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I. ORJECTIVE AND SCOPE OF WORK

The research program entitled ‘!Sijte Aetivities of Zeolite~Supported
Rauthenim fo;- CO Hydrogenation" was pé_rformed, for DOE by the University of
Pittsburgh under grant no. DE-FG22-81PC40774. Work on the program was
initiated on February 1, 1981. ‘

Tne objective of the program was to identify the catalytic activity,
selectivity and stability of three types of ruthenium sgites in RuY-zeolite
catalysts." The m2in emphasis was to .I;e'd'irec:.ted toward examining these
catalysts under Fischer-Tropsch 'and'niei;haﬁ;tion reaction condig‘:ioz'as_.m
To accomplish the objective, three .sequential prog;é.m égsks were

established.

Task 1: Construction of Apparatus

Construction of a differential reactor system, gr-__t.s volumetric system, and
IR cells.
Task 2: Catalyst Preparation/Characterization

Preparation of RuY catalysts was to be dpne:'by 3 methods (impregnation by
a solution of Rucl3, vapor im?regngtipn by &13(G0)12, énd ion exchange with a
ﬁu(NH3)6C13). Catalysts prepared were i_:o be chargpterizgd by atomic
absorption, gas volumetry, T.I_'._lil,f am"i\ other pertinent techniques.
Task 3: GCstalyst Testing

‘The activities of the _catalys; preparations were to be ﬁgtemined for

both methanation and Eisgher-'xrppsch'sypthgsis in a differential reactor.



II. SUMMARY OF ACCOMPLISHMENTS

The work supported by this gramt can be grouped under three headings: a
comprehensive study of RuY, Ru supported on zeolites having a range of S1/Al
values, and alkali promotion of Ru. NaY-supported Ru catalysts have been
prepared by incipient-wetness (I.W.) [using RuCl3], ion-exchange (I.E.) [using
Ru(NH4)(Cl3], and vapor-impregnation (V.I.) [using Ruy(CO);,]. The resulting
catalysts were extensively studied by chemisorption, atomic absorption, IR,
ESCA, and catalytic reaction (especially F=T). Significant differences were
found depending on the method of preparation. These differences were exhibited
in both the physical and chemical characteristics of the catalysts. By
variation of the preparation method and Si/Al ratio of the zeolite it is
possible to develop a better understanding of. how metal particle size and
location, metal-zeolite interactions, neutralizing cation type and
concentration, and the presence of zeolite .acid sites can influence the
catalytic properties of the supported metal.

Some of the important conclusions from this research are:

1. Highly dispersed (ca. 100%Z dispersion) NaY-supported Ru catalysts are
able to be prepared by I.E. and V.I. The metal particles are dispersed
throughout the zeolite support. Catalysts prepared by I1.W. are poorly
dispersed with large particles primarily on the exernal surfaces of the
zeolites.

2. The fraction of reversible (weak) H, chemisorption on Ru catalysts in
general is a function of average metal particle diameter, reaching a
maximum at an average diameter of 1.6 nm. This suggests that adsorption
on intermediately coordinated surface sites are responsible for the weak

chemisorption.
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Significant suppression of hydrogen chemisafption occurg at ambient
terperature for ion=exchanged zeoiite-supported'Rﬁ catalysts as the Si/A1
ratio of the zeolite increases. It is suggested that an interaction with
the acidic hydroxyl groups 1is involved in this suppresgion of
chemisorption. .
While both V.I. and I.E. catalysts have similar dispersionms, théy exhibit
different stoichiometries for CO chemisorption and different IR spectra
for adsorbed CO.

ESCA results corroborate previous IR results which indicated that ilon—
exchanged Ru/zeolite caﬁalysts_have a2 number of different type of Ru
sites. The binding energy of 3p3/2'core electrons of Ru appears to be
more sensitive to the nature of the differeﬁt types of Ru present than
the 3d5/2 binding energy.

Based on hydrogenolysis reaction studies using RﬁY.catalysts, it appears
that the electrostatic field present .in the zeolite does not affect the
hydrogenolysis of linear species but does facilitate . tremendously the

rate of cyclopropane ring opening.

. The observed changes in adsorption.”and catalytic properties with

preparation method £for Ru/zeolite catalysts appear to result’ from
differences produced in metal location in/on.the zeolite, metal- particle
size, and zeolite-metal interactions.

The activity for F-T over the various catalysts correlates  with the
ratios of irreversibly (strongly) chemisorbed CO to that of H,.

The lowest methane selectivity .and the highest olefin sgelectivity is
exhibited £for highly dispersed catalysts prepared by the vwvapor
impregnation of Rug(C0);5, provided the carbomyl is able to diffuse into

the zeolite (such as is not the case for NaX).
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Methane selectivity for highly dispersed Ru/zeolite catalysts appears to
be influenced by the type and concentration of alkali cations remaining
in the zeolite.

Olefin selectivity does not appear to be a function of the zeolite
support but is a function of the method of catalyst preparation.

The formation ‘of isobutane, which occurs only over ion-exchanged
catalysts, is probably a function of the acid strength of the OH groups

present.

Experimental results, upon which these and other conclusions are based, are

given in Section IV of this report
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IV. RESULTS AND DISCUSSIONS

Included in this section are all the major results and conclusilons
stemming from studies supported by this grant. These studies can be grouped
as follows:

Chemisorption Characteristics

"Reversible Chemiso.tpéion on Highly Dispersed Ru Catalysts"

- YERarticle Size Dependence for CO Chemisorption on Supported Ru
Catalysts™ '

“Hydrogen Chemisorption Suppression im Ru-Zeolite Catalysts”

Electronic State of Ru

“The Electronic Properties of Ru in Y Zeolites as Determined by
ESCA" .

Hydrogenolysis f’roperties of NeY~-Supported Ru

“Srructure and Properties o©of Zeolite~Supported Ru3(d0)12
CGatalyste" _ -



"Characterization of Ru Zeolite Catalysts by a Hydrogenolysis Test
Reaction Network"

Fischer-Tropsch Synthesis

"The Influence of the Support on K Promotion of Ru for the F=-T
Synthesis"

"Effect of\Preparation Method on the Catalytic Properties of
Zolite-Supported Ru in the F-T Synthesis"

"F~-T Synthesis over Zeolite-Supported Ru Catalysts Derived from
Ru3(C0)12"

"Support Effects on CO Hydrogenation over Ru/Zeolite Catalysts"

The write-ups for all of these studies are given on the following pages.



REVERSIBLE CHEMISORPTION ON HICHLY DISPERSED Ru CATALYSTS
Ctiau-Hwa Yang snd James G. Goodwim, Jr.

ABSTRACT |

Hydrogen and catbon monoxide adsorption have besn studied by static gas
volumetric measurement om a range of highly dﬁ.éperséd Y-'z"éo]'.:ii:e_ supported
ruthenium catalysts preﬁéred bf ioéa—iexcﬁaﬁgé.‘ A§ ambient téﬁ?ératute, the
ad’sorpt.io'n“ isbthéfms indicated two distinct types of édébi"p-tioﬂ - reversible
(composed of both physisorption and weak chemisbfptidn) and irreversible
(strongly chemisorbed). 'qu. catalysts were highly dispersed and had average
particle dizmeters ranging from 0.9 = 1.6 nms Reversible hydrogen
chemisorption was found to be 2 function of average particle diamster and
" dispersion. On the other hand, reversible carbon monoxidé chemisorption

seemed to be mainly due to interaction with the support.



