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conditions where oscillations were expucted..

 to a high temperaturd statc was observed with some of the.
lysts, while others produced oscillations at the Same’e“ﬂditieﬁg;“'

Some of the oscillations occurred with a regular pattern, while

others were chaotic. Examination of the catalysts revealed that in
all the cases where oscillations were observed, there were 1-10
micron protrusions on the surtace of the catalyst while no such
protrusions were seen for theksamples that did ndt'catalyse the
oscillations. The regular oscillations uccurred when the pro-
trusions all looked similar while chaotic vscillations were seen
when there were protrusions of many different sizes and shapes.,
There were no slynificant diffurences between the surface compo-

sitions of the various catalvsts. These results are discussed

in the context of the fuzzy wire model of Jensen and Ray.




© The oteurrence of oscillatinns in catalytic oxidation has be

' kﬁowﬁ'sihce’the appeorance of a payér by Liljenrath (1) 4n 1018,
kﬁbﬁﬁver, it has not been until the last thirteen years that the
,prablem tas reeinveﬂ a preat dpwl nf attention. A vast naéﬁr%tykﬁtV

 e\warktaNﬁate h&s inval ed sarbea nnnnﬁidé nxidatiaﬂ §f plat?nué‘

ke 0  platinﬂﬁ;  ?15£$&&&:
~vs ‘s, and b&‘ﬂﬁ?t64 par*i 1 s have béen use d, w%ila wark uith |
1nicke1 eatalvs*~ has been limited to atckel fails {?). Review«qssiéiﬁa
vhich summarize tv.e results of variou: researchers are available (?,3),
Cscillations in the nxidation of hydragen on a aiektl'roilwhi#e
been observed by Belysev, e al, (L,5,° ), ani Schmits, et nl. {? 8),
Ralyaev, ei a1, h.ove adbserved nseillazions under Isothermnl conﬁitiohs
where th. rea tion rate vapird irn a2 ~tmp'e hgrmanie Jarhinn, Foil
tomnoratures DAt w.en 196”3 apd 200”4 1»arured aerillatiens when the
inle' oxveen concentratlon wes less than 0,2 percent, 3chmitz,
et al,, obsQrved oswillationé vhen the temperature, flow rate and
‘ we e he 1‘* eoncis r?, avi ke *a,‘

2




 &9§&?;3@5§ H%rre ‘heat an maas zransjnr e
(5,9 1), Mechont

Include & Murfer® whose adsorp'ion rnd “esorntion are slow ralativﬁ

tsms which hove been &ble to prpéic’ aacillttinns

to the resct!~n ﬂvramics (11); the preaenee of two different forms ef

 fadear%@d reaesanu, one sctive and one inaetive (° 12);the periedie
‘1an*aaﬂ‘axidatiaa of the surfacs (2;?)3 ah

purface cavar;ge (%3); var%atian af the actiqa | re
V‘VVQ;ae ¢a¥trlfe (5,5, li,15)3 the dissolutian ef reaatants‘in thi
’ §a1k°ﬂnt§1l(h,17); a,Langmuir-Hinshelwond mechtaiaMfwith'vacant
sites (16); and hot spots on the surface due to protrusions (18).
In ardér to predict the very low trbquency quillati&na,aoantiﬁes
,ﬁﬁtﬁ?vad in hydrogen oxidation, it is necessary to include‘pracesaes
which are slow relative to the mean reaction rate (17). Mechanisms:
"ﬂhich involve the participation of deeper layers of the catalyst
‘satisly this requirement.(L,17),
Presented here are the results of a study of the eflects of
surface structure and comoosition on the selfesustained oscillatinns

Y

whieh occur in the oxdintd






APPARATUS

A schenmatic diagram of the apvaratus ia shown in Fivure 1.
Compressed gas cylinders purchased from the Linde Division of
Unfon Carbide Corporation are used as a source of hydropen and
oxygen. Fach of these gases flows from the cylinders through
a one-foot long, oncqhalf Inch copper tube filled with Dricrite
anhydrous calcium sulfate, through calibrated Romer Gilmont flow-
meters (size #1 for oxygen, size #2 for hydrogen), and into a
check valve. The gases are then mixed at a tee, passed through
a third check valve, and admitted to the reactor through a one-
quarter inch pvrex ball joint. An on-off valve allowed the
oxygen flow to be shut off quickly {n an emerpency.  All connect-
ing lines in the system were of one-quarter inch copper tubine.

