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The effects of Cl-induced alloying in Pt—SnjA&); catalysts
on butane/H reactions
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The effects of oxidation/reduction regeneration treatments, with and without 1,2-dichloropropane present as a chlorinating agent, on the
structure of Pt(3%)—Sn(4.5%)/4D3 catalysts have been correlated with selectivities for butgnedctions. Particles of ®fin Cl-free
catalysts were partly covered by%rbut retained exposed ensembles of Pt atoms which were active for isomerisation, hydrogenolysis and
dehydrogenation reactions, the latter becoming dominant at high reaction temperatures. Coking reduced Pt ensemble size and, hence, also
favoured high selectivities for dehydrogenation as hydrogenolysis and isomerisation sites became poisoned. In contrast, the addition of
1,2-dichloropropane in an oxychlorination step before reduction promoted f:—tBﬂ?taIon formation after reduction, the proportion of
the total Pt in alloy being enhanced by increasing 1,2-dichloropropane concentration and oxychlorination temperature. The alloy surfaces
were inactive for isomerisation and hydrogenolysis reactions, giving dehydrogenation as the sole catalytic reaction.

KEY WORDS: Pt-Sn/AbO3 reforming catalyst; butanefcatalysis on Pt—Sn; chlorination of Pt—Sn catalysts

1. Introduction of products formed hampered simple interpretation of the

o ) results specifically in terms of the effects of alloy forma-
The use of Pt-containing catalysts in hydrocarbonreforfg,  The present work has involved butang/ftéforming

ing reactions leads to coking and metal sintering which rgg 4 jess complex test of the effects of alloy formation after
sult in loss of activity, change in selectivities and the neeg variety of catalyst pretreatments with and without chlo-
for occasional oxidative regeneration followed by redugine present. Humblogt al. [8] studied isobutane/#reac-
tion to restore catalytic efficacy. Heat treatment of usggh,s gyer Pt—Sn/Si@and contrasted the mechanisms for
PUAIOs in oxygen will remove carbonaceous deposits [}y qrqgenolysis and isomerisation over non-alloyed Pt and
but in the absence of chlorine may induce further sintering, jehydrogenation to isobutene over Pt-Sn alloy surfaces.
after subsequent reduction [2,3]. Oxychlorination, howevety, intention here was to test whether a similar contrast of
npt only removes coke but also favours enhanced Pt dispggn aviour for butane/over Pt—Sn/AdO3 could be corre-
sion [3,4]. In contrast for Pt(3%)-Sn(4.5%)A8l; oxychlo-  |4teq with changes in catalyst structure induced by the ab-

rination/reduction trea@ment decreased Pt di_spersion and £&tce or presence of 1,2-dichloropropane during catalyst re-
duced the catalytic activity for heptane/keactions [5]. Re- ganeration treatments and monitored by X-ray diffraction.
duced catalytic activity after oxidative regeneration in the

presence of chlorine was ascribed to the presence of Pt—-Sn
alloy particles [5]. Lieske and Volter [6] established that thg, Experimental
presence of chlorine in the preparation of Pt—Sp@4l pro-
moted Pt—Sn alloy formation. Arteaghal. [5] showed that Chlorine-free catalyst designed to contain 3 wt% Pt and
heating Pt(3%)—-Sn(4.5%)/4D3 in oxygen at 823 K in the 4.5 wt% Sn after reduction was prepared from a dispersion
absence of chlorine gave®Rtarticles with O-adatoms, andof Degussa non-poroys-Al,03 (surface area 110 g 1)
subsequent reduction inoHyave PR particles which were in an aqueous solution containing tetraammineplatinum(ll)
partially covered with Sh[5]. In contrast, the addition of hydroxide and tin(ll) oxalate. Evaporation to dryness at
1,2-dichloropropanein the oxidation step generated separd®3 K was followed by heating in air (383 K, 15 h) and
P and SnQ crystallites, which on subsequent reductiothen dry CQ-free air (673 K, 1 h). The catalyst was placed
gave 1:1 P-Si? alloy. Studies of Pt-Sn/AD3 containing in a quartz reactor and heated in an air flow (673 K 1 h)
0.3% Pt similarly showed that the presence of chlorine in thefore various sequences of treatments involving oxidation
oxidative treatment favoured closer intimacy of Pt and Sn in a flow of air (1 h) and reduction (this constitutes an ox-
the reduced catalyst [3]. idation/reduction cycle and is designatedd), oxychlori-
Arteageet al. [5,7] studied heptanefteactions over Pt— nation (1 h) in a flow of air containing 1,2-dichloropropane
Sn/AlbO3 after oxidation/reduction and oxychlorination/reand reduction (an oxychlorination cycle, designaiey), or
duction treatments in an attempt to correlate selectivities fose as a catalyst for the butaneft¢action (designatece-
isomerisation, cyclisation, aromatisation and hydrogenolysist). With one exception, reduction was always in a flow
reactions with catalyst structure. However, the high numbef H, for 1 h at 673 K. Temperatures were varied in the
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Figure 1. XRD patterns as a function of oxychlorination temperature: 26
(a) 373, (b) 423, (c) 473 and (d) 788 K.
Figure 2. XRD patterns as a function of 1,2-dichloropropane injection
rate during oxidative treatment at 823 K: (a) 0, (b) 4.2, (c) 10.2 and
ranges 573-823 K for oxidation, 373—-823 K for oxychlo- (d) 40.5u1h~ 1,