INTRODUCTION

The recent interest in the hydrogenation of CO has encouraged par-
ticular interest in Ru since it is catalytically very active for this
reaction.(1'3) In general, =zeolites offer great possibilities as
supports‘because of their ilon-exchange capabilities, shape selectivity,
" and catalytic properties. Obviously, in order to benefit from all these
properties, the metal must be retained in large part within the zeolite
and thus remain highly dispersed. Nijs et al.(4) have found Ru to be the
only Fischer-Tropsch active metal that can be easily kept in the ‘zeolite
supercages.,

In most cases, maintaining supported metal catalysts in a highly
dispersed form (60 -‘1001 Dispersion, d, . < 2nm) necessitates good char-
acterization since the distribution of sites on small crystallites vary
'greatly with size and shape. Goodwin and thcache(s) have found that
highly dispersed zeolite Y supported Ru catalysts contain several dif-
ferent types of identifiable active Ru sites = probably existing on atom—
ically dispersed Ru atoms, Ru clusters, and Ru particles greater than 1
nm in diameter. 1In addition,.at high dispersioné, there is an enhanced
possibility that support;metal interactions may be significant. For the
most part, these interactions can make surface characterization more dif-
ficult.

Chemisorption measurements can be used to determine adsorptive pro-
perties, metal surface area, dispersion, and average particle size for
supported metal catalysts. Other techniques, such as -E.M., SAXS, STEM,
etc., are tricky, expensive and time consuming, and give only physical

- characterizations. The standard chemisorption technique, while giving

both chemical and physical characteristics of a catalyst, does not
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distinguish between catalysts at 100% dispersion and having various types
of surface sites.

In characteriziag by chemisorption RuY catalysts kmown by E.M. to
have dispersioms of 1007, Goodwin(e) found sigﬁificant quéntities of re~
‘versible (weak) hydrogen chemisorption at rocm temperafure. McVicker et
21.(") have found that, on 100% dis#eréed iridium catalysts, reversible
chemisorbed hydrogen is a linear function of the wt% of Ir suggesting
that reversible Hy chemisorption results from inmteraction with the metal
surface.

The objective of the present study was to investigate reversible
chemisorption at room temperature, its validity for surface characteriza-
tion, and the factors which might affect its quantities for RﬁY catalysts

having a range of metal loadings and various dispersions.

EXPERIMENTAL

Ruf‘catalysts containing 0.19 to 3 wtl Ru were frepa;ed by ioﬁ;
exchange of héxamine ruthenium (IiI) chloride. The Ru(NH3) (Cl3, obtained
from Strem Chemicai Co.; was dissolved in an acidic hydrochloride solu-
tion.(pﬁ = 4.5); Ihié solutioﬁ was then mized with NaY zeolité and
stirred conﬁinuéusly for 50 houis at room temperature.. Excess solution
was used for this purpose to maintain approximately a constant pH during
‘ion exchaﬁge. | | - |

After the exzchange reaction, the catalysts were'filtered and washed
several times in deiénizea water and dried in air for 18 hours at 40°C.
Ru metal loading was determined 5y atomic aﬁsorption spectrometryf'

';Prior to cheﬁisor§tion measurements in a conventional gas volumetric

appératus, approximétely one gram of the supported complex was décomposed
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slowly under vacuum (10"6 Torr) by heating (at approximately 1°C/min) to
420°C and holding at that temperature for two hours. A Stanton Redcroft
3077 programmable linear rate temperature controller was used. The cat-
alyst was veduced in pure Hy (p = 20 kPa) at 420°C for two hours and then
heated at the same temperature to desorb the hydrogen.

Alr Products UPC grade hydrogen and helium were passed through a
liquid nitrogen trap before béing admitted to the gas reservoirs. Helium
wag used for dead volume determination. Carbon monoxide of 99.99% purity
was used as recelved for adsorption measurements.

The hydrogen adsorption measurements were made at 25°C and isotherms
of total H, adsorption on the fresh catalyst were determined from 50 Torr
to 400 Torr. The time for the equilibration at each pressure was about
four hours. The catalysts were then evacuated for ten minutes at the
same temperature and a second adsorption was c#rried out in the same
manner. Howver, there was no significant difference in the quantity of
adsorbed species removed for evacuation times ranging between 2 and 20
minutes.

Carbon monoxide uptakes at 25°C on the same samples were made after
desorption of Hy at 420°C for t%o hours under vacuum. The same procedure
as in H; adsorption was used. However, twelve hours were requried for
each measurement. Studies indicated that adsorption and desorption of Ho
did not cause sintering of the Ru provided no prior exposure of the cata-

1lyst to 04 or CO had occurred.

12



RESULTS AND DISCUSSION

A typical set of hfdregen adsorption isotherms is shown in Figure 1
for the RuY catalyst. Two separate isotherms, designated as & and b,
indicate the total and reversible adsorption, respectively. The linesar
region of isotherm & above 120 Torr indicates complete coverage of the
ruthénium surface by hydrogen. Following evacuation for 10 minutes, iso-
therm b was obtained. The two isotherﬁs were parallel, as expected. The
observed increasing amount of adsorbed hydrogen with increasing pressure
above the point of complete coverage of the ruthenium surface was due to
physical adsorption om the catalyst.

Extrapolation of the hydrogen adsorption isotherms to zero pressure
gives the amounit of total and reversible chemisorbed hydrogen, namely,
HZ(T) and EZ(r)’ 4The net irreversible hydrogen uptzke, EZ(ir)’ at zero
pressure was obtained by subtracting the reversible ‘contribution from the
initial uptake.

Hatir) = Bx(m) -.HZ(rv)
It is evident that on ruthenium two distinct types of hydrogen chemisorp-
tion occur at room temperature: a rather strong, activated chemisorption
(éesignated here as "irreversible") and a weak, non-activéted chemisorp~-
tion (designated as “reversible") which is rapidly removed under vacuum..

Ezrlier work(e) on highly~dispersed NaYhsupportéd Ru utiliziﬁg both
chemisorption and T.E.M. has shown that such catalysts can be accurately
qharacterized usiég ‘Hy chemisorption by assuming & stoichiometry of
H(ir)/Ru(ss = 1. Characteristics of the Ru catalysts studied here were
thus determined £rom the irreversible hydrogen chemisorptioni and are
shown in Table 1. The rutherium surface area per gram of metal, S, was

calculated from hydrogen adsorption assuming an average Ra aresa of

13



8.17 A2 per Ru atom. Dispersion, D, 1s defined according to the

following:

D - number of surface metal atoms
- number of total metal atoms

x 1007

Average particle size, d, was calculated from the surface area data em-
ploying the relation d = 5/S5°, assuming the particle to be cubic with
five sides exposed to the gas phase and where p is the density of bulk
ruthenium. It should be noted that the particle size thus obtained
represents a good estimation of the average Ru size fangé since zeolites
usually provide a rather uniform distribution for metal particles due to
thelr crystalline cage structure, although some larger particles tend to
exist on the external surfaces of the zeolite. Thus, Ru particles having
diameters less than 16 A, afe sufficiently small to remain in the zeolite

cages.(4’8)

The catalysts in this range, ‘therefore, are designated as
highly dispersed.