The reactor, vhich Is shovr in Figure 2, wae modeled after the
one used by Schmitz, et al., (6,7). It was constructed entirely
of glass, and consisted of a bottom section, a top section and
a conncction butween the two. The bottom section of the reactor
was a 43 centimeter lonyg tube with a diameter of 4.9) centineters,
The op section of the reactor was 23 centimeters long with a
diameter of 2.19 centimeters. A constriction with a dianeter of
0.6 centimeters connected the two sceotfons,  Reactants entered
the bottom of the reactor through a one-quarter inch ball joint.
The bottom section of the reactor was filled with glass wool up
to the level of the was inlet, A mixture of three, four, and

5




five millimeter glass beads was then used to {ill the reactor
approximately two-thirds full. A glass wool plug was placed just
above the constriction, and more glass beads were used to fill
the top section of the reactor to within six centimeters of the
outlet. Two efpht-foot Glas Cal Cords were wrapped around the
reactor in order to preheat the reactants, and the entire reactor
was fnsulated withzuhn%tus tape.  The voltage to the heating
tapes was controlled using two Varlac Autotransformers,

Although the reactor was designed to provide a uniform gas
flow, it was fouud that the gas temperature decreased with dis=
tance from the center. The reacter outlet was covered with olass
wool in an attempt to alleviite this problem, hut the success of
this measure is doubtful,

The nicke! catalysts used in this study were disces with dia-
meters of three-eighths of an inch. These dises were cut from a
sheet of nickel foll with a thickaess of five-thousandths of an
inch., The temperature of the catalyst was measurcd using a three-
thousandths inch chromel-alumel therrocouple obtained from Omega
Engiuvering Inc. A twelve centimeter ceranic insulator kept the
thermocouple wires separated.  The thermocouple was attached to
a Lincar recorder which was calibrated with an Omegatemp digital

thermometer manufactured by Omega Engineering Inc,
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PROCEDURE

A. Experimental
The procedure varied somewhat from run to run. In general,

the catalysts were treated, loaded in the reactor, and activated.

Then the reaction was started at conditions which were expected

to produce oscillatigps. The behavior of the catalyst was watched
closely, and the reaction was stopped and the catalyst removed for
analysis after any significant change in bcehavior,

Three different treatment procedures, which were labeled I, 11
and ITl, and summarized in Table 1, were used to orepare the cata-
lyst. Procedure I was to mechanically polish the face of the
catalyst with various sizes of diamond paste down to 6 microns,
spotweld on the thermocouples, and position the catalyst In the
reactor about 2cm above the level of the glass beads. Procedure
Il was to polish the catalyst as In I, place it in alr in a furnace

at 500°C for one hour, cool the catalvst down, spotweld on the
: p

thermocouples, and position the catalyst in the reactor., Procedure
11T was to take a catalyst sample, with no treatment, spotweld on
the thermocouples and posftion it in the reactor. No steps were
taken to poison the back of the catalyst or the thermocouple leads

in any run.

The activation procedure was the same in all the runs. The

oxygen flow rate was adjusted to the highest value allowed by

?
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the flowmeter (about 300 ml/min), and the Variac voltages were
adjusted to raise the catalyst temperature to between 340°C and
370°C. After one hour, the oxygen flow was terminated, and the
reactor was purged with nitropen for five minutes. After purging,
hydrogen was introduced to the system at a rate of 2100 ml/min,
and the Variacs were readjusted to maintain the catalyst temper-
ature at 3.0°C to 37Q°C. After one-half hour, the oxygen flow
was turned on at a rate of 63 ml/min, resulting in a gas mixture
of three percent oxygen by volume. For the duration of a given
experiment, temperature versus time data were collected by the
recorder. The length of the experiments varied from a few min-
utes to four hours., After any significant change in bchavior,
the oxygen flow and the Variacs were turncd.pff. and the catalyst
cooled to 150°C or less in hydrogen. The catalyst was then re-
moved from the reactor, separated from the thermocouple wires,

