%the metals

sxntered 1nd@yendently. .The . dlsplacement of th& blmetalllc

@ .
curve could be explalned by the heavier metal loadlng (1.e._2

Wt % compared to the 1 wt& for the monometalllc CataIYSts)‘; .

-

| The actual comp051t10n of the crystallrtes in the

. hlmetalllc Pt/Ir catalyst was not known.' The 31nter1ng data.

Mlnteractlon between . the Pt and Ir and that the metals arew'

4

@ . A 1
showed tha% there was an 1nteract10n between the Pt and Ir

metals wheh the catalyst was s1ntened in hydrogen for 1 and 1g@

“hours and when 51ntered in oxygen for 1 hour.ﬁ An 1nteractlon“”

SUA ——

N
between the , metals would be expected 1f the metals vere
i
alloyed in the crystéllltes.' The ex1stence of alloyed

crystallltes or 'blmetalllc clusters' has been reported for -

kg 3

-other metals by Slnfelt (42) and Garten (Q3)._ Slnterlng the@‘

‘ ‘blmetalllc Pt/Ir catalyst 1n oxygen for 16 h 1nd1cates no

Ye T an

gegregated on*the support surface and 51nter Independeutly.of

°




‘ 'phase than the Ptom_Ir099 phase.) The vays 1n,vh1ch Ir could

Lo Reeentiy; Rasser (46) found eyidence fer thei

"there should have been tche as much by wt. -.of the Pt, I

L
i N w ..’ ‘.'. ‘ ‘ . o
each other. Segregated crystallito formatlon has been

reported for Pt/Red(uu); Segregatlon of Pt and Ir in the
: 3

“*;bimetalllc catalyst could .occur for two ‘reasons: First if the

A

metal 1ons were segregated on the support durlng impregnatlon

they mlght have been reduced in clusters of separated metal.

Second ~the fact that there is. an 1mmlsc1b111ty gapmfbr~the ’
Pt~ Ir system would tend to rule out complete mlsc1b111ty of

the tuo metals in the crystallltes.‘ The equlllbrlum phase

a

1 dlagram for the Pt Ir systen ls shdﬁn 1n Flgure Q.13 (u5) and

1ndlcates the formatlon of two phases, one belng essentlally

5

etsentlaily Pt.

formatlon of
K vé’—'v £

PER

alloyed Pt/Ir-crystal‘lites.T Hex;ev1ewed the thermcdynamlc "

4
data for the Pt~ Ir system ‘and found Uﬁat the immiscibility

B

._phase dlagram is mcre compllcated than prev1ously reported.

He found that for an atom fractlon, x, for Ir, . separatlon 1nto

two phases wlth comp051t10ns of Pt and Pt Ir

0.95 0.05 . 3ir is
expected for 0. 05<x<0.25. For 0.25<x<0.99 the phase diagranm

l. ¢

predlcts the formatlon ofvtwo_phases, Pt31r and.Ptan_Iro.gg -

”y,though'the phase?boundaries of the“miscibility gap are
,}dependent on the 51ze of the blmetalllc Pt/Ir crystallites-

v(48 49) it is’ llkely the crystallltes formed Hlth two phases

each haV1ng some Ir Hlth the Pt. (Slnce the blmetalllc

;catalyst 1n this study 50/50 Pt/Ir, crystallxtes of Im31r and

* Pty ollkb .99 should hate formed and by the lever rule (48)

3 .

interact u1th Pt to affect the thernal stablllty of. the Pt

}. . <
R . . : . B

o
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in the bimetallic catalyst are:

1« The presence of Ir could increase the activation
energy required for an atcm to escape from the crystallite
surface when sintered in hydrogen;

4

v 2 The Ir could alter the formation of the mobile oxide

species when sintering.in oxygen;

3. The grouth of the crystallites should be governed by

thermodynamlc restrictions imposed on the crystalldite
'~ composition; therefore, Ir transfer_is well as Pt transfer is

reguired. The transfer of Ir could be rate cohtrcllingr‘

4. Depleticn of Pt from the crystallite surface would

mean enrichment of the Ir. Since Ir-has the higher surface
. ) ]

. A -,
free energy, this condition could also slow rate of sintering.

Rasser notes that £for small crystallltes the actual

‘composition of the crystalllte may not necessarlly be the same

" as that predlcted from the equxllbrlum phase dlagram for the'

bulk ’ metal._

-

) :The sintering atmosphere can significantly affect ‘the
'composition of the.bimetallic crystallite'(SO). Thls could be

a pOSSlble reason wvhy there was apparently no xnteractlon
\ ’\ -
-betueen the Pt and Ir when the blNEtalllC vas 51ntered in

oxygen for 16 h. 1In the preparatlon of the catalysts the
_crystallltes were formed by the reductlon of the metal salt 1n
a hydrogen atmosphere. slnterlng in oxygen ‘may have caused a

change in. the crystallite comp051tlon (1.e. separatlou of the’
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‘phases into the individual metals). The changing composition

may have been tho reason for some intoractlon in the first
hour of sintering in oxygen. After the initial stages of
sintering‘the'metals, Ir and Pt, appeared.to sinter
independontly (see the 16 h in oxygen reaults). The

rnteractlon observed for the mechanical mixture after 1 h

. sinter in oxygen was prokably due to vapour phase transport of

¢

iridium oxide.

4.6.2 Supported Blmetallic Pt/H Catalysts

—_—ars =31 Al = e —

The sxnteglng curves for gﬁmetalllc 1%Pt/1%H and

B mechanlcal mlxtures of 1%Pt and 1%2W monometalllc catalyst are

&

glven An; Flguree 4. 10—u 12. It is dlfflcult to make
meanlngful gomparlsons of the results Hlth those of t
catalyst and the Pt-z mechamlcal mlxture because° one,
1n1t1al dlsper51ons are so dlfferent- and’tuo, there is the
POSSlblllty that the tungsten surface complex on the
hlmetalllc Pt/W catalyst.ls not the same as the the complex on
the monoftetallic W catalyst (51) . Note that the average
initial dlsper51on of the Pt-W mechanlcal mixture was.

approx1mately half that for the Pt monometalllc catalyst (see

Table 3. 5). One would expect thlS for the mechan1cal mlxture

-if the monometalllc W catalyst does not adsorb hydrogen and if
.there are no lnteractlons of the tungsten catalyst with the

'chemlsorptlve properties of the Pt catalyst. Figure 4.10

shows that the add;tion of W did no: stablllze the thetmal

stability of the Pt as the Ir had done. ‘In fact after 1 h in

hydrogen at 800 oC the H/n was less for the bimetalllc

'“w:.
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catalyst than it vas Lor tho monomatallic Pt cntalyﬁt; The
figure also shows that for the Pt-W mochanical mixture there
appearced to be some interaction betweon the Pt and the W
catalysts. This can be concluded from the fact that the
sintering curve for the Pt-W mechanical mixture should be the
same as the monometallic Pt catalyst assuming the W catalyst
in the mixgure neither adsorbs hydrogen nor affects the
chemisorptive properties of the Pt catalyst. No interaction
between tﬂe Pt and W was found when the mixture was sintered

for 16 h in hydrogen (see Figure 4.11).

Figure #4.12 gives the thermal stability curve for the
bimetallic Pt/W-and the mechanically mixed Pt and W
monometallic catalysts sintered in oxygen for 1 h. 1In this
case the sintering of the mechanical mixture wvas close to the
sintering of the Pt monometallic catalyst and indicates no |
interaction in the‘sintering of the Pt and W. The bimetallik
cataiyst shows substantial ;ediSperéion between 500 and

700 oC.

| H'Siﬁilar results have been observed by Ioffe and co-
Gorkers (52).,‘ioffe prepared two catalysts; 4. 2% R/B,@% Pf
(cat.1) and 6% W/3% Pt (cat.2) by impfegnating silica jith
solutlons of tetraleJflmethallyltungsten and bis-Ti-
,methallylplatlnum. After a. 600 oC reductlon cat 1 had an H/M
of 0.3 and cat.2 had an H/M of 0.12. The 1%9/1%Pt/alumina

catalyst -in this study had a H/H of 0.067. -From X-ray’
dlffractlon, Ioffe concluded that although the H/M uas low the‘ﬂ”fﬁ
- T et
3 o Riht
X-ray data did not 1nd1cate the formatlon of large e R

> . Y
[ . 1 > L
' T B S b - ‘ . . . _}3““
A S . 4
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@Lystnllitun. This is in agreoment with our X-ray results.
Ioffﬁ concludcd from his studies the PL was actually highly
‘dispersed. Ho wmentions nothing as to the actual.state of the
W on the suppcxt but doos give two explanations for tho
observed influence of the W on the hydrogen uptake of pt: one\
‘the tungsten could modlfy tho surface of the Pt crystallites
‘thus modifying the adsorption properties of the Pt; and two,
an interaction could occur between clusters of Pt atoms and

low valent ions of W bound to the support thus affecting the

adsorption properties of the Pt,

Preparatiqn of Pt/W supported bimetallic catalysts have

. . ,
been reported by others (53); however no mention is made as
-, whether the W had been reduced to the metallic 'state or not.

P . o

Tiae g

The role of W (iikely as a surface conmplex) in the
ft‘, sfnterlng mechanlsm is nct clear.’ It is prcbabletthat the
| tungsten plays a bigger role in alterlng the adsorgtlon
properties of Pt than ig’ affecting how it S1nters. This is
f‘also 1nd1cated from the observatlon that the secoad hydrogen
kndsorpticn upteke was usually greaterathan the first uptake.
‘This is opp051te to the results found for the platlnum and

-

iridium catalysts (see Table 3. 6).

It is lxkely that the large hydrogen uptakes found for
the. bxmetalllc Pt/w catalyst sintered in oxygen were not due

-fﬁﬁto substantlal redlspersxon but rather due to decreased

; ,‘r Yo e BEIRERY ..;,, ﬂ. . ,\<,
.s'!

"gynce pf the tungsten complexwwlth the adsorptlon
5B

'opertles of - the Pt. Hou the oxygen enV1ronment affects the

;7' tungsten surface complex and the adsorptlve properties of the:
o .- i
‘ ﬁw o :

¥

ke
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47 summary of the Ziptering Dehaviour-ol sthe Catalyses

N qualltat;vo compnrl.on of monometdllic Jinterin§“
behaviour of the 1%Pt, 1XIrc and 15w ﬁupportéd on Alon and

.;3_bimeta111c 1%Pt/1%1r, 1$Pt/1$H fupported on Alon was mado.

