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ABSTRACT

Titenia supported Rb Catalysts characterized by EXAFS and XANES enelyses
indicate that there is direct Rh-Ti bonding with electron transfer from Ti to
Bh in these cstalyst after kigh temperatnre reduction. When coverage of metal
perticles, wlich is driven by this bonding, is avoided, tkere does not appear
to be a major effect of the electronic interaction on Bz snd CO chemisorption.
Bowever, a comparison of Rz/Ti0, and Rh/V,03 which undergo similar metal-oxide
interaction does suggest that there are catalytic consequences of this
intezaction which are of an electronic nature. A compsrison of Rh and Pt
supported om Ti0, (or V203) dcmonstfates that the stoichiometry, strength and
temperatore of initiation of the intezacstion is different for the two metsls on
the same sapport.

Chemisorptrion, catalytic reactions of different strocture sensitivity and
X-ray absorption spectroscopies indicate that the norphology of Bo~Ca clusters
supported on different silicas is different. On Cab-0-Sil HS5 the Cu is more
sniformly spread over z Bu core and inkibits sprface oxidation and preferentily
inhibits the more structure sensitive resctions. On Cab~0-Sil M5 Cu physically
encapsulates the BRn core of particles blocking both structnre sensitive and
structure insensitive reactions, but thesec clusters are less resistent to
surface oxidation.

The inte;nction of H003 and SiOz with A1203 has been studied oy 37A1 and
22Si NMR. MNo reacts with the surface of Al,03 to form Al,(Mo0y); but this
reaction is inhibited by P, probadly by the formstion of AlPO, at temperatures
below where MoO3 reacts with 41503. Lov wt% Si0, added as a surface modifier
forms a surface species which is either a meta silicate or more likely Si atoms
which are in a2 very strained Si(A1-0)4 surface environment. The amount of this

species correlates with increased structoral stability of the modified clumina.



INIROD UCTION

This progress report is iztended to summarize results for the period
beginning with the contract inmitiation date, 15 January, 1985, througk the
renewal date, 15 Joly, 1987. Additionzl details can be found in two annual
Progress Reports [1,2], the eight pewars publisbed (or ia press) since the
initiation date which acknowledge DOE support under the curremt comtract [3-
10] and the five theses complete during the contract and listed below.

'Metal-Metal Interaction on Supported Ir-Pt, Rh-Pt Bimetallic Catelysts’,
Louis Chintyen Chang, May, 1985.

*Snpport Indoced Geometric and Electronic Effects for Rhodium Supported
Titanig Catalysts as Studies By EXAFS and Infrared Sepctroscopies’, Stanley
Jobn Sakellson, October, 1985.

HByirogen Adsorption Behavior and Strong Metal-Support Interaction (SMSI)
on Bh-Pt Bimetallic Catalysts’, Henton Hunang, May, 1986.

*Strong Metal-Snpport Interactioms (SMSI) over Eh and Pt Cetalysts
Supported on VAnadia or Vanadia-Silica’, You-Jyb Lin, May, 1987.

_'EXAFS and MAS NMR Investigations of Active Phasc-Snpport Interactions’,
Samuel Martin McMillan, Jr., HMay, 1987,

¥e will begin by reviewing tke nature of metal-oxide interaction as
exemplified by Rh/TiOz and characterized by entended X-ray absorption fine
structure (EXAFS) [5] and X-ray absorption near edge structure (XANES) [9]
anszlyses. The catalytic consequences of this interaction between a grouwp VIII
metal and a reducible suprort will be reviewsd by reference to the differences
between different groop VIII metals (Rh and Pt) supported om Ti0, and the same
metal (Bh) supported on different reducible supports (Ti0, and V,03) {8l.

The influence of the support (5i0, vs IiOz) on metal-metal interaction
(between Rh and Ag) was the subject of an earlier publication [11] from work
completed under the previous DOE contract. Here we will briefly outline the
more recent work of the effect of different silics supports on the metal-metal
interaction (Ru—Cu cluster mor;':hology) and on chemisorption and catalytic
sctivity [6].