and carried to a scanning auger spectrumeter for analysis,




#H

Table 1
Pretreaiment of the lMickel Samples |  }
Treatment Tyvpo Treatment before puttinge the

catalvst in the reactor

o A

1 Polished

11 Polished and
calcined at 500°C
for onc hour

111 None
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B. Analysis

A Physical Electronics 593 scanning Auger microprobe was used
for all the analysis. The 595 combines the high resolution electron
optics of o scanning electron microscope with tie surface analvsis
capabilities of a standard Auger spectrometer. All of the analyses
reported here were done with a beam encrgy of 10 kEV.  High reso-
lution photographs of the surface were taken with a beam current
of 0.4 na and a magnification setting of 100,000, Low resolution
photographs of the surface were taken with a beam current of 10-30na
and a magnification setting of 500. General Auger spectra were
taken by defocusing the beam with a beam current of 100 na, Com-
ponent maps were done by setting the bean current to 100 na and
the magnification to 500, then scanning an energy window around
the appropriate Auger peak at each point on a 256 x 256 array
on the surface of the catalyst. The map was calculated by comput-
ing the difference in the maximum and minimum in the undifferent-
fated Auger spectrum und normalizing to the minimum. The later
procedure allows one to differentiate between variations in com-
position over the surface, and varfatfons in reflectivity due to

morphological features,




RESULTS

A. Catalytic Bchavio:

Results for one of the catalysts prepared by Procedure 1 are
shown in Figure 3., Before the introduction of oxygen the catulyst
temperaturc was 693°F., When the oxygen flow started the tempera-
ture rose to 785°F owyer a period of three minutes and o . oscillation
with an amplitude of about 100°F occurred. Two minutes later a
very large amplitude oscillatlon occurred which raised the catal-st
temperature to 1105°F and then back down to 740°F. The temperature
then rose slowly over a perfod of 4 minutes with some small oscil-
lations at which point the temperature rose quickly to 1135°F and
did not return., Turning off the oxygen flow and restarting it
after the catalyst had cooled resulted in a direct jump to the

high temperature state with no oscillations, Similar results

were obtafned for all catalysts prepared using Procedures T and 1T,

At most, two osclllations occurred before the catalyst went to

the high temperature <tate,
Catalysts of Type I1I, which were not polished or calceined,
exhibited sustained oscillations, Figures 4 through 7 show the

tempetaturé versus time data for a tynical catalyst of this type.

After the behavior shown {n each figure the catalyst was removed
from the reactor, analvzed, and placed back in the reactor,
Figure 4 shows the inftial behavi.or or the catalyst. Aicer the

oxynen flow s arted the terooriture rose from 670°F to 770°F

13
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over a period «f 38 minutes., At this point, a small oscillation
with an amplitudc of about 20°F occurred. Eight minutes later, the
temperature had risen to 770°F, where a second oscillatfon occurred,
During this oscillation, the temperature rose to 900°F, and dropped
back down td 780°F. A slow temperature rise to 800°F over the
next eight ninutes resulted in a third oscillation, which increascd
the tempervature to 920°F, and then decreased 1t to 780°F. 1Two
more oscillations occurred over the next ten minutes which were
similar to the third one. Peak widths were about ten scconds for
all of the oscillations, The sample was then removed for analysis,
Figure 5 shows the second type of behavior exhibited by the
catalyst. The temperature rose from 640°F to 750°F over a period
of 20 minutes at the beginuning of the experiment. Oscillations
then began to occur with amplitudes of around 100°F, and periods
of three to five minutes. A gradual decrease in period and increase
in amplitude occurred over the first 100 minutes of the cexperiment.
These changes were found to be due to drifting of the hyvdrogen flow-
rate. Readjustment of the flowrate resulted in a reproduction of
the original behavior. The gas temperature was increased after 105
minutes in order to induce a behavioral change. As the temperature
increased, the periods became smaller, and lower limit of the oscil-
lations increased. The amplitude of the oscillations remiioed at
about 100°F. Seventeen minutes after the tempetature increase beganm,
the lower oscillation limit was at 825°F, and the perid ot the