The éintcrinq results for the Pt and Ir monometallic,
catalysts Were similar 'to results published in the literature.
The Ir Catalyst had greater thermal stability in hydrogcn than
the Pt catalyst. The Pt catalyst had better thermal Stablllt)
and greater redispersicn in oxygen than"did the Ir catalyst. |
The ® monometallic catalyst did not adsorb hydrogen. The'R;on

.the Alon support could not ke reduced to the metal.

The bimetallic Pt/Ir catalyst had the same thermal
stability as the Ir catalyst vhen sintered in hydrogen. this
indicated an interaction betveen the Pt and the Ir Vthh ‘
‘affected the sinterlng behav1our of the blmetalllc catalyst
The mechanical mixture of 50% Pt monometallic and 50% Ir
monometalllc catalyst shoved that the nmetals in the mlxture
sintered 1ndependently in the hydrogen atmosphere. In oxygen
the Pt/Ir blmetalllc catalyst vas less thermally stable than
in hydrogen. There was 1nteractlon between the/Pt and Ir on

\.

=the bimetallic catélyst in the flrgt hogg of sinterlngaln

.8

By
N

voxygen.. There appeared to be no 1nteractxon betueen the
_netals when _the catalyst was 51£fered for 16 b Ln oxygen. The

"Pt- -Ir nechanlcal mlxture shohed sone 1nteract10n betveen the

Pt and Ir when 51ntered 1n oxygeu.v vl



flé.; S A meanlngful comp\#lson of the 31nter1ng behav1our of the}

T - : ,., - f

Pt/w(blmetalllc catahyst Hlth the\monometalllc Pt catalysf uas{aw'

f*" DN !
VR dlfflcult due to the large dlfferences in the 1n1t1al /V
i :'_ , ‘\ . ‘ ‘ . o | ct

dlspers1ons of the two catalysts. L --;';wt

T:L. o The presence/ff W 1n the blmetalllc catalyst dld not

. appear to increase the stabrllty of the Pt. Comparlson of the”‘ﬂ
. \ . R

-result% of the blmetalilc Pt/W catalyst wlth the results for

the Pt-ﬂ mechanlcal mlxt re 1nd1cated that aﬁ 1nteractlon

between the Pt and W on/the blmetalllc catalyst affected the

ﬂf§ rate of 51nter1ng of the catalyst.. It was felt that the'
. / . .

f. A . M r
) .

the chemlsorptlve propertles of the Pt than)on the rate of

o = 4. T
B " \\v K9 B

\ e ST SRR




v‘f;;catalysts uere 51ntered 1n hydrogen at 800 °C for 16 h

o ol ‘
b ; - ) ! -
i . .8u
: . . CHAPTER 5 o
PR K{:”" CONCLUSIONS . -
a ~ : T ‘i' ‘ RS ’ ‘

) N . . » i B B ' ) - Cy . /
1. The thermal stablllty seguence for catalysts ﬁlntered

1n hydrogen 1s';‘ 1%Pt/Alon <\1?Ir/ﬁlon én1%Pt/1%Ir/Ahon.

T~ X

2. 1%Pt/Alon_showed‘a maxi%Um\redispersion,in(oxygen at
o CoL VAN i R R
soo oc. T 2
‘/- S

“3:- The thermal stablllty of 1%Pt/Alon 1s greater than

that fOr 1%Ir/Alon fcr 51nter1ng 1n ongen-: _‘,;,Hh‘ Sy

L SR, : L -/, , : : L A L,
g;‘ Inter;:tions hetween Pt and Ir on- the blmetalllc g',.»tx

'*rcatalyst were found to 1ﬁfiuence the 51nter1ng ratexof the

S

f’_"metals \in' hydrogen and for 1 h 51nter1ng 1n oxygen.a No SR f
T ! % : ,_ ‘ . - ® .
~.1nteract10n between the metals was found when the b1meta111c -
.catalyst was 51ntered in oxygen for 16 h L “1 7'_ -.“‘/J>%*//
e T ke /o e
/ - . . 'ﬁ e . . P B

'J,f;"\’ ST ) s / L
!

.;/{sﬁf5é§' -ray dlffracfio’a

ﬂrumetal crystallltes Hhen the monometalllc Pt and Ir\catalysts
¥ \

PN

7*and the blmetalhlc Pt/Ir catalyst Here 51ntered 1n oxygen at

f=>600 °C.' No large crystalllte formatlon occurred uhen the Af \x;

RS

/ R .
:?although the hydrogen uptakes uere low. S ?675 X _ﬂ

n 6. é;ec1al 51nter1ng experlments were 1nconclu51ve 1n
“7qprovxngfthe ex1stence cf non hydrogen adsorblng Pt and Ir
hfjsurfac complexes\bn Alou. {55" |

L}

The U monometalllc catalyst prepared by 1m25egnatlon

-y

V”f;;of/hlon Hlth ammonlum metatungstate dld not adsorh hydrogen.frf

Thls was due to the H reactlng vlth the alumlna support.




. R SR SRR : R :
catalyst'did nct increase the.thermalgstabilitylof the Pt.

o 85

# . o

. ) : ! ) ‘1 o
8. A maxlmum relatlve uptake of 2 56 after sxnterlng 1n
oxygen occurred ‘at 600 0C for the Pt/w blmeta111c catalyst..

R RN | " ‘ | |
9,‘V$he presenceVOf tungsten in the 1%Pt/1%W bimetallic

N . SN

10,v An 1nteractlon between the Pt and W on the

€

. blmetalllc Pt/H catalyst uas obs!tved 1n both oxygen and

T w

‘ hydrogen 51nter1ng atmospﬁeres. It is belleved that the

“across the

?crystalllte grovth.v In oxygen the mlgratlng,spec1es are

tungsten affected the chemlsorptlve propertleskgf the Pt. ! . ‘)
e

r, N . T i
h ' . o

11;ﬁ BET\measurements showed that no apprec1ab1e surface
area changés of‘the Alon support occured durlng the 51nter1ng
/

/ B
experlments;_ x—ray dlffractlon studles showed that there was
g

l ' B o PP

no appre01able 1ncrease 1n the support crystalllnlty.-_.cfg;

b

‘,w.
-

12.\ The results suggest an atomlc mlgratlon model for"

* . /

i

l

ox1des.. Mrzratlon\of the oxlde spec1es occured by tran5port

uppQrt surface. There 1s also some eVLdence, atj}
[ : ‘ :

“.lleast for Ir,, of vapour phase uetal transport.-'f”n;-

*ﬁf-‘..' -ﬂv'_ff-eA‘. i ,.,,;\w “_r . .,\-'T’ﬂ - h, r ‘:f i*“
2 \\viiw» _»Ciﬁ;‘\‘ '.i }; ‘;i' _‘hiy ';tfig"‘h:]uiﬁvhba.j’ 'ba\;@iA;



CHAPTER R w

RECOMMENDATIONS S

Based on the flndxngs of thls stpdy further 1nvest1qation

is requlred ln the followlng areas'i

i . e

o N SRR N S
1. Qnambig ous Eesnlts;are reguired to establish vhether -

"or not:Pt forms'a non-hydrogen adsorbing comolex ﬁitthldn'

" during treatment in‘hydrbgen. o : \
ERTR | L .\'“ )
2. Experlments should be Carrled out to clarlfy the

v

"areason for the observed dlfferences in the fltst/)nd second
_ - C ol \
-jhydrogen uptake measurements.:“?j“n . ,,/\\

: l'3 A study should be made on the effect of vapylng metaiif‘
- composxtlon 1n the blmetalllc caJalysts espec1ally for the
'Pt/Ir catalyst wlth Pt concentrathons > 75%.. 4 '

!

u. The effect of metalllc tungsten on the the1ma1 k;":
“stablllty of Pt should be studled on a support that does not
iifreact ulth the tungsten.;/' | .
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'this study was found by hydrogen chemisorption.‘\The amoun¥§

APPENDIX A ' :

A=1,1,Introduction

In this appendix the method used to calibrate tho sampie
loops on the gas sample valve is described. Alsc a sample

dispersion calculation and a sample BET ‘surface area

measurement calculatlon is presented.

~ R

A-1.2 Calibration cf Sample Lloop

N

hydrogen chemisorbed was measured using the dynamic flow

adsorption method. This method used two sample

loops(designated loop1 and loop2) on a gas sample valve to

inject"” hydrogen 1nto a nitrogen carrier stream which purged
L 4

through the catalyst bed. In order to calculate the

dispersion the number of moles~of hydrogen contained in the -

‘sample‘loops had to be determined. The method used here was

to inject known volumes ofbhydrogen using_a gas syringe'and

‘then compare the T.C. cell response to that vhen hydrogen was

injected by'the gas sagple valva." T~

.The experimental eguipment vas nade'ready as if an actual

_‘—\/
catalyst sample vas belng run except that no catalyst was

‘placed in the sample hclder. A syrlnge 1nject10n post-was

.p051t10ned in llne 1mmedlately down stream from the gas sample

valve. The placement of »the port right after the valve vas

necessary SO0 as to glvefthe Same broadenlng of the peak‘from



9

' - 5 ) .
the syringe injocted hydrogon pulse as one normally ohsierves

[y

using the sample valva.

A1 occ gas—tighf syringe (Hamilton Co. Inc. Whittier
Calf., Gastight #1001) was used to ipject hydrogen. - The
syringg was calibratod using vwater. The syringe wag veighdd
enptyﬁind with volumes of b 2, 0.4 and 0.5 cc of wator. The
average water tcmperature was 21.7 9C and the density vaa ‘

taken as 0.997837 g/cc (J“). .The callbrafed volumes are given

in Table A-1.1.

After the syringe vas calibrated samples of hydrogen vere
drawn from a gasvsampliﬁg bulb wﬁich had been flushed and
filled with hydrogen. 'Thevside—arm of the bulb was fitted
with a septum for syringe sampling. Volumes or 0.2, 0.4 and
0.5 ec of hydrogen were injected several time” The peaks and
their areas were recorded dn the H.P. 3380A lntegrator.' The
'resuits"are shown iq Table A-1.2. The injection port wes
_removed from the line and pulSes offh&drogen were injected
using the gas saméle valﬁe.’ The areas of theée'pegks are
given in Table A-1f3;1 |

The moles of hydrogen injected'bj tﬁe'éyringe were founad
by adjustin the actral volumes (from Table ; 1 1) to STP
using th amblent temperature and’ pressure recorded in: Table
A-i.z; As a matter of preferenqe the volume of'hydrogeg at‘~
'STﬁ was used'rather tﬁan converting.it to .a mole guantity._
The conversion can be readlly done. by assumlng ideal gas

'-behav1our so that 1 mole of - gas = 22414 cc. - The-actua}

d" R 4

©



Table A-1,1

Syringe Calibration

Syringe Vol, Wt. of Water Actual Vol.
in mls. in gnms, in mls,»

0.5 0.5015
0.5008
0.4999

9,2032
AVG.= 0.5014 0.5024

0.4 0.4026
0.3981
0.3972
0.4006
AVG.= 0.3996" 0.4005

0.2 0.1976
L 0.1986
- 0.2011
‘ . 0.1993
AVG.= 0.1992 0.1996

. * The tgmpetdtdre of the water was 21.79% for which
the density is 0.997837 grams/mls.