We will conclode with some comments on oxide-oxide interaction (H003 and

SiOz intersction with Al,0g support) investigated by NMR [4]. The interaction
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of cetalyticelly active phases with oxide supports is onme of the mew directions
wkich we whish to move.
PHY SICAL CEARACTERIZATION OF Rh~TITANIA INTIERACTION

The bulk structure and ¢lectronic properties of the group VIII-Ti slloys
Lave been studied for some time [12]. Among the stable intermetallics formed,
the stoictiometric compounds M;Ti and MTi, e.g., PtyT: and PtTi, have been
widely investigated. Both theory [13] and experiment [14-17] indicate that
there is d—d bonding between the group VIII metal and Ti with net transfer of
charge from Ti to the group VIII metal.

One must ask to what extent the bonding situation in the int;rmetlllic
componuds maey carry over to metals supported om TiOz and reduced rt high
temperatuore. Our own X-ray absorption measurements of Rh-Ti compounds exhibit
suggestive similarities with the reduced Rh/Ii02 catalysts. First of all, the
EXAFS analysis of high temperature reduced Rh/TiOz (100% dispersed) catalyst
provides evidence for the formation of Rh~Ti boads [5]. An inspection of the
near edge structure of the K edge of Rh reveals interesting festures [9]. As
illustrated in Fig. 1, the XANES of Rh foil, Rhsl‘i and RhTi show significant
variation in the sizes of the peaks located at 10 ané 35 eV above the edge. It
is observed that both peaks decrease as Bh coordination is graduslly replaced
by Ti around cach Bk atom when going from pure Rh to RhTi. The first peak caxn
be related to symmetry sllowed electroxic transitions from the core level 1s to
empty 2tates above the Fermi level [18]. Thus, the decrease in the size of
that peak from Rh to RhTi can be explained ia terms of & filling of Kb valence
states resulting from the formation of Rh-Ti bonds. The second peak after the
edge reflects mmltiple ucattering processes of the outgoing electron [18]. 1Im
agreement wvith maltiple scattering calculations done for differenf cluster

sizes [19,20] we have observed that this second peak increases with metal



perticle size (nomber of ligands). Fig. 1 sﬁovs that it also varies witk the
xind of ligeané becapse it dec_reases 2s Rh scatterers are replaced I;y Ti. Im
the case of the kighly dispersed Rh/Ti0, catalyst, see Fig. 2, it was observed
that as the reductioxz tempe'ratnre wes incressed the size of the first peak
gradvally decrersed, -vcry much like for the series Rb, Rh31'i, RbyTi. This
strongly suggests that the same type of Bh-Ti interactioms occurring for tkhe
Bh-Ti alloys, i.e., rehybridization of d-orbitals and electron transfer from 'i‘i
to Bh, does occur for the higk tcmpetaiure reduoced Rh/Ti02 catalysts., It is
worth repeating that this is very likely bonding between Rh particles and Ti
cafions and thns not identicml to the bonding in the intermetsllic compounds.
Assuming tkat the electronic interactions that accompany strong metal
support interactions (SMSI) are similaxr to those_in the intermetallic
compounds, we Dost ther ask if there are any significant effects om
chemisorption or catalysis otber than the effects of site blocking and ensemble
break-up which bave clearly b;en demonstrated to affect chemisorption capecity
and ectivity for strnctnre sensitive reactions, respectively. Sadeghi and
Henrich have addressed this question by preparing Rh particles on e TiOz
surface effectively reduced to '.['1203 f21). The samples were prepared at low
temperature to avoid nigratioh and emphasize electromic jinteractions. Using
severe]l different electron spectroscopies, they conclunde that there is electron
transfer for the titania surface to the Rh particles. However, they find no
evidence from an effect of this electron transfer on ecither the smount or kind
of CO chemisorption as dctectea by UPS. This is not a very semsitive probe
compered to other methods of investigation of chemisorption, e.g., ITPD, or

coppared to catalytic probes.
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CHEMICAL CHARACTERIZATION OF Rb-TITANIA INTERACTION