rination and 593-820 K for reaction. Specific experiments ]

are referred to in the results section by including the oXatios in the range (10/1)—(50/1). For all experiments other

idation or oxychlorination temperature, the amount of irfhan those involving variation of (#C4H10), the molar ratio

jected 1,2-dichloropropane in an oxychlorination step, an@f reactants was kept at (10/1).

where appropriate, the reaction temperature. For example,

oxy823(15)feact673 means oxychlorination at 823 K with . .

15 ulh=1 1,2-dichloropropane, followed by the standard regf' Resultsand discussion

duction and reaction_ at 673 K. Amounts of qu_uid 1,2-dig 1. X-ray diffraction analysis

chloropropane vaporized into the air stream during oxychlo-

rination were in the range 4.2-77.0h~1. The Ptand Sn  Figures 1-3 exemplify the XRD results after a variety

loadings in catalysts were consistent with a Sn/Pt molar rai catalyst pretreatments. All XRD patterns contained five

of 2.47/1. peaks in the 2 range 30-4% due to the alumina support.
Powder X-ray diffraction (XRD) patterns of samples afThe patterns fooxid823 andoxid753 in figures 2(a) and

ter catalytic use were recorded using Cy Kadiation at 3(a), respectively, are typical of the results for catalyst that

1° 29 min~! . Catalysts were discarded after XRD analyeontained no chlorine. A pair of dominant peaks at 39.8

sis. A Hewlett—Packard 6890 GC System with a 5973 maaad 46.2 (both overlapping peaks for alumina) were due to

selective detector was used to analyse the products fréfl crystallites. Maxima which could be attributed to Pt—Sn

butane/H reactions over 150 mg catalyst in an How of alloy [6,9—11] were very weak showing thatid treatments

25 mimin~! at 1 atm pressure and with $#4H10) molar  of catalyst precursors which contained no Cl predominantly
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Figure 3. XRD patterns as a function of 1,2-dichloropropane injection rate during oxidative treatment at 753 K: (a) 0, (b) 1.73, (c) 3.7, (d) A9, (e) 11
(f22.9and (g) 117/h~1.

generated Btparticles with only very low amounts of Pt—-Snand hence the formation of alloy during the subsequent re-
alloy. duction treatment [5] was incomplete.