Ed
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Table A~-1,2

Calibration of Puak Areas

Syringe vol, J Area in
in mls, » tcounta' s

0,5 2626452
2619957
2626431

0.4 ' -~ 2113052
2098975
2117670
2121835
2117927

0.2 1043539
1067950
1069812 B
1079238
1078462
1079559

* The temperature and pressure of the hydrogen in the
syringe was taken as 298.15 K and 695.7 mmHg.

** The T.C. bridge current was 150 mA
and the power supply sensitivity wvas 2,

%

N

hY
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Table A-Y1,3

Sasple lLoop Size

Loop 1
Area in
tcounts'’

2194792
2194768
2195873
2197263
2219516
2217845
2162043
2173328
2153590
2178224
2410431
2150698

" AVG, =

»
Loop 2
Area in
teauntst

2147786
21496 34
2148378
2150950
2156805
2169699
2126329
2130646
2130416

211324
2147204



voluses at STP Ipjected Ly the syrings and each of the ateas
in Table A=1.2 were fitred by lineat least squares to the

equation:

VOLUNE-OF i, (at STF) = b X AREA (A-1)
vera b {5 the slogpe. The slope vas found to be 1,5926x10-7

cc/count.

The average sasple loop areas from Table A-1,1 vere dsed
in ¢quation‘[a-¥) to calculate the voluae of hydrogen {n the
‘loopn.  These results are given in Table A-1,4, In orfder to.
use equation [A-1] to calcylate the voluae g} hydrogen . in the
sasple loops the assumption wvas sade that solar responso of
the T.C. cell vas the same for the hydrogen injected by theo
syringe as it vaz for the hydrogen injectad b; the gas nample

valve.,

The volume of the tvo sasple loops wereenot cxacély thé
sape, Loopl was 1.96% larger than loap2. To fauilitatc the
calculation of the dispersion the tvo saaple lcof voluses wero
averaged. The volume of one pulse of bhydrogen fros thewgas

’/
sample valve vas taken as 0.345 cc of hydrogen at STP.

It should be noted hgie ‘that the moles of hydrogen in the

sasple loops is dependent on the hydrogen temperature and

.
- %

pressure in the loops. 1In order to calibrate the loops it wvas
assuaed that the tesperature and pressure in the loops vere
alvays constant. The éssu-ptign for the pressure vas probably

good. The pressure in the loops is dependent on the
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/ S ‘Table A-1‘ '

[

: S ol e . Sam le Loop Callbratlon K

S0 Bquation [A<1) 1wﬁ;w ,:w¢"?f= ..jg;,;,xﬁ_;,_;,_
“-,‘*vor.qu‘ 015 f'H‘ fat’ sn:p’) -=, 1 5926 x 10—7 x AREA [a-1])

! - ‘ g . L KN
‘°.~>', K \ , (ln CC) SRR : . t‘\' - ) . ,.a,-(v . e

Oy azof‘_-::‘;? R
0 550-;;;»”

o i

é*ﬂuLoop 2 fL*¥41a720ul ,

A : e : E IS . B

. Avg. loop: vOlq«m;eFYOjlume.. at,:,.S__TE._ 4»O_~34§" c,q.v B N S T
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L A ! , )
hyéroge? flow rate and. the upstream hydrogen pressure. Both/

- /these param}ters vere held constant.‘ The assumptlcn for the
htemperatur 'vas. not as good.- The temperature of the hydrogen'
: ! .
vln the sample loop was the same as the amblent temperature__'

yHouever 51nce the room temperatu e was controlled at. 298.15v.f‘

’ ?h+/— 2 K the sllghb varlatlcﬂ in te'perature uas cons1dered

I

.{r_negllglble.v§:~g r ;'vf;lflf-;'1f_‘l73f_“;‘f,.*gf *‘?ld‘“j 3 ::Jif. ;g

3z2.1 Dlsper510n Calculatioﬁ e e "-/"i"
'~To;fihd'the,hydrogen chemlsorbed by the catalysts, pulses///:
'of;hydrogenhwere 1njected 1nto the nltrogen carrler stream vr
. s : e . f
o Y
v.,the gas sample valve athB'S msnute 1ntervals.,,Hydrogen _f?

ITVApulses were 1njected unt11 the eluted peaké, as recorded by

H"‘ggthe electronlc 1ntegrator, were the same/slze (1.e.\the area

'h‘fof succe551ve peaks from the same loop were gené%ald;\uathln

hf;calculated by d1v1d1ng the dlfference_ln area be_

P

:"1% of each other). The fractlonally adsorbed peak'/wereiﬂ\
a2 ‘ \ .

feen the- full‘ﬂ{ |

:ffand fractlonal peak by the full peak area.; A l“hear vﬁf
t;relatlonshlp was assumed between the amount o” hydrogen 7].[Ji

'tff;ﬂ;pas51ng through the T.C. cell and the peak area.» Because Ofr.-.“;:

. -,ngetermlned by calculatlng.

'lthe 1f96% dlfference ln sample loop sxze,/the pulses adsorhed

\

%ffrom loop1 uere calculated seperately from those of loop2._
VL / . o

V:fsummlng the pulse frcm loop1 and loop2 gave the total number
“fof pulses adsorbed. The volume of chemlsorbed hydrogen was

e
“found by taklng thg?product of the total pulses and theﬂj e

‘7jfaverage sample lcop volume@(l.e. 0 3“5 cc). The H/M was -\;lf"

TOL e G e

-]
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‘d:/flh“; 17 the number of hydrogen atoms adsorbed ‘
B . . “ “\‘ ‘\ . ‘ . . X . . . ) ) '
.2. the toal nunber of metal atoms An the catalyst. 3 i!

" ) o . " i

“'ﬂfﬁThe number of hydrogen atoms adsorbed is just twlce the volume !

“fof hydrogen gas adsorbed tlmes the ratlo of Avogadro S number
<jrto 2241“ cc/mole (assumlng 1deal gas behav1our).w The total -

nUmber of metal atoms is obtalned by multlplylng the uelght ofr

.the metal on the catalyst by the ratlo of" Avogadro s number to;f
"\

‘\ffthe atomlc welght of the metal The total number of metal _”

/

“atoms 1n the blmetalllc catalysts 1s Just the sum of the metalii?

i

’\ifatom for the tuo metals.r

' The relatlve hydrogen uptake was found by d1v1dang the

e ' v
“amerage H/u for the 51ntered sample by the

ﬁaverage_H/M;for-the :
_@un51ntered sample.:y”f

Gt

The calculatlons were done on Amdahl 47OV/6 computlng

ER / ;
~sx§tem. The’ programs used for the calculatlonsland the
ty -

) e el e ,'7' “V' . ”'i% ?3?“V
‘.7h72;2:Samplejéalculgtion=’T; B T;'U‘Luéj
A : o X ) : N ' i . M{j}v:

. The equation used for calculating H/M is:

CCUH/MM = . N x Y kF ok No C[3.1)
TR ,.(u/1,_00;)*._(u 1_/‘nw1.‘+r12'/m_w2)u*uo BEER RN

' N= the no. of pulses adsorbed (calculated from the peak

W“' areas) '

‘V=the average volume of H, in the sample loops—0.3u5 cc.h\ll'

F-((1/2251u)*(2)) ‘mole’ d%zﬂ per cc. :
No—Avogadro's number .~ . ’
" W=the - uelght of the catalyst sample in grams (a)
u1 the Wt. % cf metal 1 on the catalyst ‘

o

- : ST



S

\

| Total pulses adsorbed —‘1'117"

99
M2=the 'wt.% of metal 2 on the catalyst . PN 1

MW 1=the atomic weight of metal 1
MH2 the atomic welght of metal 2

, 1 \\\'.
(a) W—W/Z for the mechanlcally mlxed catalysts\\\

N

As an 111ustratlon the results from run #71 were used in o

'the folloulng calculatlon. The sample vas a 1%Pt/1%Ir¢.

: blmetalllc catalyst. The welgat of the sample usdﬁ was 1 3890

grams. The areas of the peaks/and the fractlon of pu .es they

~

represent are glven 1n Table A 2 1 BRI

\
|
L

e Table A- 2.1 ‘/
: Calculatlon of the Total Pulses. Adsorbed
~ for Run# 71 from Exp.# 37
Area of Peak Area of Peak _ﬂ C Adsorbed Pulses *.
- Loopl H__, ‘Loop2. . - ST v/Loop1v :Loopz

|.122116 - 888806 - . »'*.~o 884 0.180
1021831 - . 1068082 © .. 705033 .0.015- .
1051664 foskdss . - - 0,005 .
C056420 oo T e
U 0,922 T 04195
Co R - EREE . . ' L R B -y v»“’q
& a0

H e T R

* Adsorbed pulse = (full peak area = fractlonal,peak area)
SO T (full peak area)
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.

Substituting into equation A-2 where:

N=1.117

v=0. 345

F= 8.922x10—5 moles H per cC.

W=1. 3890 gm._'{ “ H‘_‘a , ‘\_

 gM1=RH2=

M= 195

M2= 192.

. e ©

e The H/M for the set of experlments 46847 1"

follows.

. o~ ‘,

09

2 .

1.

o o o o
Ehe;egdre:.ﬂ/hu=vo;240' |

‘' Run# . Treatment _uH/u'

~

\
.§f“'
- Table K- 2 2 L

¢ Py

-

alues for Exp.# 37 f

.‘sz .

}{;68  ,  _ un81nterei 0 435

i

E;-”»',69H ' ?'»un51ntered 0."">"

Relative.

" 70 - sinterea 0,267

71 sintered  0.240

iUptékéf

e .