Comparison of Rh and Pt Interaction with Titanis

Electron energy loss spectroscopy (EELS) demonstrates that the Ti*4 in
TiC, islands formed on Pt3Ti by Oy chemisdrption at 650K (wkich may contsin
some T173 defects) can be reduced by CO desorption at 450K [22]. This is a

very important observation because it spggests that the Ti+3 detected by XPS or
Auger on catalysts subjected to CO/Hz reaction mixtores and evacnated at the

reaction tempersture may not have had detectable 'I':i."'3 under reaction
conditiors, but it wss formed by the desorption of CO above 450K. This may be
the case in the work of Dwyer et al. [23] who report thet Ti*3 is formed on
Ti0, promoted Pt black by Hy reduction at 450 X and is slso detected by ﬁPS on
the same catalyst after 16 bours of reaction at 625K in 2 one atm 3:1 mixture
of B,:C0. We note that the surface of single crystal Ti, 03 is feadily oxidized
even at ambient temperature by O, [24]. Even H,0 will dissociatively adsoxrb on

defect Ti,03 to partially oxidize the surface to Ti%4

at room temperature,
although perfect (047) Ti,03 only associatively adsorbs H,0 with accompanying
lt:ansfcr of elect‘rons’ from the Ti ;15 band [25]. Since the mechanism of CO
hydrogenation to CH4 is generally believed to involve dissociative adsorption
of CO [26], it would seem that thé orygen atoms formed wonld oxidize any Ti*3
under reaction conditions. This picture is in sccord with pulse experiments we
have performed at 535 K using altemntigx CO and H, pulses, bi.e., CO pulses are
adsorbed end react vith a snbscquent pulse of 32 to prodace CH4 bnf no 320 is
produeced nntil one O atom per surface Bh stom (measured by Hz chemisorption
after LTR) has been consumed, see Table 1 [27]. There will slways crist some
Ti3* at steady state (or equilibrium) conditions vhi}ch will depend on the
B,/H,0 and/ox C0/CO, ratios and tempersture. Unfortuaately we do not have an

3+

in situ measurement of the Ti concentration under reaction comditions but our

prejudice is that its concentratiom is wnlikely to be significant.

-5 -



TABLE 1

Hydrogen/Oxygen Stoichiometry to Produce/Reverse SMSI

Rh P Ref.
H, consumed to produce interaction 1.7 5.2 32,33
0, consumed to reverse interaction 1.2 2.2 27
(82/H2 titration)
Ratio, Hzloz 1.42 2.36 -
0, consumed to reverse interaction 1.1 - 27
(CO/H2 titration)
Anger 0(508 e¢V)/Ti (385 eV) ratic 1.1 0.6 34

Once it has been accepted that the natuare of SMSI is best nnderstood in
terms of chemical bonding, albeit bonds between metal stoms on the surface of a
particle with cations of an oxide, it follows that the details of such bonding
and its consequences will be & strong fumction of the partmers. That is, the
details of the metal-oxide interaction wiil change when two different noble
metals supported on the same reducible oxide are compared or when the same
metal on two different reducible oxides, e.g., Ti0, znd V5,03, are comparcd, Ve
will make this point by comparing metsl—oxide interactions im the Rh/TiOz or
Pt/Ti0, systems.

Using onr operational definition of SMSI, i.e., ishibition of hydrogen and
CO chemisorption following high temperature reduction, RW/Ti0, and Pt/Ti0, do
sppear to behave in an analogous manner. However, when one considers a
WACToscop ic property that can be directly observed by electron microscopy, the
effect of SMSI on particle morphology., it is cleax that Rh and Pt respond quite
differently to interaction with TiO,. Very early in the literature ox SMSI,
Baker et sl. [28,29] reported that Pt particles spresd out to form thin pill-
box particles during reduction. Merisudean ct al. [30] and Singh et s1. [31]

performed similar electron microscopic investigations of RthiOz and reported
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that there was no observed chaﬁge in BRh particle shape with tednct;on.