XRD patterns were recorded for thirteen catalysts after Figure 2 exemplifies the results for fiaxy823 experi-
oxyT (15) cycles with temperatures of oxychlorinatibr{K) ments involving injected amounts of 1,2-dichloropropane in
in the range 823> T > 373. The result in figure 1(a) the range 4.3-7%Ih~1. Figure 2(b) shows that 4,3 h—1
for 373 K shows Pt-Sn peaks that are more intense thgenerated reduced catalyst containing substantial amounts of
those for catalyst with no added CI, but non-alloye®ifet both PP and Pt-Sn alloy. However, raising the amount to
mained the dominant form of Pt after reduction. Howevet0.2 ulh~1 (figure 2(c)) gave Pt-Sn alloy as the dominant
raising the temperature of oxychlorination to 423 K reversgahase, this result being maintained for higher injection rates.
the relative intensities of the XRD peaks (figure 1(b)) showA similar series of fourteexy753 experiments were car-
ing that hexagonal 1: 1 2tSiP alloy [6,9-11] had become ried out with injection rates in the range 1.73-11h1.
the dominant product containing Pt, although a proportiorhe XRD patterns in figure 3 exemplify the smooth trend in
of the Pt was present as®PtFor T = 473 K all the re- behaviour shown by all the results from dominarft ®ith
duced Pt was present in alloy form, figure 1(c) showing rlitle alloy for 1.73ul h~1 to dominant Pt—Sn alloy with only
peaks for Pt alone. An identical result was obtained fatight PP for 11.4 ulh—1. Amounts of Pt were negligible
all higher temperatures up to 823 K (figure 1(d)). The efor injection rates>22.9ulh—1.
ficiency of 1,2-dichloropropane as an “alloying agent” was In one experiment involvingxy753 170ulh~1 of 1,2-
therefore dependent on the oxychlorination temperature, tdichloropropane was injected in the oxychlorination step and
low a temperature favouring Ptather than PSrP alloy subsequent reduction was carried out at 753 K for 3 h. The
formation probably because of reduced 1,2-dichloropropaleeel of Cl added was expected to be more than enough to
decomposition during the oxychlorination process. Insuffensure complete alloying of all the Pt in the catalyst. How-
cient Cl-liberation impaired the generation of mobile chlorcever, the XRD pattern showed that significant amounts of
Pt and oxychloro-Pt complexes during oxychlorination [3,%oth PP and Pt—Sn alloy were present with the heights of
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ment. At<633 K isomerisation dominated over hydrogenol-
ysis and no alkenes were observed. Raising the tempera-
ture from 633 towards 700 K increased hydrogenolysis at
the expense of isomerisation and also led to the appearance
of alkenes. Similar trends in behaviour have been reported
for hexane reactions at 563—-663 K over Pt—Spl4lwhich
was prepared from Cl-containing precursor salts [14]. Kap-
pensteinet al. [14] found that decreasing the Pt—Sn alloy
content of catalyst increased the reaction temperature neces-
sary for alkenes to become the dominant reaction products.
Here, for Cl-free and largely alloy-free catalyst the onset of
significant amounts of alkene occurred at 713 K, alkenes be-
coming the dominant products above 723 K. In general the
Y alkene products were 100% butenes both in the initial stages
593 623 653 683 713 743 773 803 of reaction and after coking had taken place. The only ex-
reaction temperature /K ception was for a reaction temperature of 823 K at 7 min
when rapid coking was occurring and the dominant alkene
Figure 4. Variations with reaction temperature of initial (a) conversion, arfrmed was propene. However, as coking approached com-
selectivities for (b) isgmerisation, (c) hydrogenolysis and (d) dehydrogenﬁietion the alkene formed was95% butene. Ethene was
tion for catalysts afteoxid673. never a detectable product.

the Pt peak at@= 39.8° and the Pt-Sn peak at 41 8eing The dramatic rise in glkene selectivity 'with increasing
nearly the same. This result suggests that the high reducti§fPerature may be attributed to decreasing metal surface
temperature and the long time of reduction promoted Cl lo§§verage by hydrogen and to differences in the extent of
from the catalyst during the reduction stage and, therefof@King at different temperatures [14]. Final conversion val-
the promoting effect of CI on alloy formation was partially/€S showed that decreases in conversion through coking be-
lost. tween reaction times of 7 and 255 min occurred at all tem-
Estimates of crystallite sizes from XRD peak width@eratures and that coking led to enhanced selectivities to
showed that there were small changes with changing catkenes above 653 K. Catalysis on uncoked ensembles of
alyst pretreatment. Diameters of Pt—Sn crystallites dBI° atoms [5] at7 < 713 K favoured dominant isomeri-
creased from 34t 4 A after oxy373(15) to 29+ 4 A af- sation and hydrogenolysis reactions. However, coking de-
ter oxy823(15). Particle diameters were less sensitive to tegeased the size of exposed ensembles [12,13] thus favour-
injection rate of 1,2-dichloropropane during the oxychlorind dehydrogenation reactions which, unlike isomerisation
nation treatment at either 753 or 823 K. Diameters & p@nd hydrogenolysis[14-16], can take place at single Pt atom
crystallites for catalysts aftexy treatment were 26 2 A, sites [14,17]. Similar decreases in hydrogenolysis selectiv-
but were 21+ 2 A for catalysts which had not been treatedly and increases in dehydrogenation selectivity with time-
with 1,2-dichloropropane. This is in the same sense a8-line have been reported for propangfigactions over
previous conclusion that Perystallites were bigger after Pt=Sn/AbOs at 792 K [18,20]. The effects of coking on
oxychlorination (before reduction) rather than oxidation [5f1€ butane catalysis results support the conclusion from an
but contrasts with results for Pt(0.3%)48) [2,4] for which  Infrared study of CO adsorption on a similar catalyst [5]
oxychlorination favours a better dispersion of Pt after reduthat, although the surfaces ofiarticles in freshly reduced
tion. For Pt(3%)-Sn(4.5%)/A0s the existence of bigger Cl-free catalyst were partly covered by Sthere remained
PO crystallites after oxychlorination is also reflected in th&lusters of exposed Pt atoms which did not contain Sn atoms
retention of bigger crystallites after subsequent reduction u#s & surface diluent.