0. sau H'“

‘ AR L

were as

(O 267+0.2Q0)/2/(0 u35+o Q33)/2

100

o
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t .
The surface area measurements vere done'bytur.; Z.
: - i T
Leung.

i

"The support sfirface area measurements vere‘carried out on

.a constant volume BET apparatus. The dead volume
| determlnatlons vere @one u51ng helium - At least four dead

volume" determinatlons vere done for each sample and an average
of alle these values vas.. used. The adsorptlon procedure_;
.conSLSted of the follou1ng stepS° ‘one, 1ntroduc1ng adsorbate
(nxtrogen) to'a desmred pressure 1nto the gas holder wh;ch 1s
j isolated from the evacuated catalyst holder° two, expaﬁdlng aé
the adsorbate 1nto the catalyst holder- three, Haltlng for the’

/

'lpressure tg reach a steady state value' four, 1solat1ng the'

4

Usample holder from the gas holder. flve, 1ntroduc1ng adsqrbate

‘ﬂvto a de51red pressure 1nto the gas holder* 51x, repeatlng

',steps tvo to flve at least four tlmes.: The amount of nltrogenv

' adsorbed at the varlous pressures is glven byt

R Lo
[N A ) : R S Lo
e N : e . . L N Loa L Fa .

ui=_;__ (ng'(P PJj 1) Pys (Vg +Vd)) O [A-2J

. : ; _
J"""‘" ;. . ’ . ':_ ".,_ .
where. S "%03 AT .

/ . .

\( g ' | R
“01 moles of. nltrogen %dsorbed per gram of catalet

t 7

Sy

< "‘ ’ L4

\;, :vg volume of the gas hﬂlder-;*‘l

WVd average dead volume

-ng temperature of gas holder .}771 ;Qh .i“" ' L . @,‘ N

o {Pl—pressure in the‘gas;holderuafterché'ith adsorbate -

Y
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-

lcatalyst holder after opehinghthe valve 'to

the catalyst for the ithﬁiea urement(Pii=O, i=0)
R=gas constant.
1

t,,"-‘ » ! ) A

A plot of P11/[UL(P0—P11)] versus P i/Po leads to a

~stra1ght‘11nenv1th a 'slope a and an’ 1ntercept b. Po is the

\

Vi >vsaturatlon pressure of the adsorbate (nltrogen) at the ’

a

temperdture of adsorption. ThlS value vas measured wlth a

'”_Wallace—Tlernan-pressure gauge., The slope and the intercepts . .
iwere found by flttlng ‘the data points in “the range

N

QO OSSP/P0<O 35 to. a stralght llne usxng a least sguares

method . The ‘nitrogen monolayer coverage uptake is glven by:

Un '.=]1/,('afp)' R ' ‘glA'+3-]' SR o

Once Unm 1s knoun, the support surface are is calculated u51ng
(-

T,

T 'fthe followlng equatlon-» \<Vf1 - ;

‘A ¥'UmNvo R [A—AJ o

- . L - : . i

: where A 1s the support surface’ area. No is’ Avogadro's number
v, :

and Ao ls the area covered per nltrogen molecule uhlch 1s

e

taken to be equal to 15.8x10‘2° mz TAasamplercalcu;atxon is

shoun belou.__
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alculation
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- - . o g >

of BET §B£Q§9 EEQQ Heasuremont

v This sample calculation yé'for a fresh sample of the

1%Pt/1%Ir bimetallic catalyst.

' Outgas Temp.: 250 °C

‘a)’ Dead Volume Vd Determination:

A

. Sample Weight: 1.0035 g =
. ! A

X

‘Volume of gas holder,

- P1(psia)

4,507
3,297
3.999

2.927

4,307
3.112

.

p2 (psia) V

. 283

Outgés Time: 16 hours

Po = 721.0 Torrc
= 13.946 1lbs/sq. in.
T =

23.0°% = 296.15 K

[N

Vg = 145.92 ml

0
d(ml) Vg(P1 P2)/P2

54,4033
2.400  54.5376
2.915 54.2632° .
2. 130 _54.6001 o
3.137 Sk 4234 ; -
2.269 5442135
' 514,406

Avérage'Vol., vd=

[

Adsorption Data:

i - pi(psia) Pii(psi

1

.
AN

15?‘ 1
16 2

24222

9

2.264 . 1.326
20302 1.882
2.403 2.183
2.501 2.361
2,702 2.556
2.904 2.751
©3.206  3.016
3,502 °  3.298 -
3.900 - 3.648
4.300° 4.026
4,702 4.414
4.852 - U4.661
5.005 - 4.854
2.021 8.840
0.002 12 290

= \'—

a)  Pii/Po

© 0.0204
0.0951
. 041350 .
- 0.1565
- 0.1833
- 0.2163
- . 0e2365 - o
> 042616, e
0.2887 e
- 043165
03342
© 0.3U81°
- 0.8813
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C) Computation of Um and Surface Arca:
'L piispo Uix10% piiy (Ui (Po-Pii))

0.0204  7.456 27.939
0.0951 9.696 108,368
0. 1350  10.562 147,701
0.1565 11.001 168.697
0.1693 11.301 180.339
0.1833 11.599  193.466
0.1973 11.926  -206.044
0.2163 12.298 224,381
' 0.2365 12.700°  243.875
10 0.2616 13.195 268,465
11 0.2887  13.737 295,439
12 0.3165 14.321 323.356
13 0.3342 14.724  340.943
14" 0.3481 15.0u6 354. 840
15 0.6339 21.948 788.837
16 0.8813 48.120 1542.601

CONONZWN .

-

Pii/(ﬁi(Po-Pii)) vgrsds iii/Pb wasffitted to a straight iine
using a lineaf'least sguares'routine'for the points i=2 to
i=14. The slope was found to be 970 906 g/mole and the
1ntercept was 15.625 g/mole. '

bl

1/(970 906+ (15.625)) = 1.014X10~3 moles/gram

Area = 1 01ux10-3(moles)X6 023x1023x15 8X10“20(m2/molecu1e)

’ 96.u n2/9
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ABPENDIX B

Table B-1 liutﬂ the hydcogen chomisorpt;on data. It '
includes sample uexght, treatmcnt condxtiona, number of

hydrogen pulses adsotbed and thé hydrogen to Yetalaratio

(H/M) . Note that under the headlng CAT an AY indicates that

the ample vas a co-impregnated bimetallic c%yalyat whlle an

Jﬂx was uscd to denote the mechanlcal mlxturgg~

o

‘Tablé B- 2 llstS the’ hydrogen chemlsorptéo

onitted from Table B-1 and glves th,w

onitted.

]

.l

\
Table B-3 llsts the computer programs used to calculate

ythe‘H/M glven in Table B-1. . The first program is for the

monometalllc catalysts and the second program Ls for the co-

1mpregnated blmetalllc and mechanlcally nixed catalysts.ﬁ;

N f
v : : , . L )

P
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Table B-1 T

The Hydrogen Chemisorption Data
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{pace
PRETREATHENT SAMPLE  NUMBER N/
pxp CAT RUN  ATHM TEMP TINE  SIZE  OF PULSES "
_ ' (C) (b (gm) ADSORBED

1 IRIDIUM 26  UNSINTERED 1.7358 1.218 0.416
IRIDIUN 27  UNSINTERED 1.7358  1.210  0.413
IRIDIUN 26 0XY 300 1 1.7358 1,411  0.481
‘IRIDYUM 29  OXY 300 1 1.7358. 1.449  0.494

iy

RELATIVE UPTAKE = 1,178

'2  IRIDIUM 120  UNSINTERED . 1.6000. 1.154°  0.427
IRIDIUM 121 UNSINTERED 1.6000 1.163 ° 0.431
IRIDIUN 122 OXY 400 1 1.6000  0.965  0.357.

IRIDIUM 123 OXY 400 1  1.6000 -~ 0.949  0.351

_ RELATIVE UPTAKE = 0.827

3 . IRIDIUNM . 36 UNSINTERED © 1.7089 1. 206 0.418

IRIDIUM 37 0XY 500 * 1 1.7089 0.7488 0.169

IRIDIUH 38 0XY 500 1 1.7089  0.462 0.160

RELATIVE UPTAKE = 0.394

4  IRIDIUM 255 UNSINTERED  1.6364 ' 1.306 0,473

IRIDIUN 256 OXY 600 = 1 1,6364  0.267 .. 0,097
IRIDIUM 256 OXY 600 . 1 . 1.6364  0.267 0.097

RELATIVE'UPTAKE = 0.205

L3 a

3
X
IS



EXP

3.

CAT

IRIDLIUN
IRIDIUN
IRIDIOH

IRIDION

IRIDIUH
IRIDIONM
IRIDIUN

IRIDIUN

IRIDIUM

IRIDIUM

IRIDIOM

IRIDIUM

IRIDIUM

IRIDIUM

RUN

2708
279
280

281

20
21
24
25

15
17

18

39
40

41

PRETHEATHENT
ATH TENP TINE

UNSINTERED

UNSINTERED
oxy 300 16
oXY 300 16
UNSINTERED
UNSINTERED
OXY 400 16
OXY 400 16
UNSINTERED
0XY 500 16
OXY 500 16
UNSINTERED

 0XY 500 16
O0XY 500 16

SANPLE  NONDERD
SIZE  OF PULSES
(gm)  ADSORBED

j

1.7020 1322

1.7020 1,261

1.7020 1.599

1.7020 1.540°

RELATIVE UPTAKE

1. 8036 1.299

1.8836 1.293 °

1.0836 0.439

1.8836

0.402
§

RELATIVE UPTAKE

H

109195 1.455
. 1.9195 0.343
1.9195  0.324

RELATIVE UPTAKE

Y

1.7428  1.181

1.74.28 0.305
L

1.7428 0.304

N

i

108

/n

0.409
0.407
0.138
0.127

0.449
0.106

0.100

0.230

0.401

0,104
{10

RELATIVE UPTAKE = 0.258
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4

10

1

12

CAT

IRIpIUN
Ifiprun
igtpiun

IRIDIUN

IRIDIUN
IRIDIUN

IRIDIUN

IRIDLIUN
IRIDIUNM

IRIDIUN

IRIDIUN
IRIDIUN
IRIDIUY

IRIDIUN

KUH -

202

257

1258

259

166
167

169

170

PHETREATAEHT
ATH TEWNE TIAE
(') ()

UHSTHTERRED
UHSTIRTERED

ofY 600 16

QXY 600 1t -

UNSTINTERED
HYD 650 1

HYyp 650 1

UNSINTERED
HYD 650 1

HID 650 1

UNSINTERED
UNSINTERED
HYD 800 1

HYD 800 1

SANPLE HURBEN
$14t OF PULaks
{as) APSOHBED

1, 6612 1, 24l

1, 6612 1, 4

1, 6612 0. 282

1, 6612 0. 26%

RELATIVE UPTAKE

1. 6964 1. 3830
1. 6496h 1.081
1. 64964 1.079

RELATIVE UPTAKE

1.7258 1.278
1.7258 .11
1.7258 1.123

RELATIVE UDPTAKE

1.6675 1. 312
1.6675 1. 252
1.6675 0. 998
1.6675 0.956

u
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nsn

O,.4545
0, 44l
O, 101Y

0. 095

). 220

0,482
0. 3140

0.317

03783

0,439
0.2388

0. 386

0.882

0. 466
0. 445
0.355

0. 340

RELATIVE UPTAKE = 0.763
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\fé <. 7 PRETREATMENT SAHPLE " NUMBER = H/M
7 'EXP, CAT ‘.-  RUN ATM TEMP TIME ~ SIZE OF PULSES

R TR S (Oc) - (h)" (gm) ' ADSORBED .