Perhaps the most direct proof that the interac¥ion between Bh and Ti0, is
differeat from the Pt and Ti0, interaction comes from experiments wkich probe
the'stoichiomgtry of the metal-oxide interaction chemistry. The hydrogen
conszmed to produce interection hasvbeen measored by Miessmer et al. [32] for
Rh/Ti0, 2nd by Kunimoxi ané Uchijima for Pt/Ti0, [33]. We bave measured the
oxygen consumption‘to reverse the interacticn om both catalysts using
slterneting H, and O, pulses at 423K and monitoring the consumption of 0, whick
did mot result in H,0 as a product [27). In all chemisorptionm expefimcnts the
H, or O, consumption has been normalized to the H, chemisorption after LTR with
the assumption that the stoichiometry here is H/Hsur = 1 and that this is an
approximate measure of the fraction of the metal om the surface. These
results along with some Auger OIIi ratios for TiOx on the two foils measured by
Ko and Gorte [34] are collected in Tsble 1.

The expected retio of H, consumed to ptodﬁce the SMSI state to 0, consumed
to reverse it vonid be 2, of course, if the reduction produced M,  TiO, and (2-
x) E;0. Obviously this ratio is low for Rh and high for Pt, but one must keeé
in mind the reactions were not dome on the same samples, thst the B,
chemisorption is mot an exact measure of exposed surface metal atoms and that
the percentage exposed will change if = change in morphology accompanies SMHSI
as it almost certainly does for Pt. What one is able to conclude from these
experiments is that the SMSI sunrface complex, lsaniOx is likely to be more
oxygen Tich on Rk than op Pt and this is confirmed by the 0/Ti Auger ratio for
TiO, on the surface of Rh and Pt foils. It shonld be added that this is not
likely a simple cowpound, e.g., RhTiO, but a mixtore of stoichiometric surface
compounds and may even contain a component of the intermetallic compounds N3Ti

and MTi [35]. Note also that the stiochiometry of 0, comsumed to Rb .. is



independent of the souzrce, i.c, we obtain the same stoichiometry when CO is the
oxidant (slternate H, and CO pulses producing CH; and H,0 ufter.complete
oxidation of Ti0O ) or whem O, is the oxidamnt [27].

Anderson et al. [36] have performed similar experiments vhere hydrogen and
oxygen constmed in chemiscrptive titration (as opposed to cossumed to form and
break the SMSI state) was measured on Rh/Ti0, and Pt/TiOz. These results
cannot be directly compared to those presented in Table I because they used =
higher LTR (573K instead of 423K) than Buarg [27], bot they come to
complementary conclusions. They find that Pt enters into the SMSI state more
easily (at a lower temperature or in a shorter time) than Rh and that the SMSI
state for Pt/Ti0, is more difficult to reverse than Bh/TiO,.

Compzrison of Rh/TiO, gnd Rh/V,0; Interaction

The investigation of both Ti0, supported small Rh particles [37] and a
model system of Rh evaporated films on single crystal TiO, (110) [3B] have
indicated that there is a Ti containing species which migrates over the metal
particles. Extended X-~ray Absorption Fine Structure (EXAFS) anszlysis of
Pt/TiOz is also consistent with a2 migration model. Hovev;r, only for ion—
exchanged Rh/TiOz do we observe EXAFS evidence for direct Rb-Ti bonding which
provides the thermodynamic drivimg force for the interactiom.