B w [=3 ~J
< < o (==

% conversion or % selectivity
(98]
<

der conditions for which alloying is incomplete. The effects of coking on conversions and selectivities
are further exemplified by the results in figure 5 for chang-
3.2. Catalytic results for chlorine-free Pt—-Sn/Al,03 ing Hao/butane ratio in the reactor feedstock. In the early

stages of reaction when Pt ensembles [5] on metal par-
Typical results for catalysts containing hardly any-Pt ticles were largely uncoked decreasing the butane partial
Srf alloy but consisting of dispersed®Riarticles partly cov- pressure in the  flow promoted hydrogenolysis selec-
ered in SA [5] were gained by studying Cl-free Pt-Sng@k  tivity largely at the expense of dehydrogenation. How-
which had not been subjected to amgy treatments. Reac- ever, after 255 min when the Pt ensembles were highly
tions were followed for 255 min after which time furthercoked, the catalytic conversions were much reduced, and
effects of coking [12,13] were small. Conversions and sesomerisation and hydrogenolysis reactions were attenuated
lectivities are reported as either “initial” or “final” valuesby the lack of exposed Pt ensembles capable [14-16] of
which refer to 7 and 255 min on line, respectively. Figure datalysing these reactions. Dehydrogenation at isolated Pt
shows changes in initial butane conversion and selectivitisites [14,17], therefore, became the dominant reaction tak-
as a function of reaction temperature afterd673 treat- ing place.



P.J.C. Angtice et al. / Cl-induced alloying in Pt-S/Al,O3 catalysts 13

100 I 1 ) 1

100
@ ] ] (d) | ]
80
2 80 - 4 F .
2 255 mi
g 55 min 10 .\ T I l
% 60 {1t . =
® 2
: g ° il
w40 1 F 1 o)
g »
8 X 6 —‘L
®20 17T .f)/ .. 5
/ C
L Ao ) S 4 A
0 ' &
10 20 30 10 20 30 g
. Qo 2 ]
(Hz/butane) molar ratio (&}
=X
Figure 5. Variation with H/butane ratio of initial (7 min) and final |
(255 min) (a) conversions, and selectivities for (b) isomerisation, (c) hy- 0
drogenolysis and (d) dehydrogenation for catalysts subjectexidi6 73/ 373 473 573 673 773
react773.

oxychlorination temperature /K

_ _There Were no s.ignificant changesin ColnverSion Or sel@§gure 6. Variation with oxychlorination temperature of initial (a) conver-
tivities when theoxid temperature was varied in the rangeion, and selectivities for (b) isomerisation, (c) hydrogenolysis and (d) de-
573-823 K forreact673. Both the surface area and nature hydrogenation foreact773.