In order to determine the catalyst characteristics from Hy chemi-
sorption it was not possible to use the intersection of the extrapolated
total adsorption isotherm at =zero pressure. It has been reported
earlierce) that, on totally dispersed RuY catalysts- (as determined by
electron microscopy), 'employing the extrapolated total hydrogen
adsorption isotherm produced a stoichiometry ratio, H(T)/Ru(s), as high
as 1.94, Since the stoichiometric ratio for irreversibly (strongly)
chemisorbed hydrogen, H(ir)/Ru(s)’ was found to be approximately unity,
it was suggested that an assﬁmption of H(ir)/R“(s) = 1 would be a better
approximation for the purpose of characterization. It is felt that this
quantity is more constant with varying particle size than H(T)/Ru(s)’

For a more complete discussion of the earlier work on the determination

of values for H(T)/R“(s) using Ru powder and of the relationship of this

14




ratio to the characteristics of highly dispérsed NaY-supported Ru please
refer to Goodwin.(6)

Similar adsorption isotherms were obtained for carbon monoxide on
RuY, such as shown in Figure 2. CO(T), Co(rev)’ and 'co(ir), given in
Table 2, were determined in an identical manner as those values for Hyo
The values found for Co(ir)/H(ir) imply that CO molecules were multiply
chemisorbed on the surface Ru atoms for all the samples investigated.
These .results for CO adsorption are in agreement with previous findings
of multiple adsorption of CO on highly dispersed'Ru.(1;9’10>

Reversibly adsorbed  hydrogen which desorbs upon evacuating at
ambient was found to be significént.' This reversibly adsorbed hydrogen
includes the hydrogen molecules in the physisorbed state and the hydrogen
specles in the weakly chemisorbeé state, either a transition state at
total surface coverage or an adsorption state on low enérgy sites.
Taylo,r(u) has noted reversible chemisorption of Hy on 1% Ru/A1203 fol-
lowing evacuation of the catalyst for ome hour. As high as 75% of the
hydrogen dinitially adsorbed wags found to be reversible at ambient.
Kubickza and !(1:1.‘211:1.1‘:'3(125 have also observed 25Z reversibly adsorbed hy~
drogen on Ru/Al,05 at 25°C. while at 400°C, 80% of the total-chemisoz:p-
tion became reversible.

Obviously, all chemis.orption is‘ reversible if one evacuates long
enough or at high enough temperatures. Desor;;ti.on occurs when ithe adsor-
bate~adsorbant bond acquires the activation energy for desorption in the
form of wvibrational energy. TPD spectra of hydrogen and CO adsorption
from 20°C to 500°C indicates considerable nonhomogeneity of chemisorbed
molecules or atoms on highly dispersed Ru surfaces.(13) For certain’

metals, i.e. Co, chemisorption may be so weak that all can -be removed

15



fairly fast by evacuation at room temperature. For hydrogen adsorption
on RuY surfaces, however, two distinct types of chemisorption co-exist at
room temperature: reversible and irreversible. Each type is associated
with a specific ;verage activation energy and kinetics. It is believed
that, at total surface coverage and equilibrium, some factors which might
influence the reversibility of hydrogen adsorption are metal dispersion,
particle size, and support-metal interactions.

In this study, for the highly dispersed RuY catalysts, the quantity
of reversibly bound hydrogen varied from 1.4 to 35.8 micromoles per gram
of catalyst while that of CO was relatively constant for all the RuY cat-
alysts studied (as shown in Figure 3). This behavior is similar to the
reversible chemisorption results for Ir found by McVicker et al.(7) As
can be gseen in Figure 3, reversibly bound CO does not vary greatly as the
Ru weight percent (and consequently surface area) increases suggesting
that thislquantity is mainly due to the interaction with the total cata-
lyst surface, including the zeolite support’s surface. On the other
hand, reversible bound hydrogen would seem to be a linear function of the
Ru weight percent. Certainly, the Ru surface area increased with in-

cfeasiﬁg Ru metal loading (see Table 1). However, in order to prevent
.all properties from varying directly with metal loadiné, slight differ-
ences in the rate of temperature programmed decomposition (0.5°C =
1.5°C/min) were used. This produced a variety of Ru dispersions not di-
rectly related to‘metal loading.

The fraction of reversibly chemisorbed Hy, By, was observed to in-
crease from 13 to 32% of the initial as the average Ru particle size in-
creased from 0.87 to 1.59 nm (Figure 4). A similar variance was also

.observed as to be expected when metal dispersion was plotted instead of

16



' average particle size (Figure 5). This indicatés that a greater portion
of hydrogen is strongly chemisorbed on smallef Ru- partiéles' than on
larger omes. From the concept: that the extent of refersib%lity is asso~
clated with lower energy sites and/or sites for ﬁultiple hydfogen chemi-
- soTption, such sites onm the larger Ru particles would bé“béédominéﬁtly
responsible for the reversible‘chemisorption.(l3) "It is evident that the
small Ra particles must possess a gréater fraction of sites which do not
“chemisorb ‘hydrogen weakly at room temperature. It is aé Yet'difficult to
- say whether this is a sﬁructural effect solely or an' effect’ due to
support-metal interactions having a greater influence on thé:propéitiés
of the smaller clusters. Based on previously compared E.M. and chemi-
sorption results(®) where ﬁ/Ru(S) = 1 was found (based on H(ir))5 it
would seem hiéhly likely that at least some of the reveréibiy chemiéorbed
hydrogen at room température is due to multiple hydrogen chemisorption on
certain Ru sites. - |

Another possibility to be considered for the ap?earanéé.of‘ré§er-
sible chemisorption is hydrogen spililover. Am ugoccupied'éite on the ¥
‘zeolite  in the viciﬁity'of 2 Ru particle ray function as a hy&rcgeﬁ-

acceptor site.<14’15)

Thus the amount of hydrogen spillover orto the
support would be directly proportional to the quéntitj of neighbbfiﬁg
‘sites and to the surface arez and particle size of the metdl. Hb#e%er,
it has been suggested that.h?drbgeﬁ spillover should only be siéﬁifiéant

bayond ambient temperaturea(lé) In the present case, hydrogen'épiiiG§Er

would seeém to be of miner importance.
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CONCLUSIONS

A detailed picture of reversible adsorptive properties of ion-
exchanged RuY catalysts has been obtained. For highly dispersed RuY cat-
alysts prepared by ion-exchange, the fraction of reversibly (weakly)
chenisorbed hydrqgen is directly related to average particle size and
dispersion. This fraction increases approximately linearly with average
Ru particle diameter for diameters between 0.9 and 1.6 nm; however, it
probably eventually attains a constant value for large particles. This
reversible hydrogeﬁ  chemisorption may be related to wmultiple
chemisorption on‘ certain Ru sites. These results for reversible :0)
chemisorption are surprising since one' might expect that highly
unéoordinated gites omn amalle? particles would be more likely to exhibit
multiple chemisorption.

Reversible (weak) CO chemisorption, unlike that of Hy, is a function
only of total catalyst surface area. In other words, it seems due to an
interaction with both the metal and the support.

The reversibility of hydrogen chemisorption may depend upon other
factors besides particle diameter. Preliminary results of chemigorption
on zeolite supported Co catalysts indicate that the fraction of
réversibly chemisorbed hydrogen is sensitive to the preparation method.
Several other factors which might affect reversible hydrogen
chemisorption are the temperature of adsorption, the presence of

impurities, and support-metal interactions.
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TABLE 1l: Catalyst Characteristics (1)

Wt % Ru S.A. (2) dgye (3) D, Z (4)
(mZRu/ g.cat.) (nm)
0.19 0.89 0.87 95.8
0.38 0.95 1.59 52,0
0.76 2.86 1.07 77.4
1.5 4.03 1.50 55.3
3.0 9.56 1.27 65.5

(1) Based an A.A. and gas volumetry

(2) 8.17 A“/Ru surface gtom, H(ir)/Ru(s) =]
(3) d,ye = 5/8%, S =m“/g'Ru
(4) D = (# Ru(s)/# Ru(T)) x 1002
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Figure 1: Hydrogen Adsorption Isotherms on 0.76 wtZ RuY at 25°¢
(a) Total Adsorption (b) Reversible Adsorption.
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- Figure 2: CO Adsorption Isotherms on 0.76 wtX Ru¥ at 25°C
(a) Totzl Adsorptiocn (b) Reversible Adsorptiom.
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PARTICLE SIZE DEPENDENCE FOR CO CHEMISORPTION ON SUPPORTED Ru CATALYSTS

Chau-Hwa Yang and James G. Goodwin, Jr.