Yon—-exchange prepared Rh/TiOz and IrlTiOz catalysts are 100% dispersed
and, when reduced at khigh temperature (773 K), they exhibit & uwnique actiwity
for n—butane isomerization and debydrogenstion [39]. Hwirogenolysis, greatly
suppressed on these catalysts, has an unusal positive order in bydrogern and 2
relatively high selectivity for terminal vs. central C—C bond breaking of n-
butane compared to impregnated BRh and Ir catalysts. ¥hen V203 is used as &
support for BRh or Pt, even catalysts prepared by impregnation and of low
dispersion exhibit high azlkane isomerization and dehydrogenation activity [8].

Yhile Rh interaction with either Ti®, or V,03 causes orders of magoitude
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depression of n-butane hydrogenciysis, s comparison of activities suggest that
their role is moré tbac simple stppressiozn of hydrogenolysis so that alksne
jsomerizetion and debydrogenation can be observed. For example, after high
tepperature :e.duct;.on Bh/Ti0, and Rh/V203 have comparable hydrogeaolysis
sctivities, £-butane dehyd'r.ogenation is a £factor of three bigher on Rh/V203
wvhile n-botane dehydrogenation is & factor of ten higher on RhlIiOz. Moreover,
the activation emergies for reactioms of n-butane are sbout the same on the two
sSupports afte: a low temperature reduction (when hydrogenolysis is the dominant
regction) brt increases sljghtly on Rh/Ti0, 2nd decreases significantly on
Rh/V,03 after o high temperstore reduction. EBh/V,03 is also moch less
sensitive to oxygen and water impurities (vhi_.ch induce a recovery of
hydrogenolysis activity) than is Rh/TiO,. Ve con¢ lude that the mechanism of
metal-support interzction for Ti0; and V5,03 are different and that interaction
between noble g:oup VIIT metals and reducible oxides, which produces alkanc
jsomerization and debydrogenation sctivity, involves electronic as well as
geometric effects.
SILICA SUPPORT EFFECT ON Rn—-Cu INTERACIION

In a previons publication [40] ve have drawn attention of the fact that
the xind of silica support used to prepare Bo—Cu bimetillic catalyst can have a
prénonnced inflnence or the behavior of these catalysts._ .This is particularly
evident when the B/Ru ratio measnréd by room temperature chemisorption is
compared for the Bu/Si0, and Ru—Cu/Si0, catalysts using the same silica. For
cxample, on Cab-0-Sil HS5, the silica used by Sinfelt in his original work on
sopported Ro—-Cu [41], addition of Cun causes a depreis jon of B/M relartive to
Rﬁ/SiOz prepared on ti:e sepme ;ilica. Bowever, the opposite ‘behu.rior. i.e., &n
inc.rease in H/X vith. addition of Cu, is observed for Cab-0-Sil M5. Tho latter

result is more general and has been observed for all silicas investigated



excepr for HS5 [6].

The Ro~Cuo system represents a system of metals in which ther.e is very
little bolk miscibility. The inital evidence for interaction between the two
metals was provided by chemisorption and catalysis where it was shown that the
presence of the Cu in the catalysts led to substantial inbibition of Bz
cthemisorption by the Ru and also to a marked suppression of the catelytic
activity of the Bu for ethane hydrogemolysis [411. Chemisorption, catalysis
and X-ray photoelectron spectroscopy studies on unsupported Bo~Cu aggregates
[42-45] indicate that a typical aggregate comsists of a core of Bo covered by
Co, i.e., that Co effectively chemisorbed on the surface of the Ro particles.
This picture has been confirmed for the Rn—Cn/SiOz catalysts by an extended X~
ray absorption fine strmecture (EXAFS) analysis [46]. The effect of tkis
chemisorption of Cu on Ru is to block Hz chemisorption and, in the case of
hydrogenolysis, to bresk up ensembles of Rn which constitute sites such that a
relatively small fractional coverage of the Rn surface by Cu, as measured by Hz
chemisorption, can result in a dramatic reduction of hydrogenolysis sites. How
then can ome explain an imcrease in H, chemisorptioa when Cu is added to Ru?
¥e suggested that there may be B, spillover from Ru to Cn [47]. Scch Hy
spillover has been nnequivalently shown to occur in the model system of Cu
evaporated onto (0001) Ru by Teden and Goodman [48]. Eo"ever. these same
investigatozs_o‘bserve that Cu forms two dimensional islands on Ru(0001) using
their low temperatunre evaporation approach which results in a ome-to-one site
blocking of B, [49]. This is in constrast to the observation of Shimizn et al.
{50] and Vickerman and Christman [51] who conciuded that 2 single Cu atom
blocked approximately 10 and 4 hydrogen bonding sites, respectively. Perhaps
the lstter work involived a more uniform spreading of Cu over the Ru becanse of
the bigh temperature a2t which the Ru was held during evaporaztion of Cu. Peden