. f@j‘ﬁ’*Vfﬁff,@}jflffl  -**ﬂf'j fi"hu*j” B
ST o LY e e M

.~ IRIDIOM . ° 171~ﬁ;UNSINTERED«z¢i‘1.6516;ﬁ'_1.3Q9 0,467

- ) - w : : K i o

' IRIDIOM 172_[ UNSINTERED 106676 1.280°  0.456

fIRIDIUH 173 mp 6500 16‘  1,666 1,061 f'o.378
?ﬁa‘¢!  f3.I3IDIpn_f”q1?u HYD 650 16, 6616’*‘;1;0@4; '0,379 B
SR ,f345;1;k,“1 ‘3»9,73;~RELxTxvﬁiu?wasgéio;szi'

% LR -‘»_'\_'. "

57;;147 : 1RIDIUn -f223f UNSINTERED ;VJ178039"g?ﬂ;3285,f0.u36

/“ih_IRIDIUuw-f:224 %¥D 650 ﬁ ,j 1.8039 1 1.069  0.351

ffﬁ;fxnxnzpn\ ff225 8YD 650 16 A 8039 ;'”1.061-fv0;342
e ' S '{R{E“;,Aj}:vg‘[U}p’TA'KE" =o.en2

~,5f5ffoIRFDIUM¢fﬂQ188;'.bNSiNTEREb g;it1»7258“f‘31;qq2”£ 0-“31

'f‘jiﬁxnluuﬂ,f}isg UNSINTERED }.? 1. 7258Ti*'ﬁ5§§§f-f0.966

f;]~ffu,“jfxnxnluuf;g;iéé' ayn aoo 16 1 7253fx»;o;845‘1 0.288"
”F?IRIPIUH.ﬂ43191',,HIDM8°9\116‘ 7258 035 °-287

I a
LR

o

181 UNSINTERED -~ 1.7059 ° 1.304  0.453

‘"§ *7ﬁQ3fRIDqu - 182‘? bﬁsxnrﬁaﬁn:ﬁ ' 1"7659 f]:1.275 ‘ 9;54§
;f;jxaznxuu;“”183 HYD~800 16,?* i 7059ﬂ_5'o 806 *’0.2§@.. G
_ m . | e

'**f;IRIDIUn,f*:184f, uyn soo 16 1 7059f af0.805*k 0;éé6wﬂ$:““'°”

O.626 0

o

PRSETRRN




17 PLATINUM
 PLATINUM

. PLATINUM

<

U PLATINUN

. PLATINOM

.

19 PLATINON
. PLATINDM
. PLATINGN

"PLATINUM

o

0

3

- PLATINOM

' PLATINUM

A (%0 (hy)

" PLATINUM
276
217

125/
126
o127

puaivon
e
LATING 44
o

R B e

~ PRETREATMENT SAMPLE NUMBER:
RUN ~ ATM TEMP.TINE  SIZE

A

) C 4

263 /UNSINTERED
[ ‘
20XY 300 . 1

1.6863  1.185

264 0XY 300 1

By

©1.6863

" RELATIVE UPTAKE.
275 UNSINTERED _

S 0XY.3000 1.

0XY 300 1
. “"REI . {7 UPTAKE

126 UNSINTERED - 1.6694 .

1.669% 0
;5 B L
S 1.6698

_UNSINTERED -
foxyiudo }g1] 

0XY 400 . 1 -

. RELATIVE UPTAKE =

»

42 179848

R

43

© UNSINTERED -
LN SRR
- WUNSINTERED ~ 4.7984 "
S 0XYT5000 1 1.7984

. 0XY 500. 1 1.7984"

B N - A
. DRI ”

©.+. - RELATIVE UPTAKE

“ o

St

1.6863 1,202

103

o

E . OF PULSES -
~.(gm)  ADSORBED,

1.7406 1,156
1.7806 1164

1.76006 1210

L271
iﬁééT“fgf
e
1.6694 1871

10765

1130

1.803
iasds;

H/M




PLATINOM

PLATINUH

PLATINUM

. PLATINUM

w

'vPLATINUH;
‘ ' PLATINUH1'
PLATINUM»'

fELamxnun ”f

PLATINGM
" PLATINUM

RN
. PLATINUM =~ 2

@

PLATINUM
. PLATINUM * /
'PLATINUM "~ 66

- PLATINON

" PRETREATMENT.

ATH TEMP TIME
() (h)

.~ UNSINTERED'
.'uusrumznﬁ?}\
- 0XY 600 {1

OXY 600 i;

{'UNSINTERED'f
UNSINTERED5 
=[oxx 700 ‘51'

,ioxy 700 1 1,77
. UNSINTERED -
| OX¥ 300 16

| 0XY'300 16 - ‘1.

| UﬁéiNTEREQ“.,
.ONSINTERED
,inY ¢dD}‘i6;‘.

\ 1(7@74.

-1.7775

| NUMBER
'OF PULSES -
* ADSORBED

‘1.235-‘

1.308

1.289 -

v

1.236

" RELATIVE UPTAKE

'1;T01 
1024

'.95“51"
: 6}51i_

”i,gL2225‘
1.295
1.258"

RELATIVE URTAKE =

1 1&5

1 193’
~:1 uae
1 392 :

-4

EREL;iivB:waéxzf

)
P ( B
oS ) N

: Q:@éﬁ”’:'

112

H/M

0 uuz

O 450

 O.uby

0;925'

0.974

0,374

0.348.

- 04154
0,178

" 0.453

0.413"
10.438

Voo

12045 -

04395,
: 0.;4’1 1 E <

N B
0.506‘

<9598of“f’

= 1,228



AT

 PLATINUM

PLATINUN

Q

26, PLATINUM - -

e

o

", PLATINDM

27

' “PLATINUM

.28 .

.. PLATINUM

‘o

\

- PLATINUM

. PLATINUYN

PLATINUN
N f5/5.

" PLATINUM

CBLATINUM

PLATINUM

© PLATINUN

~RUN .~

t

47
48

49

56

61,
62

335

337

338

 UNSINTERED '

~ 0X¥Y 700

336, -

PRETREATMENT
ATM TEMP TINE.
(°ec). (h)y

. UNSINTERED

UNSINTERED

0XY 500- 16

0XY 500, 16

~SAMPLE

‘ i.667a
1.6678
.1.§678

. NUMBER
SIZE .

(gm) ADSORBED

1.6678° . 1.089
1.039
2282

2202

'RELATIVE UPTAKE =

TR SRS
UNSINTERED.

0XY 600 16

~0XY 600 16 . .

. 1.7056

1;063*ﬂ
1.7056  1.092

1.7056  1.099

RELATIVE URTAKE =

oXy 700 16 .

iy

16

Tk

F R

_UNSINGERED

UNPESTERED, .
“u7 e

0XY 800 16

11,6708 0.325

146708 - . 0.300,

'1;71a1v

C1.7181 0,140

S e e
e

T 16708 1.028.

 RELATIVE UPTAKE =

1.7181 1041
fv i;Q45ﬂ:'

' RELATIVE UPTAKE =

OF PULSES '~

A

13
H/H

0.393
0.375.
0.808 -

0.808

2.108

0.375

0.385

0.387

1,031

jd.370.;

RTINS

0304

0.364

0.366

0.060 ~

o.ou9

0. 149 -



114

,/‘J“-‘ *

L S " PRETREATMENT 'SAMPLE. NUMBER - HyH
~EXP . CAT. - RUN. ATM TENP TINE  SIZE . OF PULSES =
R o S 2 : (°C) (B (gm) ADSORBED.-

K
; . ; . D
o o T o
h y i . o

129 PLATINUM u 155 ’UNSINTERED 146938 1.300° " 0.467
| 191Aiiuun‘75156T }UNSINTERED 5,f1 6938 - 1.285  0.u56
. _PLATINUN. 158 HYD 650 * 1 1,693 . 1103 0,392 *

@

© PLATINUN 159 HYD €50 .1 1,6938 . 1.043 04370

.«if'RELATIVE;U%T£§E'§_0.531- '

TR T e -'%{i K

©30  PLATINUM 150 = UNSINTERED . 1. 7917 A.350 0.453 .

" PLATINUM ' 151J;'UN§INTEREb“’f7'1 7917 ni;;$pf' 0.453
¢ PLATINUM = 153 ~HYD 800 = 1 1, 7917 \aao.v91‘g 0. 266;.