ABSTRACT

The stoichiometry of CO chemisorption on highly dispersed zeolite-
supplorted Ru has been investigated. ﬁis stoichiometry, which can be
expressed as CO/H, increases with decreasing Ru particle diame:!-:er. For
~diameters < 1.6 nm this ratio approached a limiting value of 4~5, indicating
t;he formation of surfacé carbonyls. No direct influence of the ‘support on

this ratio could be detected.
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INTRODUCTION

CO chemisorption has been used successfully for the surface area
determination of certain supported metals. For Ru, however, CO chemi-
sorption can result in the adsorption of several molecules for each Ru
surface atom.(l'l‘)‘ Because the stoicl:xiometry of CO chemisorption can
vary, the chemisorption of CO has not been useful for the determination
of Ru surface area or the number of Ru surface sites in supported Ru cat-
alysts. For this purpose, the use of Hy chemisorptfon has proved to be
more satisfactory since.it appears that the ratio H/Ru(surface) is inde-
pendent of metal particle size and has a value of approximately one.(5'7)'

Interestingly, Dalla Betta(3) found that ratio CO/H, based on sepa-
rate chemisorptions of H, and CO, varied with particle size. This ratio
increased from a value of 0.63 for an average Ru particle diameter, dp,,
of 10° nm to 3.8 for dp, equal to l.4 nm before increasing to 3.1 for dpy
= 1,1 nm.

An investigation was undertaken to study the stoichiometry of CO
adsorption on supported Ru as the average metal particle size was de-
creased below 2.5 nm average diameter. It was felt that this ratio of
CO/H might be of use in the characterization of the particulate struc-
" tures. In particular, it was desired to find out if the CO/H ratio does
in fact exhibit a maxima as found by Dalla Betta(3) and what part the
support might play in affecting this ratio as the average Ru particle

diameter decreases.
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EXPERIMENTAL.

RuY catalysts containing 0.19 to 3.2 wt%® Ru were prepared by ion-
exchange of Ru(NH3)Cl, with Na¥ zeolite. The Ru metai loading was de-
termined by atomic absorption spectrometry.

Tne prepared catalysts were decomposed slowly under vacuum on heat-
ing at a rate of 0.5-1.5 k/min to 420. K. They were then reduced in H, at
thet meximum temperature for 2 hours and theﬁ desorbed gnder vacuum for 2
hours while maintaining the temperature.

Chemisorption .measurements were made using a conventionzal gas
volumetric apparatus. Detalled description of the methodology is given
elsewhere.(g) The hydrogen adsorption measureménts were made at 259C and
isotherms of the total Hz adsorption on the fresh catalysts were deter-
mined from 50 to 400 torr. The time for the equilibration at each pres—
sure was about 4 hrs. The catalysts ﬁere,then evacuated for 10 minutes
gnd a2 second adsorption was cazrried out in the same manner.

Carbon monoxide adsorption at 25°C on the same samples were made
after desorption of Hy at 520°C for 2 hrs under vacuum. -The same proce;
dure as in Hy adsorptién measurement was used. However, 12 hours were
requirgd for equilibrium at each pressure on thg total CO adsorption iso=

therms.,

DISCUSSION OF RESULTS

Figures 1 and 2 show typical H, aad CO isotherns. The amounts irre=-
versibly chemisorbed at 298 K, the difference between the total isotherm
" and the reversible isotherm, were used in the calculations. This quan-

tity has besn shown for Hy to best reflect H/Ru(surface) = 1.(7) For CO
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chemisorption, the reversible quantity, that which is easy to be removed
by evacuation at temperature, seems to be due to interaction of CO with
the support.(a) The characteristics of each catalyst and its determined
CO/H ratio are given‘in Table 1.

A plot of CO/H versus average Ru particle diameter is shown in
Figure 3. It can immediately be seen that the CO/H ratio exceeds 1 for
all dp, < 3 nm. For the RuY catalysts, a limiting value of CO/H between
4 and 5 is reached below 1.6 nm. It may be noted that one of the
Ru/Al,05 catalysts (that at the highest dispersion) appears to deviate
somewhat from the general trend found for the RuY and other Ru/A1203 cat-
alysts. This might be attributed to an effect of the Al,04 support‘on
highly dispersed Ru; however, it is most 1ikel§ due either to an experi-
mental error or to the fact that Dalla Bétta(3) used the zero pressure
intercept of the total adsorption isotherm to characterize his cata-
lysts. Previous work has shown, that for highly dispersed RuY catalysts,
the use-of the total isotherm can introduce significant error into the
calculation if H/R“(surface) = 1 is being assumed.(7)

As supported metal partiéle sizes become smaller and smaller,
support-metal interactions can play a greater role in affecting -the
properties of the metal. It would be expected; based on steric consider-
ations and the existence of various Ru carbonyls, that as Ru particles
decrease in size a greater number of CO molecules would be chemisorbed.
Strong interaction of the Ru with the acidic support, however, would be
expected to weaken CO adsorption and perhaps decrease the number of CO
molecules able to be adsorbed. No such decrease was detected. Since the
results for A1203-supported Ru also appear to follow approximately the
same ' trend as those for zeolite-supported Ru, no direct evidence of

support effects is detectable in this process.
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_Finéily, metallic Ru élusters or ‘particies less than 1.6 nﬁ have the
ability to irreversibly bind between four .and five CO moiecules per ex-~
posed metal atom. . Evide#tly, ¢arbonyl épecies' such as Ru(CO), and
Ru(CO)S may exist on highly disperséd Ru catalysts. thle Ru cafbonyls
are known to exist having these stoichiqmetfies_[Ru3(00)12'and Ru(CO)5],
it may be hard té picture from a sterié point of wview 5 CO-moleculeé ad-
sorbed per sﬁff;ce Ru atom on 1.6 nm particles; A small portiom of this
bound CO, however, may be'interacting with the zeoli;e instead‘of with
.the Ru since carbonate bands can be seeﬁ by IR sPectroéébpf for the zeo-
lite ezﬁosed to CO0. It also must be remembered thét’the Ru partigle dia-
meter used is an averagé value. As IR study of CO adsorption on RuY has
shown,(4> many_&ifférent Ru surface structures can exiét simultaneously
on these catalysts at‘high dispersion. Thus, while the average particlé
diameﬁer mey be 1.0-1.5 nm, meny very small clusters of Ru atoms and,
possibly, isolated single atoms may also e#ist. Such small clusters

could easily produce Ru{CO), or Ru(CO)S following CO adsorption.