of PC particles partly covered with Srbut retaining arrays . L
of exposed Pratoms [5] were insensitive to changing oxi- The effects foreact773 of changing the oxychlorination

dation temperature prior to reduction at 673 K. This is cofSmperaturer” in OxyT (15) before reduction at 673 K are

sistent with nearly identical infrared spectra of adsorbed C_%mwn in figure 6 and in conjunction with the correspond-

observed for a similar catalyst aftexd673 ancbxid823 [5]. It?ogn ﬁzz/ égiugﬁom fggr%;iiolnd:nrgocnastg?ttei)cabg;]r:\(/:it)ﬁ(r)rr'?Lae_
Spectra of adsorbed CO on the catalysts before reductlor]1 vy y '
enhancement in alloy content at the expense BfaBtthe

were significantly different from each other [5] showing, toEnychIorination temperature was raised from 373 to 473 K

gether with the present results, that the identity of surfa%aals paralleled by decreases in activity, the disappearance

behaviour for the reduced catalysts was established du”&gisobutane and hvdro Vi ducts wh Il the Pt
the reduction step, and not in the preceding oxidation ste . ydrogenolysis progucts wnen ail the
in the catalyst pretreatment. resent was incorporated mto alloy aftaw473, and_the oc-
currence of dehydrogenation as the sole catalytic reaction.
Butenes remained the only reaction products for oxychlo-
3.3. Catalytic results for chlorine-containing Pt=S/Al203  rination temperatures in the range 473-823 K. Raising the
oxychlorination temperature under conditions when alloy-
Experiments involving react673 after oxy673(15), ingwas complete increased catalytic activity, which may be
oxy823(70) oroxy823(170) showed that the generation oforrelated, at least in part, with XRD evidence that there was
Pt-Sn alloy by oxychlorination followed by reduction had parallel decrease in Pt—Sn particle size and, therefore, an
reduced the catalytic activity to an undetectable level. fRcrease in surface area. The corresponding “final” catalytic
one experiment involvingxy823(70) the reaction tempera-pehaviour after 255 min on line was a close replica of the
ture was raised in increments which established that the qhitial results in figure 6. However, coking induced small re-
set of appreciable catalysis wasat 723 K where small ductions in conversion and for oxychlorination temperatures
amounts of butenes were detected with no products dg=low 473 K increased the dehydrogenation selectivities (for
rived from isomerisation or hydrogenolysis reactions. Thigxample, to 91% fooxy373) in accordance with the geomet-
contrasts with the results for Cl-free catalysts for whicfic effect of coking on the size of exposed Pt ensembles.
isomerisation and hydrogenolysis were significant reaction The effects on the catalytic results feact773 of varying
pathways at 723 K and supports the contention that allgeye 1,2-dichloropropane injection rate during the the oxy-
formation favours dehydrogenation catalysis and not isehlorination steps iroxy823 andoxy753 were determined
merisation or hydrogenolysis [8,10,12,19-21]. Feact748 for assessment in conjunction with the XRD data in figures 2
after oxy823(70) butenes were still the only products. Faind 3. The results for the two oxychlorination tempera-
react773 catalysis became fast enough for reliable measuteres gave exactly the same effects and led to similar con-
ments of butane conversion and product selectivities ardiisions and, therefore, only the data ésiy753 are shown
therefore, 773 K was chosen as the reaction temperatureifofigure 7. The gradual trend from predominantl§} parti-
exploring the effects of alloying on catalytic behaviour.  cles for Cl-free catalyst to all Pt incorporated into Pt—Sn al-
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100 ' ' : / i 4. Conclusions
The following conclusions follow from the present study
of Pt—Sn/AbO3 with a high Pt loading and a molar excess
of Sn over Pt and a previous infrared and XRD study of an
identical catalyst at various stages of oxidation, oxychlorina-
tion and reduction [5]. The catalytic results are interpretedin
terms of catalysis at metal sites rather than bifunctional ca-
talysis involving acidic sites on the alumina support. Studies
of octane conversion at 755 K over Pt48j3 containing var-
m ious amounts of Sn led to the conclusion that bifunctional
A reaction pathways were eliminated because of the removal
------------------ A - of acid sites by low loadings of Sn [22,23]. In accordance
A with the present conclusions, the effects of higher Sn load-
! ! | A | ings on catalytic behaviour were ascribed to Pt—Sn alloy for-
mation [23]. Bariat al. [18] similarly concluded that tin
40 60 80 100 blocked or poisoned acid sites on the support and that this
was a significant reason why the addition of Sn to PG4l
enhanced selectivities to propene in propaned4ctions at