and Goodman [52] have also performed ethane hydrogenolysis on the model system
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ané observe a modest, linear decrease in rate to. abont 75% of the clean Rn rate
opto 0.25 momolayers of Cu beyond which there is less effect of erdded Cu, i.c.,
the rate at one monolayer of added Cu is 50% of the clean RBo rate. This would

seem te imply Co island formetion upto 0.25 monolayers and the onset of three

dimensional growth at higher coverages. A very similar effect of Cz on CO
hydrogenation rate is observed ;t>ut this reaction is known not to be structure
sensitive so island formation or uniform distribution &t below monolayer
coverage would be expected to give similar results. The hydrogenolysis results
are not entirely consistent with the temperature prog::'amed deso:pt‘ion of Cu
from BRu(0001) which suggests the onset of three dimensional growth does not
occur until the total Cu éepos it;d approsches a monolayer [481L

The Ro—Cu system if clearly & complex system where the degree of metal-
metal interactionm depends on ‘the preparation and treatment. Supported Ro—Cu is
prot_tab 1y even more complex thaﬁ t];e model system becanse one must deal with
varying particle sizes, varyimg distribution of particle sizes and even
separete Cn particies not i;ntcr;cting with Bu. [53]. By comparing the effects
of three reactions .which have varying strecture semasitiwity in i:he order
ethane hydrogenoclysis > cyclohexane hydrogenolysis > benzene hydrogemation one
can deduce the difference irn ths gross morphology of Be—Cu clusters on HS5 and
M35 silicas [6]. On HS5 these reactions have relative rates (rate on pure Bn
ratioed to the rate on a 1:1 mixture of Ru:Cu) :i.n. the ratio 250:10:5,
respectivity, while on M5 the ratios are 160:810:100. Becuase all three
reactions are greatly affected by added Cu on the M5 support and this effect
does not follow the expected order of straucturs sensitivity, we postulate that
the Bu particles u;'c effectly enéapsnl;ted by Co on M5, On the other hand,
addition of Cu to Bn on HSS5 behavés more like one might predict, i.e., the

relstive rates are in the oxder of strocture sensitivity and would sccord with
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a2 simple breaking up of Ro ensembles by Co. However, to obtain a mass balance
(account for all the Cu) or the IS5 snpport and to rationalize Hj, s-pAillovez
from Bu to Co on M5 but not on HSS5, we were obliged to postunlate that the
bimetallic Ro—Cn clusters have outer layers that are effectively a Ca rich
pixture or snrface alloy [6]. This postulate goes beyond thet proposed by
Sinfelt et al, [46] based on EXAFS where there model pictured the Cu as more or
less chemisorbed on the surface of Bn particles, A re-investigation of both
the EXAFS and SANES of the Ru—Cn on HSS and M5 supports is in progress. VWhat
is immedistely clear from the XANES is that Cu protects the uvnderlying Bu from

oxidation on HS5 (in agreement with the EEAFS results of Sinfelt et al. [46]),

bat it does not on M5 evep rhongh the rates of varying stuctore sengitive

reactions sngegests that the Ru particles are more co ete enc nlated on M35

support. The morpholegies of Ru~Cu are clearly different buot the detailed
differences mnst await a careful XANES and EXAFS analyses.