CONCLUSIONS -

CO chemisorption at 298 K on highly dispersé&-kg-is‘é function of
metal particle sizé.. Tﬁe co/é ratio4exceeds’1;for Ru catélysts havéng an
'a“e‘ég"ﬁéftitléﬁdiéﬁéfé?, ﬁR;lK 3 nﬁ. ‘Tﬁe ratio increases rapidly as
avarage parﬁicle size décreases aﬁd.approéches'a 1imit of.betﬁeen,&.and 5
for dg, < 1.6 nm. It ié obvious that surface species of the fofm.Ru(CO)é

or Ru (CO)S are formed. Eiﬁally, no evidence of & d;rect suppbrt effect

on the CO/H ratio was found.
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TABLE 1: Chéfaéteristics of'Catalysts'

Catalyst wELX Cdp (om)” . CO/E - Ref.

‘Ru powder ¢ - - 10% 0,63 © - (3)
& Aly05 | P

Ru/AL,04 5% 6.6 0.52 ©)
Ru/Al,0; 5% 6.0 0.87 (3
RuY L 3.2% 2.8 - 2,07 -  this paper

Ru/Aly0y 5% 2.5 23 (D)

Re¥ 3.2% 2.0 . 6.0 - this paper
RuY . 0.38% ' 1.6 4.51 this paper
Ru/Al0;  0.5% 1.4 3.8 ©)

Ru¥ 3% ' . 1.3 - 4l ' fhis paper
© Ru/Al0;  0.23% L1 3 (@
Rﬁf ' . Qf76Z o 1.1'_ . ':4.38"" 'tﬁis paper

Re¥ 0,18 - 0.9 - 4.89 . 'this paper

*average value~-determined by By chemisorption
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HYDROGEN CHEMISORPTION SUPPRESSION IN Ru-ZEQLITE CATALYSTS

H. T. Wang, Y. W. Chen, and James G. Goodwin, Jr.

ABSTRACT

Ru catalysts preéare_d using NaX, Na¥, KL and NaMordenite as suppofts have
been characterized by H, and CO chemisorption. Significant suppression of
hydrogen chemisorption was found for the iom—exchanged cétal&sts aé the Si/Al
ratio of the zeolite support increased. : Chemical imnteractions between the
metal and the- support are considered the main cause of this hydrogen
chemisorption suppression. It is suggested that the acidic hydroxyl groups
are involved in. these interacti.ons, These interactions are greatly affected

by method of preparation and metal loading.
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INTRODUCTION

In recent years, the selectiQe chemisorption of gases has been
extensively used to estimate the degree of dispersion of supported Group VIII
metal catalysts. Hydrogen and CO have both been used for estimation of Ru
metal surface area (1). Dalla Betta (2) studied hydrogen adsorption on
unsupported and supported Ru catalysts whose particle size distributions had
been measured by electron microscopy, and he found good agreement between
average particle sizes calculated from hydrogen adsorption and the particle
size distribution observed by electron microscopy. Taylor (3) used three
methods (hydrogen chemisorption, oxygen chemisorption, and hydrogen-oxygen
titration) to measure the specific surface area of alumina-suppqrted ruthenium
catalysts. The results showed that these three methods are in agreement when
average PRu crystallite sizes are greater than 4 nm. The selective
chemisorption of hydrogen and Hy=0, titration were applied to three types of
Ru catalysts prepared by two different techniques on two different supports
(4). It was found that Hy chemisorption method was the best method to
determine the dispersion of thighly dispersed Ru catalysts provided
irreversible hydrogen chemisorption was used. | '

co chemisorptiéh on Ru was compared to Hy chemisorption §y Dalla Betta
(5), and he found CO/H ratfos as high as 4 on Ru particles of 1.1 nm
diameter. 4Yhng and Goodw;n (6) showed that the CO/H ratio is a function of Ru
particle size for RuNaY catalysts.

-An investigation into the chemisorption properties of zeolite-supported
ruthenium catalysts in general has been carried out. Preliminary results had

suggested that significant zeolite-metal interactions were in effect.
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EXPERTMENTAL

Catalysts Preparation

Materials _

The zeolites were obtained.from Sssém Chemials, Tmc. (N2X, MNa¥, and KL)
and MNorton (IiaZsolat; = 1arée port Natordenite). NH,Y was ‘prepa‘red -by ion~-
exchange of‘ MY with NHz}Cl.. | The extent of exchange was 84%‘,. RuCls,

Ru(NH3)6013, and Ru3(cb)12 ware also obtained from Strem Chsmicals, Inc.

IonﬁEzchange Hsthod (T.E.)

For preparing the iom~exchanged catalysts, Ru(NHB) 6(313 was dissolved in a
- weakly acidic hydrochloride solution (pH = '4.5). Tals solution was then mized
with the zecli;e and stirred coutinuously- for 50 hours at- ambieﬁt
t'empesatﬁre. Ekcess solution was used to maintain an approximately constant
pH during ion-sgchange. 'After the ion—exchange reaction, the catalysts were
filfered and Vwashed several times in deionized water and dried in air
ovarﬁight at 40°C. The catalysts were then bottled anﬁ sticaréd.

Vapor Imoreonation Mathod (V.I.)

Ru carbonyl cluster catalysts were prepared by sublimating Ru3(CO)12
ung.ier‘ vacuum and adsorbing the vapor on the zeolite, previously activated
- under vasuuﬁ at £50°C, This impregnation process .took place in an' evacuated,
sealed Pyrax csll held at a temperature of SGQC for several weekso mis
temperature ensured that the vapor pressure of Ru3(CO)1 2 was high enough for
reasonably rapid adsorptipn ofl it on the zeolite but was mot high emough to

cause decomposition of the carbonyl. -

Catalyst Characterization

Matal Iozding Measurement -

The metal loading of the catalysts were determined by atomic absorption

using the method 6f Febec (7).
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Chemisorption Measurement

Hydrogen (99.995%2) was purified further by p,éssing it through a liquid
nitrogen trap before being used for both catalyst reduction and chemisofption
measurements. Carbon monoxide (99.8%) .was dried by pass'ing through a trap
thermostatted at =78°C (dry ice trap). Be (99.997%), used for dead space
determination, was also purified by passing it through a liquid nitrogen trap.

The V.I. and I.E. catalysts were usually decomposed 'under vacuum (ca.
4x10™° Pa) by heating to 4?0°C (0.5°C/min) and holding at that temperature for
two hours. Reduction in and desorption of hydrogen was carried out at the
same temperature. H, reduction was not necessary for .t:he V.I. catalysts.

Gas adsorption measurements were performed in a conventional Pyrex-glass
volumetric adsorption apparatus. An ultimate vacuum of about 4x10™> Pa was
obtained by means of oil diffusion .and mechanicail pumps isolated from the
adsorption system by a liquid=-nitrogen cooled trap. Each I.E. catalyst (ca.
lg) was placed in a Pyrex cell to enable decomposition under vacuum and
reduction of samples in static hydrogen prior to the chemisorption
measurement., The V.I.. catalysts were decomposed in the same specially
designed cell used 1in their preparation. This avoided exposure of the
gupported carbonyl to the air.

Hydrogen and carbon monoxide uptakes were determined separately at
ambient temperature on the reduced and desorbed catalysts. One day was
sufficient to reach equilibrium for hydrogen chemisorption at this temperature
and 2 days was sufficient for carbon monoxide chemisorption. The total amount
of chemisorbed hydrogen or carbon monoxide was determined by extrapolation of
the linear part of the first isotherm to zero pressure corresponding to the
method described by Benson. and Boudart (8) and Wilson and Hall (9). A second

isotherm was measured after evacuation of the sample for 2 min following the
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first isotherm. | The secoﬂd :{sotﬁerm provided e measure of the reversibly
bound hydrogen or carbon monoxide (both chemi'soebed and phjsisorbed). The
diffe:ence be?:ween th:es'ef two isother.me gavle' the 'amouet of irreversibly
(sitrong]_.y) chemisccbed hyd;egea or carbon monqxieef - |

'Fhe eispersien ef Ra was calculated 'f.roz_n the hydrogen measurements,
assuming a stoichiéaet;'y q‘f Eirr/}iu(e) = ] : 4. The erystallite sizes were
.calculated by assuming the partic}.e_ to be cebic with five s.:!?dfes exposed to ths

gas phase and an average area per surface Ru atom of 8.}_.7A2(_2).