_PLATINU * 154 HYD 800, 1 1, 7917 | o§f1o . 0.272';

S 3 RELATIVE ‘UPTAKE;_: 0_593 ~
31T enarIvon 21“, «UN5INTERED 127593 1,079 0.369
- emTIvon 215 HYD 650 _15-__;1;7593_, 0.666 - 0.228

"--f;pLAmfﬁbu%,¢216? HYD 650 16 . 1.7593 ‘;o;gvzﬂ_;o.z3oﬁf‘

oL

TR .. RELATIVE UPTAKE = 0.621°

32 © PLATINUM 160, . UNSINTERED 15765 1, 182 0.u36
: ,f?LkTiNdug_»161 }"dﬁSiNfﬁﬁﬁD’  if1:$765;w -1;f16,;*d;u26 :’J
PLATINUM‘/«16é"aibsso :ié'_”1;5765'"0'634‘01242,
'_}PLATINuufJ;163§fbﬂfbf650zf16f7f‘ﬁ;5765‘f- 0,713h‘1q‘2%2  ;."'
SR S . RELATIVE UPTAKE = 0.597



o

S - s
T —— \\
L S _ PRETREATMENT ~SAMPLE _ NUMBER ° i/M
 EXP . CAT . RUN ATM TEMP TIME SIZE OF PULSES '
S ' 4 . (%) (h) (gm) ADSORBED
B A, R : C e
33 pLAinugiwmggp‘adeSINTEREDi";‘1.67?8 1,093 ,0;393 -
- bLATIﬁuu 377 unsiuiaégn A‘ 1;672§”"| 1;076 "0;337
U pLATINGM 378 HYD 650 - 16  1.6728 0;657 0218
PLATINUN 379 - HYD 650 16 ~ 1.6728 0.649 Voiasn
S _'~‘u.' | R RELATIVE UPTAKE gkatéso 'J'
'[3uj é@AmI§bu' 196 hﬁs;ﬁTﬁéEb”” - 1.7355 H 1.1?8 0z408
' pLaTINON - 197 ~ UNSINTERED " 1.7355 - Loue 00431
"f;7pLAT1Nuu’15198.».ﬂfn 800 16 .\.1,j555 03490 0,121
QPﬂATIﬁUMtv:1?9ﬁ4 HYD 800 js»gf;1.13555l  o.33a',fo;117*'

. RELATIVE UPTAKE = 0.284

"1 R i
. "/. i
o .y ‘
W : “y
i . sl : . . g ’
o // R . : N
S/ R .
. : g
; . .
‘ B - ) B ) .
; . R . ‘
— g . . N
K 2 - Q-
. C . ‘
co @
‘. " s
S .
SN - ) R ‘,.
5 | . L
\ \ AR .
o+ s .
' [T
’ R ) .
\ ' B :
g N
/ K T



EXP

  37_

CAT

PT-IR

. PI-IR

PT-IR

PI-IR

,PIfIﬁL

. PT-IR

”PTfIR

.p$;ih

CPT-IR’

PI-IR
- PT-IR

. PT-IR

AY

e

AY

AY

LAY

AY -
Y

Ay

AY

AY

RUN.

80

77

'68, 

81

78 |
79

69

131

T 7Q”
71

~ UNSINTERED

_ 0XY 500 1

- PRETREATHENT
ATHM TEMP'TIME
(°c)  (h)

FE
[y
»QNSINTERED
oXY 300 1 .
'0XY 300 1

[

l
.

OXY 400 1

OXY 400 1

1.5300
1.5300

!
SAMPLE
SIZE

(gm) -

2,231

RELATIVE UPTAKE

1.4686 2,167

1.4686. 1614

' RELATIVE UPTAKE

i

vl
UNQINEBR#D“

- UNSINTERED

' 0XY 500 1

e,

 UNSINTERED

32 oxv 500 1

D

133 - 0XY 5000 1

1.3890 " - 2.026

1.3890  2.018

Ty

N\

i ] ,\\.
"1;5a1g“'/‘_1.3ag,

3

-

o

. RELATIVE UPTAKE =

NUMBER
OF PULSES
. ADSORBED

2.205 x

‘ Qy
1. 5300 ‘ 2,214

—_—

1.4686  1.649

71,3890 . 1.206°
1.3890 T 1,117

" RELATIVE UPTAKE.=

1.5412 20435
15412 u20

'f

0.573

116

. H/M

0.430

- 0.435

0.431

1.008 -

0440,

- 0.335
0.328

0.753

. 04435

0.433

1 0.267

0;240

0.585 .

0.471 .

0.275

10.263



117

S IR ’ o RS
o - PRETREATMENT SAMPLE  NUMBER H/M
CAT - RUN ATM TEMP TIME SIZE OF PULSES
- 7% 0 (%) (h) . (gn) = ADSORBED

J

40 -

u,

PI-IR
PT-IR

‘PT~IR

© PT-IR

PT~IR

PT-IR

~ PI-IR

PT-IR

. PT-IR

- PT~-IR

n,'PT}IR

. PT-IR

PT-IR

faal

AY -

AY

AV

AY

AY

-AY

AY

AY

AY

Ay, -

Ay

AY

92 UNSINTERED -

762 OXY 400 16 1.3851

"‘r gy

\ ‘ R ot . +
A 4 # . . .
RN \5 s .

95 UNSINTERED . 1.5593

96  UNSINTERED  1.5593
97 oXY 600 1 4 1.5503
98 oxr 6007 1 1. 5593
Y RELATIVE
— |
83 . UNSINTERED . 1.5261

' ‘ . A
- 85 QXY 300--16 11§261

84 oxY 300 16

S

\
.-

= *i ™ (RELATIVE
1.3551.
\ a

93  OXY 400 16 ~ -1.3551

" RELATIVE

75 . UNSINTERED 1.2851 -
oL s

76 oxruoo;\{sx->-1.3a$1

i)

S4  OXY 400 16 1,355

S  RELATIVE

13

l2§299
2.266
1.350
1.373

UPTAKE

[

. 2.184

1.5261 . 2.310

UPTAKE

0. 439

0.433

' 0.258

2.256

0.262

"0.597

0.427

0,451

1.868

1.129

1,142

e <

UPTAKE

2.035

129

\" 1v. 19‘

OPTA.

K

1.046

0.411

0.248
0.251

1 0.608

0.472

1279



EXP

43

44

.45

46

CAT .

PT-IR

PT-IR

PT-IR

PT-IR

PT-IR

- PT-IR

PT-IR

PT-IR

_ PT-IR

PT-IR

PT-IR

PT-IR

PT-IR

PT-IR

AY

AY

AY

AY

AY

AY:

AY

AY

AY

aY

AY

Py

¥

"AY

AY

RUN

85A

86
87

88

128

129
130

369

370
371

372

‘89

90
90

PRETREATMENT
ATM TEMP. TIME

(°c)  (h)

UNSINTERED

UNSINTERED

" 0XY 500 16

0XY 500 16

UNSINTERED

0XY 500 16

0XY 500 16

UNSINTERED

\

-UNSINTERED -
'0XY 500 16

0XY 500 16

UNSINTERED

OXY 600 16

0XY 600 16

 SAMPLE

SIZE

(gnm)

1. 4358

"1.4358
1.4358

1. 4358

/

4

1.5087

1.5087

1.5087

NUMBER

118

/Y

OF .PULSES

"ADSORBED

2. 188
1.805
1.728
1.820

RELATIVE UPTAKE =

. 2- 169

2.010

1,952

RELATIVE UPTAKE =

1.6224

11,6224

1. 6224

1. 6224

- 1.4618 |
1.4618

1.4618

2.224.
275
12,009

1.924

RELATIVE UPTAKE =

L 2.152
1,123
1.123

0.454
0.375
0. 359
0. 378

0.889

0.428

0.397

0.386

0.914

0.409
05900

0.369 -

0.353

[
0.895 -

0.439
04229

'RELATIVE UPTAKE = 0.522



©

EXP

u7

48 -

49

50

CAT

PI-IR-

PT-IR

PT-IR

PT-IR
PT-IR

PT-IR

PT-IR-
PT-IR
' PT-IR

. PT-IR

PT-IR

PTIR

PT-IR

AY

AY

AY
AY

AY

AY

AY.

AY

AY

AY

w

AY .-

% RUN

203
204
205

PRETREATMENT
ATM TEMP TIME .

(°c)  (h)

UNSINTERED

'HYD 650 1

HYD 650 1

!

185 YNSINTERED

186

187
210

211

212
213

216

217.

HYD 800 1

“HYD 890 1

- \);\ -
]

UNSINTERED

UNSINTERED

HYD 650 16

218 .

HYD 650 16

: S
- UNSINTERED

HYD 809 ~T6 -
HYD 800 16

da

RELATIVE UPTAKE

SAMPLE NUMBER

119

R

H/M

SIZE OF PULSES

‘(gm) . ADSORBED

1.4024 1.968
1.4024 1.657

1. 4024 1.685

RELATIVE UPTAKE"

1.3326  1.879

1.3326 . 1.403
1.3326. "

-

~

1. 4500 2.009

1.4500  1.970
11,4500 1. 652

1.4500 572

RELATIVE UPTAKE

1. 3885 1901
1.3885 1,207
1.3885 . 1,183

RELATIVE UPTAKE

1.384

ls

0.418
1 0.352

1

'0.358

= 0.850

0.420
0.314

. 04310

£

= 0.742 ..

Gy
0.413 "
0. 405

(;1

0. 340
0.323

= Q811 - -

0.408
o.@zsb
0.254

= 0.629



EXP . CAT

51 PT~IR

PT-IR

PT-IR MX

PT-IR

52 PT~IR
‘ PT-IR

PTI-IR

i
*

53 \ PT-IR

. PT-IR,
PI-IR

~ - PT-IR

N

. 54-  PT-IR

f
PT-IR

PT-IR

1
PT-IR

MX°

Hx

X

MX

MX

MXx

a

MX

MX T
MX

MX

-

-

-

MY
Mx-
- MX

MX .

RUN

146
147
148

. 149

269

270

270

138

139

1140

141

138

135
136
137

PRETREATMENT
ATM TEMP TIME

R

UNSINTERED

UNSINTERED

oXY 300

GXY 400

0XY 400

-

0XY 400 .

[y

oXY 300

s

0XY 500

- 0XY 500

UNSINTERED

 UNSINTERED

UNSINTERED

(°c) * (h)

1

-1

1,

w]}

.UNSINTERED

‘0XY 400 1

_UNSINTERED.

g :
1
1

ij'

.
o

Q.

0.

£
1.7485 1,275
11,7485 1,099
1.7485  1.099
.BELATIVE'UPTAKE =
1.6622 . 1,273
1.6622 ' 1,201
1.6622 “1.100 -
T1.6622  0.994,
‘RELATIVETUPTqﬁﬁ =
1.6759 1.166
1.6759 1,166
“1.6759 1.171
1.6759 1161

SAMPLE-
SIZE -

1.6839

1.6839 -

16839

1. 6839

'NUMBER
OF PULSES
(gm)  “ADSORBED .

A

1.295.
1.235
1.293
1. 350

" RELATIVE UPTAKE =

120

' H/M

0.U458

0. 437
0.458
0.478

1.0“5'

0. 375
0.375

0.862

 0.457

0. 431

-0. 394
0. 356’

0. 847

0. 815
. /

0. 415
0.417

RELATIVE UPTAKE = 1,000

.
5 a



2

56

57,

58

CAT

PT-IR

PT-IR

PI-IR

PT-IR

PT-IR
PT-IR
PT-IR

PT-IR

PT-IR

PT-IR

PT-IR

' RT-IR.