OXIDE-OXIDE INTERACTION IN SUPPORTED OXIDES STUDIED BY NMR
Interaction of MoOs with Al.0,

High resolution NMR spectroscopy of solids is mow a well recognized
structoral tool [54,55] and there have been severel recent applications to
catalysts per se. Slichter and his co-workers have applicd 2?5Pt NMR to
Pt/A1,03 catalysts [56] and several groups have investigated 2?Si in zeolites
[57]. The NMR of 27Al in zeolites has also been examined. For zeolites, it was
noted that 37A1 NMR is much more structure sensitive than 3?Si NMR which is
first nearest-neighbor dependent [‘58]. Specifically, Al can exist in both
octahedral and tetrahedral coordination and, when the ligands are oxygen, the
chemical shift of 37A1 differs by 55-80 ppm for these different coordinations
[59,60]. Thus, *7A1 NMR can, in priciple, be very uvseful for following the

tetrahedral/cctahedral ratio iz slumina supports as a function of thermal

treatment.,




Almost 211 of the solid state NMR of oxide catalysts has .involved
crystalline zeolites [57]. Our sttentiom has been focused on oxzides supported
on an amorxrphoes support, i.e., 7-A120$. which are more difficult to study
becaunse there }ack of crystallinity and distortioms resnlt in broadér lines
than found in the zeolites. We will briefly outline our findings for a
commexcial kydrodesulfurization catalyst studied by 37A1 NMR [4] and for
several silica madified alumica supports [61] which were studied by 3?5i NMR.

Ever with magic apgle spiﬁ:ing of highly crystalline c—alumina (corundam),
the NMR linewidth of 27A1 is quite broad. This wonld lead one to surmise that
jt wonld not be feasible tc observe the formation of surface compounds of the
alumina support or active catalytic phases since the NMR signal of the surface
phase wonld be n:asked by the bulk if the two phases were of comparable
1inewidth.’ However, we have demonstrated that the surface and bulk phases of
alumina need not have the same linewidth. In the case of a NiMoP/A1203
hydrodesulfurization catalyst, at leasst, an A13+ containing surface phase is
formed during calcination which can easily be digtingnished from the bulk y-
A1203 support.

We have obtained the 37A1 NMR spectres of three zlumina suppb‘rted catalysts
containing NiO, HoOs and the mixed oxides prepared by impregnation and calcined
st several temperatures between 800 and 1100 K in aijr [4]. V¥Ye have used the
compouad Alz(HoO4)3 as a reference because it produces a sharp NMR regonancc.
and 2 surface phase of this compound may be expected to form when HoOs and
A1203 are beated together. The NiloP/A1203 was 3.1% NiO, 19.8% MoOz and 2.5% P
o'n 7-A1,03. The Ho/A1203 and Ni/A1203 catalysts were 18% KoO-s znd 3.1% NiO,
respectively. |

A complete X~ray strn,ctnre' of Alz(!004)3 does not appear to have been

published, but Goldish [62] states that it is isostructural with a large class
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of molybdates and tungstates of the scandinm tungstate type and, in particnlar,
with Al,(W0,)3 wi:ich has been anzlyzed [63]. This structure consists of LU
tetrehedra and AlOg¢ octahedra which extend into sn infinite three-dimensional
network by zormer sharing. By comparing the NMR chemical shift of Al5(Mo0,) 3
with thet of 'n-A1203 and 2 large nomber of aluminates witk both tetrahedral and
octahedral A13+ coozdinstion, we can unequivocally conclude that A13+ in
A12(3!004)3 is in & pure octakedral environment. By a similar analysis, we
conc lude that tke surface compound of A13+ formed in the NiMoP/Alzoa catalyst
when calcined at 980K is in a pure tetrabedrel environment., VWe assign this
peak to AlPO4 becacse it is not formed in either l!olA1203 orxr NiIA1203'. the 33P
signal develops in parallel with 27A1, and the chemical shifts of both 27A1 and
33P are identical to A1PO,. The Mo/A1,03 forms the surface strncture of
Al,(Mo0,); and the NMR of Ni/A1,03 calcined at 980K is elmost that of y-Al,03.
Since Al,(Mo0,); forms on Ko/Al,03; but not on NiMoP/A1,03 at 980K we conclude
that the formation of Al,(MoO4)3 is probably inhibited by the formation of
A1P04, even thomgh Ni’'s influence remains unclear. If the NiHoPIA1203 catalyst
is calcined at temperatuores above 1000K, the surface compound of AlPO,4 begins
to decompose, zud st sufficiertly high temperatures, all of the Kob™ is
converted to Al,(Mo0,)3.
Interaction of Si0, with Al,04