RESULTS AND DISCUSSION

The results of. the. EZ aed/ Cco chegisorpiaon studies are summarized in
Table 1 along_ wit.h CO/H ratios of the' samples. - Figures 1 and 2 show
repre_sentative Hy and CO chemisorpticc isothe_rms_. From H, chemisorp;ien at 22
& 2°C, average Ru particle dian;etere anc} dispersipﬁe were _calccla‘ced,

- In metal zeolite catalyses the initial lccation of the metal in the
porous frameeﬂerk is an important factor to I:;e coﬁsidered; As described in 2
previous study Q10), ruthenium gsupported om the external surface of zeolites
via the incipient wetness method is easily sintered into large p,artlcles
during redection, resulting‘ in average particles sizes in the range cf VB.O-VS.S
nm fe:_ metal loadings between 1 aed 3 weight ‘percent. Eowever, as can be seen
‘ :in Table 1, the average particle size calculated from Hz chemisorption for
mion-exchanged catalysts with metal loadinos larger than 1 weight percent, with
the exception of RuHY, RuKL, RuNaM was exclusively belew 1.6 ome 'l’ne average
particle gize for cax:alysts prepared by the vacuum impregnation method with
- metal 1oadings 1ess l:hat 1 weight percent, was below 1 1l ogme A q.ész RuNaY
'(I.E.) catalyst havd, how:eve‘r,___en average calculated par.t’.icle size of 2.3 nm.

This might have been due to incomplete reduction. "However, high dispersions
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of the Ru were found for all V.I. and I.E. NaX and NaY catalysts. As can be
seen by T.ﬁ.M. (4), most of the particleg are inside the zeolite cavities.
Ffom the data in Table 1 and Figure 3, it is obvious that there are
' higher CO/E ratios for NaY-supported catalysts prepared by ion-exchange method
than for CO/H ratios for catalysts prepared by the vapor-impregnation
method. Since ruthenium can coordinate no more than four CO molecules if it
is bonded to other Ru atoms (to five other CO molecules 1if it is in the form
of gn(c0)5), it 1is reasonable to have CO/H‘rat;os between 2 and 3 for vapor=-
impregnation catal&sts prepared via a Rn3(C0)12 precursor since during
decomposition there can be some sintering of the Ru clusters (11). |
Matsuo and Klabunde (12) have studied a series of Ni catalysts supported
on Mg0 haviﬁg different metal loadings and showed that CO/H ratios increase as
Ni 1loading decreaseé. Thef indicated that Hy chemisorption is seriously -
suppressed, especially in the samples with low metal loadings. Bartholomew
and Pannell (13) have studied hydrogen and carbon monoxide chemnisorption on
alumina- and silica-supported nickel. They also found that the CO/H ratio
varied inversely with metal loading. CO/H ratios were 28 and 9.8 for 0.5%
Ni/A1203 and 1% Ni/A1203, respectively. Thege vglues were unexpectedly
hiéh. One reason for these differences may lie with increased support-metal
interaction éf low loadings. Catalysts with low metal loadings have been
found (14;15) ﬁo be hard to reduce. ﬁence, the higher CO/H ratio for 0.49
RuNaY (I.E.) compared to that for 0.24% and 0.68% Ru3NaY.(V.I.) may have been
due to less hydrogen chemisorption, which thereby increased the CO/H ratio, as
a result of stronger ieolite-metal interactions. In' all cases, vapor-
impregnated cgtalysts appear to have less zeolite-metal interactions than ion-
exchange catalysts. . Due to the high dispersions calqulated from Hoy

chemisorption, it can be assumed that there is no significant Hy chemisorption
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suppression for the Ru/Na¥ catélysts prepared by vapor-impregnation of
RuB(CO)lz'

It wéuld appear ;hat‘as the Si/A1l ratio of the zeolite gupport increases
larger average particle diameters results (Table 1). ,b However, it becomes
apparent from a3 consideration of the CO/H ratios that suppression of hydrogen
chemisorption takes place at ambient temperature on the Ru catalysts with
higher Si/Al' ratios (it is impossible for 1 Ru atom to bgnd to 12 CO ligands)
(Table 1, Figure 4&). Since the stoichiometry of CO adsorption on Ru is
determined by the metal particle size (5,6), it is difficult to use CO to
determine metal surface areas. However, COV chemisorption can at least serve
to compare relative metal dispersions. The CO/Rup ratios in Table 1 would
seen to indicate that the Ru dispersions in the various catalysts were similar
and probably on the order of 70-90%. | |

At this point, let us consider what may be the cause of suppression of
hydroge_n chemisorption at high Si/Al ratibs for the ioﬁ-exchanged éatalysts.
One phenomenon which must be considered is encapsulation of the metal
particles in the cata]._.ysts following reduction. This would make the metal
inaccessible to sorbing gases regardless of particle size. We comsider th;s
explanation to be unliikely, however, for the following .reasoﬁs'. First, the X-
ray diffraction patterns of the reduced catalysts were similar to those of the
original supports. Thus, no significant collapse of the zeolite supports and
encapsalatior_i of the metal accompanied reduction. Coughlan et al., (16) have
studied Ru supported on A, X, Y, L and mordenite' zeolites. They als.o reported
that all the zeolites retained their c-rystalline structgre after outgassing
and reduction. Second, 1f encapsulation of the metal were responsible for the
suppression of Ho, one would not expect similar CO/RuT .ratics for all the

catalysts. Thus, the possibility of oceclusion of particles in the zeolite
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matrix is excluded because of the high dispersion in RuNaX (NaX being the
least stable of these zeolites) and the similar CO/Rup ratios for all the
catalysts.

Poisoning of the metals following reduction is also unlikely to explain
the unusual sorption properties of the zeolite-supported metal. Koopman et
al. (17) have reported that surface contamination of chlorine on Ru/810,
catalysts (prepared from RuCly) caused a decrease in dispersion. However, in
this case, the ion-exchange catalysts were washeél several times in deionized
water to remove all the c;hloride from the zeolite. Certainly, RuNaX did not
gseem to exhibit any H2 chemisorption suppression and it was prepared in the
same way as all the ion-exchanged catalysts. ' Clausen and Good (18) have
investigated the decomposition of. [Ru(NH3)5N2]2+ ions in a Y=-type zeolite.
They found that all of the coordinated Ny, and NH4 was removed if the sample
was heated to 400°C and 107> Pa. As a result of this decomposition procedure,
a highly reactive ruthenium species was formed in the zeolite. Hence, it is
unlikely that Cl-ions or coordinated NHq influence the amount of Hy
chemisorption.