PT-IR

PT-IR

" PI-IR

PT-IR

nX

MX

HX

uXx

MX

MX

ux

MX

MX

MX

MXx

MXx

MX
BX
nx

,uxﬁ'

RUN

142
143
144

145

107

108

110

111

103

104

105
106

 UNSINTERED

PRETREATMENT
ATH TEMP TIME
(°c) " (h)-

UNSINTERED

UNSINTERED

0XY 600 1

oXY 600 1

"UNSINTERED

UNSINTERED

OXY 300 16

0XY 300 16

™~

UNSINTERED
OXY 400 16

OXY 400 16

UNSINTERED

" UNSINTERED

. 0XY 500 16

hY

0XY 500 16

" SAMPLE

SIZE
(gm)
1.7402
1. 7402

11,7402

1. 7402

RELATIVE UPTAKE

1. 7598

1.7598-

1.7598

1.7598

™~

. 1.8351

1. 8351

 4.8351

1.8351

»

< RELATIVE UPTAKE

RELATIVE UPTAKE

\

149731

1.79781

1. 9781

RELATIVE UPTAKE

1.@781“

NUMBER H/M
OF PULSES .
ADSORBED _

\“’
1.251" - 0.429
1.230  0.421.
0.935  0.320
0.9%4 0,313

'= 0,746
1.437  0.487
1.395  0.473
. |
1.546  0.524
1.493  0.506
= 1.074
1.459  0.474
1.317  0.460
1.194 0.388
1.120  0.364_
= 0.805
1.514 °© 0,456
 1.481  0.446.
1.577 . 0.475
1.653 0.498
= 1,079

——

%12

.4

s

a

a



EXP

59

60

61

62

CAT

PT-TR MX

PT-1IR.MX

PT-TR MX

PT-IR MX

PT-IR MX

PT-IR MX

PT-IR MX

PT-IR MX

PT~IR MX

PT-IR MX

PT-IR MX
PT-IR MX

PT-IR MX

PT-IR M%/'

204
205

206

373

374

375

192°

193
194

195

pRHTRHATMENT
ATM TEMP TIME
(C) (h)
UNSINTERED
UNSINTERED
0XY 600 16

OXY 600 16

UNSINTERED
HYD 650 1

HYD 650 I

UNSINTERED
HYD 800 1
HYD 800 1
UNSINTERED
UNSINTERED
HYD 650 16

HYD 650 16

!

SAMPLE
SLLE
(gm)

1.7094

1.7094

1.7094

1.7094

RELATIVE

1.8252

1.8252

1.8252

RELATIVE

1.8320

1.8320

1.8320

RELATIVE

1.7975

1.7975
1.7975 -

1.7975

RELATIVE

122
NUMBER  H/M
OF PULSES
ADSORBED
1,136 0.396
1.118 0.390
0.822 0.287
0.832 0.290
UPTAKE = 0,734
1.304- 0.426
1.066 - 0.348
1.063 0.347

UPTAKE = 0.817

~

1.353 0.440
0.910 0.296
0.926 0.301
UPTAKE = 0.679
1.309 0.434
1.256 0.417
0.905 0.300
. 0.907 0.301

UPTAKE = 0.707



x PRETREATAENT SARPLY NUMBE It H/n
EXP CAT RUN ATH TERD TINE S12%  OF PULSES
¢ (°C)  (b) (gm) ADSORBED
63 PT=-IR MX 219  UNSINTERED 1.6120 1.175  O.h34
PT-IR nX 220 UNSINTERED 16120 1. 160 0.429
PT-IR 4X 221 HYp 800 16 1.6120 0.563 0.208
PT-IR NX *222  HYD B00 16 1.6120 0.632  0.234

RELATIVE UPTAKE = "0.512



Do

‘s 5)64: {ng;w

AR

S

BRI 3

65 . L PI-W

'“ : fiPT;ﬁ

B 2

. prw

e

AY

AY

Vet

8

AL

AY

e

AL

ﬁxrg

343

At

AY

»

AL

 RON

.3

355

.#‘

317
318

319

L

Ll

UNSINTERED .

0XY 400

e
e

:":if

/
!

s orreon

227

S S

0XY 500

QL

ibeifﬁQQf\

7 ¢ﬁ5iNTERﬁﬁ:

* OXY 600

Cem -

. 7‘1

1 .

320 UNSINTERED °

| "A; S v .
0xYy 500 . 4

¥

'UNSINTERED = ' 24940

5

3

‘Q

‘AY ., 355 °LOXY 600 1.

1

 PRETREATMENT . SAMPLE ° NUMBER = H/M -
ATH TEMP. TIME SIZE+ OF PULSES = '~
. .A°C)- (h), ¢ (gm) - ADSOKBED S

/

)

2,481 0 0.487 0,057

2.4814 . 0.582 07068

P
S el

EELATIVE UPPAKE = 1091

cy

lf’quédB'f! b93541;3°'d12 ﬂh

. RELATIVE UPTAKE # 2.034 . .

RTINS N
3 R

'/ RELATIVE UPTAKE = 2.544 .

Do
“//'

25375 w2l o.ous

R Y

L

2.4908  © 0.456  0.053.
204908 04891 0,104

C e

©Z 4980 1112 0.130

2.5375 1104 0.127
2.5375 - 10104 0.127

‘RELATIVE UPTAKE = 2.623




“PRETREATMENT

uEfo; .CAT RUN :

T e T e )
68 356 UNSINTERED
© o UBT-WAY 357
358"

PI-H AY. -
DR OXY 700
3':~”['pm4nrai g '4oxx‘7oo ‘g1 

| 3611 _UNSINTERED
PT-H AY 362
PT-W AY . 363 - OXY 600

PI<H AY

” U&SIk$EéﬁD'

CPT-W AY 364 OXY 600

S pnwaraes
 366

367

70

R R * L S
",inﬁfw.kfr axdisol
__;'p¢+a;af 368 OXY 6°°

o
\ PT-H AY
R PT-WH AY

313

CBISH AY 315
N -3161

o 2.51120
i a |
2.5112

'*'2.568&-

16 ~" 2.568&1

16
1:71d]lfazT

UNSINTERED

U anéikrﬁﬁED'
' ﬂ3j4, UNSINTERED 2449
HYD 655 «,1Aﬁ‘ 2;3985f‘. 0.317 |
ﬁﬁpi;ﬁ,ﬁx-iuA 1 HYD sso | aé;de,*

Y S
‘NUMBER

o.ﬁss*‘ 0.053
5112 0.458  0.053

K o.w97 baosa~_w'f“

'\',o‘.": : /U
0. 7ou

0.815 ;,

2.568& f
R TR -

2 568&0*"1;3u0‘

RELATIVE UPTAKE =

2'0;592-

'UﬁSiﬁTEREb"»{ngnsau i
) 0.065

f' 2 4804 0.557
1.128 : o.132

16 2 LU A1
wRELATIYSEﬁﬁTAKE,i 5
0.391

20982
0.390

204982
2. ugezﬂa. 0.352

RS

. SAMPLE ~ ;74 R
"ATM TEMP-TIME  SIZE OF PULSES - =~ = ' o
- {gm) 'ADSORBED . o

RELATIVE inAKE;= GJows

‘?10;980,;;‘: '

'{0;152;.'

3501069

16 2 ueuu‘l‘ _
1189 ,0,1352\ o

= 1.982"

0,046
:0.0QS'.,”
0,037

”RELATIYELQPTAKE45,0,857 |




EXP

72

"CAT -

PT-H AY
CPT-W AY

’PTfﬁ,EYH;f

S
328

329

RUN

-~ -PRETREATMENT
ATN TEMP TIME

(°c) - (h).

\

UNSINTERED

'HYD 800 1.

HYD.800. 1

moo.

e

SAMPLE

'SIZE

gm)

2.4975
2.4975

2.4975

~_NUMBER

OF. PULSES

‘ADSORBED

-0. 473
S 0.122:

S 0,181

 RELATIVE UPTAKE =

f\-:
0. 055
04014 -

0.016

0.279



EXP

73

I

S preR

76

BT

CAT

Pm-wj

 PT-H

PT-W
PT-¥

PT-§

. PT-W

'jnx
MX

uy -

Hx
MX -

MX-

nx
MX

,.v-ﬂ-x "
MX

X

353
. 240

349
1350 " oxy 600

" -Agx'ij.éoo.r}"--3.’412‘4' '

350

359 .
e
360

-

°  PRETREATMENT SAMPLE
ATM TEMP TIME
L - (°C)  (h)

RON

351 UNSINTERED
35%§~Hoxr 400

OXY 400

QS

-~

ORa e

P
el
e

° B

1

v§39'f.bNSiNTEREDW

U R SN o
OXY 500 1. _2.7090 .

0XY 700 13,4187

'3.4457
3.4451
1

SIZE
(gm)

1,132

3.au51 B

. RELATIVE UPTAKE
27090 . 1.020

& 2411'fogg;506,; 1 2.7090 1581

. RELATIVE UPTAKE

~

UNSINTERED Clwize o 1359

3.4124

I

- RELATIVE UPTAKE -
'UNSINTERED .  3.4187" 12292

OXY.700° "1 . 3.4187  0.563

NUMBER -
OF PULSES
ADSORBED

1.108

1.160 0,193

' 0.993

1527
1527

0563

127

H/M

0. 191

. 0,187

0.219.
0.347.

0.340

= 1,567

0.232

0,261 -

0.261

0.220
0.096
0.096

REZATIVE_UPiAKE.:ﬁo.u3s')f,;lf-r
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R P o S .
e , PRETREATMENT SAMPLE  NUMBER H/m'
EXP CAT - RUN' * ATM TEMP TIME  SIZE - OF DPULSES

o # (¢l (b)) (gm) ADSORBED

/

'77v":vpm—g'nx . 309 <6NSINTERED‘ 3.3858 1. 146 0.197
| . pmfﬁ'ux“."31o "bNSINTERED‘f'\ 3.3858'\‘:1,]35 'fo.196_
PT-¥ MX '! 311 oxy 400"161 - 3.3858 *1,203 fib.207:
- .pI-w Hx  ; 3{2_. oxi"ﬁdo' 161_°:3;3858 _ 1;284 : ogzzi-'

e RELATIVE UPTAKE = 1,089

'78 . PI-W HX 245 = UNSTNTERED 2.9834  1.018  0.199
) PT-W EX 246 , UNSINTERED 12,9834 . 1.018 | 0.199

!