Low percentages of silica are often added to alumina &s & modifier to
stabilize the pore strocture [61]. There are a variety of ways that this is
done, e.g., during precipitation of the alumina, impregnatiom of the
precipitated alumina, etc., but there is very little known about the manner in
which the silica becomes distributed over and bonded to the alumina surface.
¥e have stodied several silica modified sluminas by 32Si NMR. These supports
were prepared by American Cyanamid by post precipitation impregnation of

gloeina by & base stabilized silica scl and were 1-6 wt% silica.
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Very little of the silica in these modified alumine bad Si in an
environment with ome, two, three or fouxr Al catioms bonded in a normal
- tetrahedral geometry, i.e., much of the silica.has 2z chemical shift (-110 ppm
with respect to TKS) which can only be assigned to Si bonded to four cther Si-
Ounits [64]. A surprising result is that the next most abundant Si species
has a chemical'shift of =77 ppm which is ouf of the range expected for Si
surrounded by any number of A1-0- liggnds. the highest frequency shift of
Si(0A1)4 normally falling between —81 to -92 ppm. The =77 ppm chift is very
close to that observed for solid meta silicate Na25i03 and essentially
identical to the cyclic meta silicate species found in basic solution [65].
Both of these seem chemically nnlikely on the surface of aluemina. A thizd
possibility is that this species is bonded to three or four A1O iz a very
' distorted environment. .Newsam [66] Las identified = Si(A10)4 at =76 ppm in a
synthetic Li sodalite and inferred that the origin of tbis low field shift is
caused by 2 smaller Si—0-Al bond angle (126°) compared to its Na enalog (1389).
The 29Si NMR of var-ous mineral shows that in at leat ome phyllosilicate
(margarite) where Si is Si(A10)3(Si0), the resonance lies at =76 ppm and a
correlation between deshielding and distrotion of the SiO4 tetrahedra 'a§
noted [67].

‘The peak at -77 ppm in these spectra could thus be Si(A10),4 in & strained
environment,'fcrhaps near the surface of the alumina rather than a metra
silicate. This may explain why the =77 ppm peak appeazs after calcination in
some samples or appeers to grow after calcination snd may signal that the
species is near the surface of £he alumina which is likely to be 2 highkly
strained environment. The practical observation is that there appears to be a
good corxrelation betweern the stabilization of the alumine porosity and the

amount of the -77 ppm species formed by silica addition.
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Ve have performed cumene cracking, s good test reaction for characterizing
Brénsted acidity, over several of these silica modified aluminas. I'k'u'.le there
is an expomerctial increese in cracking activity with wth silica, this does noti
correlate with cither of the major kinds of silica species identified by NMR.
It secems probable that only 2 small fraction of the silica is incorporated ianto
the alurina surface in suck 2 way that an acid site is created.

In subpmary, we emphkasize that the observation of the NMR of 27A1, axd
probably that of other metal oxides sufficiently near the surface to be of
catalytic interest, need not be restricted to the crystallinc alumimo~
silicartes. Thﬁ:e may be 2 large class of catrlysts where the active phzse
supported on an oxide may enter into chemical reaction and many of these
surface phases may be distinguished from the bulk oxide phese by NMR.
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