oscillations was about 20 seconds. AL thia point o the ceaavier




became chaotic with peak amplitudes varyving from 195°F to 200°F.
The lower limit staved constant at 835°F., The chaotic behavior
was allowed to continue {or 30 minutes before the experiment was
ended and the sample removed tor malysis, 1t should be noted
that the time scale in Figure 5 Shanges at 122.7% and 148 minutes,
Also, the small cempdrature varfatifons at times of 16, 101, and
104 minutes were caused by oxyvgen flowrate adjustments, not
catalytic buihavior,

The third type of behavior exhfbised by the catalyst s shown
in Figure 6. Within 5 minutes of the introdictioa of oxvpen, the
temperature had risen from 680°F to 785°F., Secveral small oscillations

of 5°F to 10°F oc urved followed by a larger oscillation fn which

the tempcréturo rose to 945°F and then fell to 755°F. The teomp-
erature rose slowly to 303°F over the next cight minutes, followed
by anotier oscillation, This oscillation had a much larper ampli-
tude and peak width than any previously observed osciltlations  The
maximum temperature reached was 1035°F, and the peak width was about
80 scconds. Subsequent oscillations also had uﬁunually large ampli-

tudes and peak widths, The upper temperature limit varied from

1040°F to 110G°F, while the lower limit remained essentially con-
stant at around 755°F., The peak widths varied from 20 to 60 secouds.
Several of the oscillations were preceded by some small amplitude
(2-5°F), small period {20 seconds) oscillations. The amplitude of

these ovselllations eradaally fncreased for one to two minutes betore
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the large oscillation occurred. For the fourth, and twelfth and
fourteenth peaks, three to four small amplitude oscillutions were
superimposed on the large oscillation at the top of the peak.

The period between the large oscillations varjed fron six to
seventeen minutes,  Some of the variation in period mav have
been due to drift hl&Ju}lwdrugen flowrate.,  The experiment

was ended after 150 minutes, and the sample was removed for

analysis.

In Figure 7, the transition to the high temperature state is
shown. For the first 120 minutes of this experiment, the behavior
was very similar to that shown fn Figure 6. Conscquently, the pas
tempefaturv was increased in an attempt to force the reaction into
the high tempurature state. The result of this was an fnerease in
both the upper and lower temperature limits, and a decrease in
the period. The lower limit increased to 835°F and the upper limit
went from 1080°F to LIOO°F. The period decreased to ftour minutes,
After four oscillations at the fncreased temperature, the hipgh temp-
erature state was reached.  The temperature of this state was nearly
the same as the upper limit of the preceding oscillations.  The
catalyst was again removed for analysis,

A fifth experiment was also done with this catalyst. In this
experiment, the catalyst was brought <o the high temperature state
and left there for five hours and then removed. No oscillations

were obaserved,
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These experiments were repeated for three other catalysts
prepared in Procedure ITI. In gencral, the results looked simflar
to those in Figures 3 through 7. Oscillations were observed witle
a range of periods of 20 to 1000 scconds, and a range of ampli-

tudes of 5°F to 350°F.

B.  Auger Analysis o

A low magnification picture of the catalyst whise behavior
was shown in Figure 3 is shown in Figure 8, The surfacc shows
some small scratches which were caused by polishing, but ne large
ridges or valleys. At a higher magnification, shown in Figure 9,
small peaks and valleys with a sizc on the order of 0.02 microns
can be seen, but no gross features exist. All catalysts prepared
by Procedures I and II looked qualitatively similar. The cata-
lysts looked relatively flat on the scale of 10 microns, but there
were some small featurces on the order of hundredths of microns in
diameter.