Brooks and Christopher (19) have investigated alumina- and z_eolite-
supported nickel. They found very high CO/Hy ratios (between 46 and 59) for
Zeolon-supported Ni and suggested that these results were due to dissoclative
hydrogen adsorption occurring only on Ni crystallites of sufficient size so as
to offer adjacent hydrogen adsorption sites. Shimizu et al. (20) have also
suggested that ensembles of up to 5-10 adjacent Ru atoms are involved in
hydrogen chemisorption, and small amounts of Cu on the Ru surface can suppress
the hydrogen adsorption capacity drastically. From the data in Table 1,
catalysts prepared via vapor-impregnation have average calculated particle

diameters of 1.0 nm. RuNaX prepared via ion-exchange had an average calculated
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particle size of 1.0 nm, and part of the reduced Ru in the ion=sxzchanged RulNaX
catalyst was possibly dispersed atomicallf in the =zeolite cavities. This
suggests that very small particles of reduced Ru metal are still zctive for
hyﬁrogen chemisorption and adsorb reasonzable quantities of Hy. Fence, it is
not likely that ensemble size influences the Hy chemisorption or CO/H ratio
fgr Ru.

let us consider differences betwsen catalysts prepared by wvapor
impregnation and ion-exchange since omne (V.I.) results in no Hy chemisorption
suppression and the other (I.E.) does., For the vapor imyregnatibn. caég,

decomposition and reduction can be represented schematically as
mRuB (CO)12 + NanY

and the zeolite is seen to undergo no change in its chemistry. On the other

hand, during lon—exchange some Nat is replaced by the catiomic Ru:

3+ +

3+ S
mRU(NE,)g" + 3mC1” + Nal¥ > [Re(NH) 1P Mer o ¥ + 30 Necl

Upon reduction

-+

+ véc v
(n=3m)

3+
[Ru(RE 61" M (nom)¥ ',

o -+
Ru m/H3m Na
The neutralizing protons associate with =zeolite oxygens to produce OH
groups. The greatest chemical difference between the V.I. and the I.E.
catalysts thus 1ies with the formation of hydroxzyl groups in the I.E.

catalysts.
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The results in Table 1 show that catalysts prepared by I.E. from HY have
larger calculated average particle diameters than catalysts prepared from NaY
and a slightly lower ratio of CO/RuT. However, the CO/H ratio is about the
same as the CO/H ratio of RuNaY. Since an increase in particle size in this
range should be compensated by a decrease in the number of CO adsorbing per Ru
-surface atom and a decrease in the CO/H ratio, one is led to consider these
two catalysts to haﬁe similar dispersions but with more Hyo chemisorption
suppression on RnHY.‘ Suzuki et al. (21) in studies of a series of nickel-
zeolites (A, X, Y and Mordenite) reported that the degree of nickel ion
reduction and the dispersion of reduced nickel were affectd by tﬁe extent of
nlckel-exchange and by the types of parent-cations in zeolites. RuHY and
RuNaY have similar structures, but they are different in concentrations of Nat
ions and acidic protons produced during reduction at 400°C. The lower
¢oncentration of Na¥ and the higher concentration of mt may be factors
affecting Hy chemisorption suppression in the RuHY catalyst. However, 3.1%
RuNaY, 2.5Z RuNaX, 2.8% RuKL and 2.22 RuNaMordenite have very similar loadings
of ruthenium. Since hydroxyl groups aré formed when protons interact with
framework oxygen atoms during the reduction of the ruthenium ions (22), 3.1%
RuNaY¥, 2.5% RuNaX, 2.87 RuKL and 2.27 RuNaMordenite .will have similar
concentrations of acidic protoﬁs. It is thus obvious that the concentration
of acidic hydroxyl protons seems unlikely to completely explain the Hoy
~chemisorption suppression in 2.2%Z RuNaMordenite. Hence, we mst also
consider the implication of the strength of the acidic hydroxyl protons.

In Figure 4, the CO/H ratios of RuNaX, RuNa¥, RuKL, and RuNaMordenite
seem to correlate to the Si/Al ratio. Significantly more hydrogen
chemisorption suppression occurs as the Si/A1 ratio of zeolite support

increases. There 1s a good linear relationship beteen the hydroxyl frequency
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(near 3656 cr~!) and the Si/A1 composition, independent of any structural
influence (23). The shift to lower fregquencies observed és_fﬁe 8i/Al ratio
increzasas is related t§ an increase in the acidistrengtﬁ'of the protoné 28).
Eb?eo#er,_the cataytic activity of reduced nickel is decreased Ey the increase
in aci@ic tydroxyl groups in. mordénites (25). Thaus, the increase im H2 .
suppreséion as the Si/Al ratiolis increaéed_for iqn-excﬁanged ﬁu/zeolite T2y
be explained on the basis -of‘ incréasing acid strength of the. zeolite
hydroxyls.

The influencé of Si/Al ratio on CO adso;ption éﬁ the'redﬁcgd-metal'haé
also been fguné in a prev;ous iR study (26). The IR investigation of these
zeplites catalysts at 25°C showed that, in general, as the Si/A1l ratio of the
support lmcreases, the frequency of- the adscrbedlco also temnds to incre%sg
" indicating wezker CO chemisérption,.whiéh correlates welliwiph the increase in
.the .acid strength of .the zeolites. Recent studies (27,28) of supporﬁed
carbonyls have shown that the evolution of CH, during temperé;ure-programmed
decomposition ig due to a2 reaction between the initially zero<walent carbonyl
and the sﬁrfgce'bydroxyl groups of the support; Therefore, it isﬂsugéested
that hydrogen suppresgioﬁ is due to the iutgrac;ion of the zeolite hydroxyis
with the Ru, and this'inte¥action increases with the strength of»tﬁe acidic
" hydroxyl protons. The reason for the change in the ég;ﬁ §§;§3g§§ of the
hyd;oxyl protons is not clear. It may rgsuit from é change in the 1§ca1
elecﬁric charge in the zeoclite framework caused by_ibn-exchange er froﬁ direct
in:eraéfion of structural hydroxyls with ‘catioms. The‘oﬁe case that deviated
slightly in Figure & gas.that‘of RXL. It is felt tha;"the slight deviation

to a higher CQlE ratio was due to the,présénce of K in the zeolite as opposed
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to Mat in all the other zeolites studied. This would seem to be reasonable
given the relatively greater ability of K compared to Na to destablize CO in

alkali promoted F=T catalysts.

CONCLUSIONS

Hydrogen chemisorption suppression has been found for zeolite-supported
Ru prepared by ion;exchange. Hydrogen éhemisorption suppression appeared to
be a function of the Si/Al ratio of the support. However, the presence and
strength of acidic hydroxyl protons and their possible interaction with the
residual cations (N’a+ or Kf) are suggested to be the reason for hydrogen
chemisorption suppression. It would appear that the amount of Hy
chemisorption suppression for ion-exchanged catalysts may be an inverse
function of metal loading. Catalysts prepared via vapor-impregnation of
Ru3(CO)12 did not exhibit H, chemisorption suppression, probably as a result
of the absence of siénificant concentrations of acidic hydroxyl groups. No

evidence for CO chemisorption suppression was seen.-
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Table 1

 CHARACTERISTICS BASED ON CHEMISORPTION

Catalyst Preparation E} ) CO/H, COy ,./Ruy
| Method (um) (7
0.24% RusNa¥  V.I. 1.1 76 3.2 2.5
0.68%7 RusNa¥  V.I. 0.9 94 2.4 2.1
1.1% RugNa¥ v.I. 1.1 76 - 2.3 1.7
1.3% Rughe¥  V.I.  © 0.9 9% 2.1 2.4
' 2.5% RuNaX 1.E. 1.0 83 3.0 2.5
0.49% RuNaY I.E. 2.3 35 5.7 2.1
1.1% RuNaY 1.E. 1.5 55 5.7 3.2
2.17% RuNa¥  L.E. 1.2 67 65 3.1
3.1%7 RuNaY T.E. 1.6 51 4.6 2.2
3.9% RuHY 1.E. 2.8 31 4.5 1.4
| 2.87 REL I.E. 2.6 32 9.9 3.2