Figure 7. Variation with 1,2-dichloropropane injection rate during753 700-792 K:

of initial (a) conversk_)n, and selectivities for_ (b) isomerisation, (c) hy(a) After oxidation and reduction of Cl-free catalysts Pt ex-
drogenolysis and (d) dehydrogenation feact773. ists predominantly as Ptparticles with a partial cov-
ering of surface Shbut with exposed ensembles of Pt

loy occurred in the injection range 0-22:8h™* (figure 3). atoms which provide catalytic sites for hydrogenolysis
Increasing alloying reduced the butane conversion and the 5nd isomerisation reactions. The formation of Pt—Sn al-

selectivities for isomerisation and hydrogenolysis reactions, |oy on an alumina support is not favoured in the absence
and hence the selectivity for dehydrogenation rose to 100% of chiorine during oxidation/reduction preparation or re-
when alloying was complete. The good correlation between generation treatments.
the extent of alloying and the favourability of reaction to L . . .
butenes rather than isobutane or hydrogenolysis produg?g OxyCh|0rIna}[E0n/L('-|)dleCtI?n treatmtent W'”: 1’21'(?;?‘1'5”0'
was also shown after 255 min reaction, with coking addition- glrlzpig(rar:;tioﬁ Cthggg'?elr?tgo?gﬁg E] rorglfclﬁes P t depend
ally enhancing dehydrogenation selectivity at the expense of . y ' ying . P
. ing on the temperature and the concentration of chlo-
the other reactions. 2 : S
: : - rinating agent present during oxychlorination. Increas-
The enhancement in dehydrogenation selectivity on al- . .
LT ing temperature and Cl-content favour increased alloy-
loying in Pt—Sn/ApO3 resembles results of a study by . S . . . i
: ing. This is consistent with previous conclusions that the
Humblotet al. [8] who showed that the generation of a Pt— : . . .
. ) . presence of chlorine during catalyst preparation, derived
Sn surface alloy on Pt particles dispersed on Si@ve an : L
. ; . . either from Cl-containing precursor salts or from added
increase to-99% selective dehydrogenation of isobutane to o .
isobutene at 823 K. The build up of increasing amounts of al- HCI during impregnation of the support, promotes Pt
' P . 9 Sn interactions leading to alloy formation in reduced
loy on the Pt surfaces progressively increased dehydrogena-
) o . . catalysts [6,19].
tion selectivity in accordance with the present growth in se- _ _
lectivity which accompanied an increasing proportion of F€) Complete alloying of Pt with Sn reduces butane hy-
in alloy rather than Ptcrystallites. The decreases in iso- ~ drogenolysis and isomerisation activities to zero, leav-
merisation and hydrogenolysis selectivities on alloying have ng dehydrogenation to butenes as the only detectable
been ascribed to geometric effects resulting from the absence "éaction. A study by Humblai al. [8] gave a parallel
of exposed vicinal Pt atoms capable of acting as active sites "esultin that the generation of Pt-Sn surface alloy on Pt
for these reactions [8]. Reductions in the sizes of clusters Particles dispersed on Si@ave an increase t899%
of exposed Pt atoms in passing from pure Pt surfaces to Pt selective dehydrogenatlon of isobutane to isobutene at
surfaces partially covered by Sn and finally to Pt—Sn surface 823 K. Mechanisms were proposed.
alloy decreasingly favour hydrogenolysis and isomerisatiqd) Coking of Pt—Sn alloy reduces the catalytic activity
and hence dehydrogenation selectivity becomes enhanced.but does not change the selectivity from 100% dehy-
Kappensteiret al. [14] have discussed, in relation to results  drogenation. In contrast, coking of ensembles of Pt
for hexane/H reactions, the array of Ptand Sn atomsin low- atoms on Ptparticles produces a geometric effect which
index faces of the hexagonal Pt—Sn alloy consistent with the hinders isomerisation and hydrogenolysis reactions and
present XRD results. The decreased ability of Sn-rich sur- increasingly favours enhanced selectivity for dehydro-
faces to chemisorb H{24] is also a contributing factor [14] genation to butenes. The effects of coking on spe-
to the catalytic behaviour. cific Pt surface sites in Pt—Sn/AD3 catalysts have been

70 ] ] | ! I

% conversion or % selectivity

1,2-dichloropropane injected /ul h™
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monitored in detail by infrared study of CO adsorp-[6]
tion [25]. Coke was deposited in part on arrays of P{’]
atoms which were partly diluted by surface Sn, the de-
o . 2 8l
position of coke causing a reduction in exposed Pt en-
semble size. [9]
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