An Auger scan of one of the catalysts prepared by Procedure
I is shown in Figure 10, The analysis shows large amounts of
oxyran (483EV and S13EV) and nickel (716Fv, 783KV, 848EV), with a
small amount of carbon (272EV) and trace impuritles. Sputtering
with Argon for three and a half minu 4 at a voltage of 2kV, a
current of 0.lna, aud an ‘reon pressure of 4 x 10°7 torr resulted
in the spectrum shown in Figure 11, Most of the Impurities have

bee:. removed laas with a fraction of the oxveen,  Aucer analvsis
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of all of the other catalysts prepared by Procedures I and 11
showed similar features. The surfaces contained large amounts
of nickel and oxvgen, small amounts of carbon, and trace amounts
of other components, Not shown are oxygen and carbon maps, which
indicated that the uxvpen and carbon concentrations are essentially
constant over the surface,

\

Low magnification pletures of the catalyst whose behavior was
shown in Flgures 4 through 7 are given in Figures 12 through 15.
After the simple periodic oscillations {n Flgure 4, the surface
exhibited mountalns and ridges with an average diameter of about
8 microns witn some relatively flat areas as shown {n Figure 12,
After the chaotic behavior shown in Figure 5, the surface still
had some large ridges as before, but the previous flat areas‘were
covered by small pits and spots as shown In Figure 13. The very
large amplitude oscillations in Figure 6 occurred vhen the surtace
had smaller mountains, and some very tiny cracks as shown in
Figure 14, Just after the catalyst went to the high temporaturs
state, Figure 15 shows that the surtace was much smeother than

originally, with few large mountains,
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Higher magnification pictures of an oscillating catalyst
are shown in Figures 16 and 17, Figure 16 shows a medium magni-
fication picture of several of the’ridgcs. The ridges appear
to be fairly round, with some small grooves cut into them.
Figure 17 shows a high magnification picture of a flat area on
the catalyst. On the d1y this picture was taken, the resolution
of the auger was not ‘as good as that in Figure 9. (It was only
on r-re ogcasions that the resolution was high enough to allow
the magnification shown {n Figure 9.) However, it is still

possible to see small ridges and valleys with sizes on the

order of tenths of a micron.

Auger analysis of an oscillating catalyst Is shown in Figures
18 and 19. There are large oxvgen and nickel peaks, a much smaller
carbon peak, and some trace impurities. tomparison with Flgures
10 and 11 showed that the surtace composition was very similar
to that for nonoscillating catalvsts shown previously.,  Sputtering
at the same conditions as before, again removed the fmpurities ana
gome of the oxypen. In one case, sputtering appearcd to {ncrease
the carbon content, but this occurred on a day when the Auger

system was dirty and depositing carbon,




Temperature (°F)

o R T
: g >




60

()]




807

753

1 1 LLLl L1 ;/]‘,l,];]’, -

—
ey
—ard
—
—

Jigil

10

R
~

1
28288

a.njoiadwe]




3

o 729}
® 682

2 6355
S 1102

’ ,.E..’ 1055 |

40




1104,

R e N A

1012
320
828

(4o) 24njDiadwa]




o BV TR S AL A R PR 6 Rt TR S BS pgn . R Y A N e WA g e gy

|

s




ot SIS Al 7 pk%'tg%i




Ve f

vt

[} &)

(%2

 §3

[ 3

-

by T= - - % -4 .~ .- ~s. T2 - - -
- - - e ™ B ee-8 Seuw - .t e’s YW e e -
- ° -
» -
> -
. .
- -
.
» » -
. ¢ .
- . -
- ‘ -
- - . -
- l -
: ! | :
l ' l
. § :. v ke h- ‘s'l ' ! 'H "
“eaf | ) \ ’ ; i I & ‘-
* ! L T 1% " | \ * . ‘ . ! | -y tt i »
e T v ' "‘ t f-x" '11; Wil by
. 2 ¥ . N
KR . {!
[ ] . s ’ h -
-
) : .. )
l .
- . " -
- i
.. : ' b -
L
- - ' - - s L
. ; 2
- : : ‘
. .
4 E . L)
: . i
- . L -
- ' -
- ; ' [ ' -
. .’ B
¢ -
Ld . -
. v 4
> ) . -
] \ : .
. .
- -
(’ -
» <
*
L -
i
> -
¢ +
; iy N L N L Ll A L 2 L X
ron tce Az cs ~a3 ton a2 cezn o 1805
Flad A -t e 2R X ::a - e -~y ?:‘ con® Jot 1 P
CTNETIC TeITiY, £
% e w'e 2 0=