. PT-W HX. 247 OXY 650 16  2.9831

0.643

0,126 T

PT-H HX {2ua:[,oxzfeso:.je»if[z;QsSy]ﬂ',0.571 ;”0,]5iu f

| \3311TIVE,dQTAKE'#_Q.6u6 o

78 prew ﬁx'vsa3J6 ‘4uﬁSI&TEREb'_f'3L4206\;VV1.377' 10.235 .
B PT-W uxu .f3n7;7iHib:65d‘@'1 : ‘3yﬁzoéﬂ "16;8i1.qu-ﬁ3§f:: :
© PT-W HX ” f3uéffﬂﬁiD;é5O,;le* ,3.u2o6V\&?QQGBA"xoljsi*_f
: 80.  PI-W ix  ;*§£d;ﬂ qN$iﬁTﬁREb:u .fﬁ;ZSOQTvf‘ﬁ.Q§j  -Q.1§6 T
L IpifwEﬁif»a_3§d- ;prf8bdf‘1131 f3;26O4,1  b;$f5”f“d;b92' |
3 900 ke . 20409

. PT-W BX = 332 CHYD 800 1. “53;266471f*o-5Q3.;'0;106‘_

. RELATIVE UPTAKE £ 0.506



EXP

81

CAT

PT~W

PT-H
'pm-w

PT-¥

MX

MX

MX

X

-MX
Mx

ux

RUN-

323
324
1325
326

243
244"

24fl

PRETREATMENT
_ATM TEMP TIME

- (°c) - (h)

] .
UNSINTERED
'UNSINTERED

HYD 650 16

HYD 650 16
o

(

UNSINTERED .

" HYID 800 16"

. HYD 800 16 -

- RELATIVE UPTAKE =

SAMPLE
- SIZE

3.2535
3.2535

3.2535

"3.2535
 RELATIVE UPTAKE =
2.4380

2.3430

"2.3u30_7~

(gm)

129

'NUMBER
OF PULSES
ADSORBED,

CH/M

s

1.026°
1.046 "LQ.Ha7 
0.511  0.092
- 0.549 '

0.512
0.873.

. 0.235

0.235 0.058

/

- 0.184
S 0.098

. -
0.209
 0.058"

0.280

f‘//lml‘
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4 .
4 .
Table B~ 2 ‘;’
The Experiments Omitted frb\Q \ _
“the Chemlso:ptlon Data in Table B-1 ) _ . ‘v/
. | ) ‘,‘k: /
Run cat o Treatment;‘ . . Reason for ! !
\ I L ~Atm  Temp Time - Omission
o o Ca o N
178-180 - Ir HYD - 650 1 . The initial uptake
S Y : - - (H/M) wWas too low. L
‘.‘//’ ) - ) . s . . ‘(ioe-0¢233) ’ B -
. 150-152 Pt . HYD 800 1 - The 2nd Hy adsorption
S e on the sintered sample
, . _ vas 30% more' than the
' | 1st adsorptlon. :
1€4-165 | Pt - HYD 650 16 The relative uptake
" _ . : S 'was much: hlgher|than _
- o .the other 3. experlments
L _ L [ « . at this 51nter1ng‘ '
A T : o - ~condition.
W . , :

- 72-74  Pt-Ir AY - OXY 500, 16  .The imitial uptake
R T R / © (H/M) was too low.
T L ! . (i.e. 0.277)

. 207-209 'Pt-Ir MX HYD. \ -800 . 1 The relatlve uptake of -
o : 5 L o - 04531 did not seen to
v L R '£it' as- lndlcated by
\ Lo - . the other results.ﬂ
116-119 .~ fr- - ox¥ 500/ 4 This-Ir sample wvas
e T SR 51ntered for 4 hrs.}

3u0~342 Pt'w“nx.x ;EXYI' 400 {\ 1 The 1n1tLal Uptake
R : : ~(H/M) was too high,
: .(i-ec 0.286) '



S ¥ P
B - ~ fable B-3
Coo Computer Progranms -

The followlng are the programs vere used. to  calculate the
H/M ratios for the different catalysts. Program 1 was used to
calculate the H/M for the monometallic catalysts. Program 2¢
was used to calculate ‘the H/M for the bimetallic and the
* mechanically mlxed catalysts. .

The first:piece of data to be read by the programs is the *

~atomic wWeight of the metal used in the catalyst. .In program 1 |
this is designated as XAT and has a 'format of F10.3. For '
program 2 the atomic weight of the metal is designated as

X¥T1, has a F1© 3 format and is either the atomic weight of Ir
or W. The atomic weight of Pt has already- .been incorporated
into prOgram'Z. The next 1nput strlng of data requlred by

_both programs 1 and 2 are glven 1n Table B-3.1. -

Table B—3.1

Inpne/ggq?at

'e,Input S o _,"’ Columusi Fermat Name in Pregraq
_/);ﬁ I N e "i} B
.Aeeéalyst ideﬁtific;£ion,7‘, ‘f;viés". ’2Au'/ _1eK&IDi,cAiiné'
.e expe;iment run # e s _..; "9-12‘ eblga\ . \‘RN’ '
“Sinteringlathosphere o :1" - 13f16 ,[';a - 'xéTu"
;§£E}er1ng temperature in C  vf 17429', .xuﬂ~ . . ,-iéup
51nter1ng.tiee R  V, To21-24 S VSR Tinz”
elthe€_1 or 16 hrs. o : | S Lo
:catelyst-weight- -- . t f o 25?34/ F10,u  :>CAfﬁT.}‘
‘éimb'iept"ptessﬁre_ ,. - T F10.4 _PRESS
anbient temperature R 4s-54 F10.4 ATEMP
no. of phlSes aéserked o . 55-64 'F1d.q_~" . PULSE
% metal on catalyst/ | 65-66 .,ig;f RS
no. ofl& titrations on :eA “. 67-68 | 2. iflx.f’

‘the un51ntered sample,

¥



, 132
‘ \ . .
_ Note that all the A format were right justified when
enteced. The program can take one ox two sets of data for the
unsintered sample. However it was assumed that there would
always be two measurements on the sintered sample.. In the few

cases where a repeat measurement was not\ made, the data were
just entered tviced ‘ o A

The ambient temperature @ﬁg pr;ssure were entered into
the data just for reference. 1They were not used in the
calculatlons.,

. . “\

" In the following programs the 'I' is a counter which can
be set to any interger value and from which the experiments in
- the data set are numbered consecutively. .
<.

|

\\‘
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C-1 Tunguten Analysis

In a procedure sizilar to that used by rertzveillor(18),
ambonium motatungstate was used to lapregnate the Alon with
tungsten.  The wolecular formula for ammonium metatungstate
is: (R, )W, 504, « Because of its affinity for water and its
casy hydrolysis to tungstic acid and other polytungstates(55)
the purity of the sample as (NH,) (W1 2099 could not be
guaranteced. In order to find the tungsten content the

net§§ungstate vas pyrolized to giveWo0j . The reaction is:

6NHy + 12 W04 +'31120 . (Cy")

Other polytungstates and tungstic-acid decompose with

heat in a similar fashion to give W03 (55).

Approximately 0.3 grams of ammoniun nmetatungstate was'
accurately weighed -into a previously fired and veighed
" crucible. The crucible plus contents was placed in a\nufflﬁ
furnace at 600 °C and left overnight. The crucilbié vas
removed and allowed to cool in a dessicator. The-crucible and
contents were weighed again .and then placed back in the muffle
furnace for several more hou;s so as to check phat reaction C-

1 vas complete. The aﬁalysis was done in duplicate. The

calculation of the wt.X tungsten in the ammonium metatungstate



- neck of the flask ‘was fltted ulth a 125 ml cyllndrlcal

.:a

R 138
Tl ‘ S e . v \x.,__,w'*f“:“""" .
uas based on the assumttlon that the contents 1n the crucxble

“ I3 T

after heatlng 1n the furnace was wo3.' The wt % tungsten was‘,‘k
found to be 72 6 +/- b 01 compared to the theoretlcal ut.% H

based onqthe forggla Oﬂ%)6&up39 thch 1s\75.1., ‘
‘ : R

'féjélReductionJQQVwCig tgwgfin 51tu

. waﬁ'i Further,vthe reductlon Has attempted in 51tu.

' 1n1et and outlet port for dry nltrogen purge gas. 'The'thxrd@“
N ‘ S

o 91th molecular 51eves. An amount of ﬁﬂls

e P DT

B

It uas founf 1n the llterature (24 25) that the

o !

’:ﬁ 1mpregnat10n of alum;na Hlth an’ agueous solutlon of anmonium:

metatungstate followed by drylng and reductlon in hydrogen,“»p'“

resulted 1n a.reactlon of the tungsten w1th the alumlna.,gltf_u

vas not clear whether thls reaqtlon Has a result of -the
S

compound used to lmpregnate the alumlna, or due to other

LN,

factors such as the presence of vater or oxygen or whether 1t flvfu\\

Has Just the chemlcal nature of the H/'A1203 system. Because

"of the successful preparatlon of the Pt and Ir catalysts Hlth “'1;§

PtC12 and IICIB, 1t was dec1ded to 1mpregnate the Alon wlth

The procedure uas as folloHS'~A velghed amount of dry g“;fhﬁ*

Alon was placed 1n a three necked 250 ml round ]

Two of the necks of the flask uere fltt

D

separatory funnel.!m16 : 1s not soluhle 1n water and thus

’

vas used as the solvent.; The CCla Has spectral quallty

e

(Flsher15c1ent1f1cﬂ' iFalrlawn, New Jersgg) and*was drled,

Eg g /

guas dlusolved 1nto




f"vas belng purged by dry nltrogen and also stlrred ulth a -

'a.fdlstlll off the cc1

/

100 o1 of CCl, so as to glve a. 1vt% W loadlng to the Alon. _—
v(h

l

"~3The CCl4,/WC16 solutlon/has kept as free from exposure to vater =

, ﬁas possmble. The so utlon Has added slowly to the Alon whlch

/ R

magnetlc stlrr r.; The solutlon vas allowed to 1mpregnate the

Y.Alon for 1’hr.v At thls p01nt the nltrogen flow was ; stopped
BT

,ahd a gentle vacuum was attached to the outlet port of the ;;oﬂ,

;flask A heatlng mantel was: used to heat the flask and help

4 Hhen most of the CCl4 had been removed

hheat to the flask vas 1ncreased se#hs to promote the reductlop

of the tuggsten-
X "':A.} L

This method vas attempted three tlmes.' Each tlme when ‘_}“Q:

N,

:}the dark coloured CCl / Wﬂﬁ solutlon vas added to. the Alon and

lheat applled from the heatlng mahtel the solutlon went clear. -

:f‘No reductlon to metalllc tungsten was ever achleved 1n the,'

fthe Alon to glve a 1rredu01b1e form of-tungsten.

R

“the vacuum Has shut off and the flask was purged wlth H2 ft?heV f‘

”hbthree attempts., It was concluded that wcl6 also reacts wlth -

e
o
o