mms
by Procedure 1

Auger Scan of a Catalyst Prepece




-
-
-

wn

S

*

| £X)

e

- - -

- .- - - -, - - - - .- : .:.: - :- :_ - . -
‘:»- -.. .- "z ;’;:oi l'::-.o .‘ - - ® o w .:- - - -
» -
. ' .
» -
\’ -
..v . » -
b -
. .
[ . -
. ¢ . -
- H " .
PR - » ™”e -
' . n ,4’.1 TR e | ol
v Ol J”l ("j.}s“"’{ ﬂ.& Ao TR _A|I . A “'w' ﬁ‘ * ’kﬁ‘faﬁ }1"“ P “““‘ “
M EYL i ] . o ‘ I
- ’b » . : ‘ ' . -
: ¥ oo :
- .. ’ b -
- i oy -
- i . . “
= . i
- b ‘. -
: 4 ;
. -l :
u> ' - -
P e e .‘. [P - ' :.. -
- : : -
: . .
- + . -
-
- 4 L]
J L .
. .
- RSP . -
* ;
> : L}
; - :
» : -
. .
e : <
'., .......... s . P PR P 3 - - ¥ -l
» -
[ 4 <
% “ 1 £
g 4
> .
& ‘._1 ™~ .. Y . 2 P . " R W & "
. » % -~ - “ -» - - .= - .- ':o ‘:.% P e
i 232 424 g2 Lo 25 ez Ll LS B,

K¢ .atic Energyy, EV

Auger Scarn ol a Catal;si Prepa: ..
by Procedure I
’u‘m Sputlering




e L L TT R RCE R btk ik

vt - %[z}‘ita t«‘.ﬁ

- G Ay A

.5

s

.

e

i ot

v
{8







L i)

M

g




s o Bl Ottt o oo s

.

o

-
*

Ay

i A W S

A

»




ot




»
.
4¢l€§0$§§194?4;!;4f~.JidAqiii4‘1&”&‘5‘!43€!4§41o?4 —p——— Y
: Ce S . . .
* -
: e
[~ ]
. Ll 3
'L
e
.
x4
................................. i ,
. -
[ Ay

+ Preva

s

¥
-
%

Y
i*atol
I

vorednre 111

-
»
L

- . »
L e v e ot M) p S o & - ..
T LTI R e e e o e gy o a -

-
-
-
':
-
-~
b

L
b

-

-

»

-
e ¥

¥

-
7
yIneETIC

« 1

Auger
b

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

Sy 2
. .“'2 o .
B e e e e e s

aebaiire e e AN WAy AT S e e - T e

re 18;

420
.-y e "\2 bl

w
-

289

142

e A R R IR P ¢




prLuoeEr) L1

b

L K3

ses  t.c.% -re 5 TIz. 323 37z T2 g~
P e - - -—-Poowh Send - > #w'e e
v“;_';v ’ .—_:‘W P p— - y —
; |
i »
[ ]
t
- .
. ! ™~
4 .
3 P . .
R BT E R R N P . P R . .- ’
i ' .
§ ‘4
K}
id
]
té
i

‘$.

———— . o <A 2

P s, Rk

Pt S

o g
PRIBRESAPE &

-l

e

L 4

e o

careame v e

.

e oA a4

PR S L T R I L

“« v

N

cemalssnonsenravanrsiistesmar ooy

D

PR

A;A‘AA'.;.LALAAAA

143

-

4

32

428 5

i yre 19
POs————

”»

]

aaalaaaaegss

+
I
i
4
- ‘.
P
3
3
v
i
. &
. it
P . v
it
. S
P «emn e - -
.

L aaaa st

camemnvesmdow

. -
------ Grsvven- wmnswaly
- N

a

» -
[u et

L

L ter

7e3 £33

KINETIC ENESaT,

- *
anm oalon

}:'..‘ . l'?:qgs, j ‘! I

(3]

e ® @ g ew s wnvw
- A A

bED

atalyst Frepare?

rwareacmar et

,,,,, s .. -

P Rl
TR e
- -
.

B .
N ¥ .
: -_
e Bitn W Tr.s s

b A;.MAM.MMAMMMN.&WL-,MW

\

I QN WRY S S




1}{ quav{ An
m

*ﬂ‘”

The data ‘n ‘he Yugt nention %u%icat;»‘hvz tbp prﬂ rra‘m»ﬂt;,

rroaclurs fas « Ynree £ 00 es rn whathar the ys‘ﬁm rxhibite ”ﬂ!?ﬂihﬂd
peritlatiana, ro i o the famm el the ose 1115%tonn, N custained

“ » - « e .
nrnillntione wim cheepted Tapoeatalonis whies wire rolishe ! or

»

qrwnn*l]p-” wi'x}:f anl Paryet e dend Aeat Tl at Y e v nhonrvoas fay "‘.'—;Y!ﬂyﬁt.‘:

vhiel, wore Yan o4 Aipe~tly frea the resctar with nn pretrantment,

L Al fferent reet mantears cpanodups yos nned Fy Aebmicr, et al, (7,8)

-
iv

whioh left *he oupdoooo vt

Y

tnle wauch, e peeclied dnoa Hfepent
faem far thern 100! Cip gme meem bepe, A1 of the acrillstione
Ahenpued bere cepe cimtlop in Sapmoin thnt the catalyot crent oa
matanity of ctq ccme omt oo Yoy temporncure, with onopantd dpereace

ard =ghrecuert ceapenes feoebe eataluss toooeratopn Agpiar en
ar~t11n0dom,  1r che areillacigue ehsorved by Cohmite, el "1y
;h; 'ﬂt‘?l_‘-',”:’u aoent ..1...{,\?:0:‘- PR PN Qf..n ne 9 "]th L e rg;’;:r,;’

with g prodd 0 wmenc emd ruboengent fnopesce inothe tomepnture

sppinc an asel o 1A, Tetmitey et onl,, eainted the baeves ot thelr

govsYps with ar - Treinum puadrs npdoer g jrpee tharmanaunle, =0
that She thap- ' seen A epe'y eeenles wes lapeer than the *hewral , .

rerm n® the saor ire leed here,  Jengan and Hsv (13) have shown that

At feapenees tn crerma) mase onn enaner the farmoof the annillac inng,

Pameaprdly, o cmeapieon Af che daea a8 Cenmice, et al,, witr our
-
Aqta {g e~ 100 o
*
Tpam tre o cn teo te last  ecriang T fe mnagre f *int *he

[y "“8*2'1"11', PR R "7‘(".""&"’ L 7 TR Y R WL ﬂ“ LF - ~n'r9"qn“, buq‘
i 5 ; 5 | AL A ) i . ® R 4

-

~ x e L » - e ® my
tagay, in ccile 30 it spaw thab the | unfases A tpa rRUNTVELI WRTE

Vs




gcavervd bv n thi’& ln'ﬂr of n‘rkh1 ari avv;en. *rn rol ive,amﬁunts
*f‘fof these tsc gamﬂorfnta ﬁ‘w‘ ot va*” v**nif%ﬂﬁngi" from ~ats*"ﬁt *a
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show that ar *  atalytic be~nviar cets mare comnli~ate:, the ~ntalvst,
surface cete n.~ prerively routen, As the abllftw ~ *he AP L

to suetain the a~rillations ‘erreases, the surfare hecomes smanther,

Hish resolution -i-turetr, surh as the enes in fi-ures 9 ant 17, shaw

&»} . - ] . 24 Ly . - : % " :
‘V.a8 rr lapr: N },‘m} whoe B'»r T marn gy :] N o ,,.-,,,M_‘:‘ «
o3 ) ke




flankeﬁ the *aﬁﬂ on a *vnip of tﬁwths ta Pu&*r&atb& of nirraqq.

“~?¢réneee benweea the ¢at&1¥*§w

& ﬂ&ult ﬁ&’“ ex,}"“*\*ti"i sﬂnfhp t‘hp Qﬁ}:f

de~re& Qf snlishtn~ an% a six aicrvn paatﬂ was uan% tu dn :

’tbe paiinhin?

The dauta rivcn here is cnnsietent wygh the model of Jensen ar A
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