2.2%2 RuNaM 1.E. 3.9 22 12 2.6

* determined from irrev. Hy chemisorption
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CO/H IRREVERSIBLE CHEMISORPTION
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THE ELECTRONIC PROPERTIES OF Ru IN Y ZEOLITES
AS DETERMINED BY ESCA

J. Z. Shyu, D. M. Hercules and James G. Goodwin, Jr.

ABSTRACT

An investigation by ESCA was made of Ru supported in NaY zeolite.
Catalysts were prepared by incipient wetness, vapor impregnation by Ru3(CO)1 23
and ion~exchange. In addition, a RuHY catalyst was prepared by ion-exchange
with NH Y. It was: found that the Ru 3p3/2 band was more sensitive to the
state of Ru in the zeolite than the Ru 3d5/2 band that is often used in ESCA
studies. This greater sensitivity is probably related to a final state
configuration interaction of the Ru 3i) electrons with the wvalence 4d

electrons. The results from the Ru 3p3/2 band were in excellent agreement

with previous IR results.
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INTRODUCTION .

Metal-support interactions are known to play an iméertant role in
deternining the catalytic properfies of supported metal catalysts. This is
especially true in the case of zeolite supports. For zeolifé-stpported Ru,
both the method of preparation and the type of zeolite used have been shown to
greatly affect the adsorptive and catalytic properties of the Ru (1-8). Uhilé
the exact causes of all these differences in properties are not known, certain
tentative conclusious have been able to be made based on characteristics of
the zeolites used, chemisorption results for H2 and CO (volume:ric and IR),
T.E.M., and catalytic ﬁroperties for the Fischer=Tropsch synthesis{' However,
few studies have been reported dealing with the direct determination 6f’
location and electronic structure of the Ru in the zeolite. fwo studies of

particular note, both dealing with RuNaY catalysts prepared by ion exchangs,

have been reported. One, using X-ray diffractien (RD), dealt with the
loc;tion of Ra species in the zeoiite following reduction and/or exzposure to
oxygen (9). The other uséd ESCA (Ru 3d5/2 band) to explore the eiéctronic
properties of Ru following various pretreatments (10).

The earlier ESCA study (10) of ion-exchanged RuNaY showed that, while the
Ru 3d5/2 band shifted significantly with sample treatment, onlynone type of Ru
seemed to be present at aany time. However, IR results for CO adsorption on
such catalysts have suggested that a2 number of different Ru sites can exist
simslitaneously (2).

While the Ru 3d3/2 and 3d5/2 bands are the most intense for ESCA,.the use
of the 3d3/2 band is difficult due to the overlap with the C ls band. This
led to the use of the Ru 3d5/2 band in the previcus ESCA study of RuNa¥
(10). However, an ESCA study of Ru has indicated that Ru 4p and Ru 3p

electrons have a strong configuration interaction with 'the'_valence- 4&d
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electrons (11). This implies that che- photionized 3p holes experience a
strong perturbation by the 4d valence elect:ons. Thus, the Ru 3p3/2 ESCA band
should be mich more suitable to variations in the Ru oxidation state.

An investigation-using ESCA has been made of RuNaY catélysts prepared by
ionrexchanée, incipient wetness, and vapor imprégnagion of Ru3(¢0)12. Both Ru
3d5/2 and Ru 3p3/2 bands were used in.the analysis. It was felt that, g}ven
the number of studies of the Ru-NaY system available for comparison, there was
a greater likelihood of arriving atta better undetstandiﬁg of the nature of Ru

1 zeolites by use of this system.

EXPERIMENTAL

Apparatus

ESCA“spectra of the Ru catalysts were recorded on an AEI ES200 electron
spectrometer with a DSL00 data system. The gpectrometer is equipped with an
aluminum anode (Al Rax = 1486.6 eV) which wés operated routinely at 12 kV and
22 mA. The base pressure of the ESCA chamber was below 5 x 10~8 torr.
Binding energies of overlapping peaks %ere determined uéing a non-linear
-least-squares curve fitting technique (12). A sealable érobe was used which
permitted pfetreafment of the cétalyéts and introductian of them into the

spectrometer without exposure to air.

Materials

Ru metal powder, RuCls, Rus(C0);,, Ru (NH;)¢Cls, RuO, and the NaY zeolite
were obtained from Stem Chemicals. The composition of dehydrated. NaY is
Nag(A109)56(S109)q 35. Zeolite NH,Y was prepared by ion-exchange of MaY with

-an aqueous solution of NH461 to form NH,Y. The extent of exchange was 84%.
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The wet impregnated RuMaY catalyst '(desig'n;ted as RuNaY¥-IW) was pzepére':d
by the standard incipient wetness mathod using an aquecus solution of RuClg.
Vapor-impregnated RuMaY catalysts (designated as RuNaY-VI) were prepared by
vacuum deposition of Ru3(C0)1 o onte NaY (5). For preparing the ioﬁ—exc‘nange
catalysts, Ru(NH3)6C13 was dissolved in z weakly acidic solution '(éﬂ = 4,5).
This solution was mixed with the Azeolite NaY¥ or NH,Y and stirred continuously
for 50 hours at ambient temperatire (5). Excéss solution was used tic::; maittain
an approximately coﬁstant pH during io_n-exchénge.

To minimize catalyst .sintering all of the catalysts were dried at 40°C
overnight and decomposed slowly under vacuu:ﬁ (10"6 torr) as the temperature
was raised 0.5°/min from room t;.emperature to 400°C. This was followed by
reduction in H, at 400°C for 2 hours. Pretrevatme.nt con&'itions.and' the
abbreviated names used '.in the present study are listed in Table 1. ESCA
spectra of Ru metal (Ru®) were obtained from.‘Rn metal powder after the
treatment of OxR. The bulk' Ru contents of RuNaY and RuHY were 3.1 wt%-

determined by atomic absofption spectroscopy.

ESCA Measurements

ESCA binding energies (BE’s) were referenmced to internal'staﬁdafds-_which
were themselves referenced to Au 4f7/2 (= 83.8 eV) (13-14). ° For zeolite
supported Ru catalysts, BE’s were referenced to Si 2p (= 103.0 eV), wl_iile BE’s
of bulk Ru® and Rub?_ were adapted from values given in recent pu;blications.
(15-18), found for Ru supported by SiOZ (.19), and measured directly from
reduced Ru metal powder. |

The Si/Al ratios of the zeolites af the surfaces of NaY and HY were

determined using ESCA. Assuming 2 homogeneous distribution of siiicon and
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aluminum atoms on the surface, the Si/Al ratios can be estimated by the

equation (20),

51 Lo Ia
aronte " = F W
Si Si Al Al
where (Si/Al)atomic = atomic ratio of Si/Al on the surface
Ogi» Oa1 photoelectron cross section for Si 2p and Al 2p

respectively (21)
Igis I = integrated peak areas for Si 2p and Al 2p,.respect1vely
KEgys KEj; = kinetic energies of 51 2p and Al 2p photoelectrons (eV),

respectively, used for the correction of photoelectron

escape depth

The estimated Si/Al surface ratios based on equation (1), are 2.43 and 2.45
respectively for NaY and HY. ‘These values are within experimental error. of
the bulk Si/Al ratio of 2.4 typical for Y-type zeolites (22). Therefore, in
the present study, an averge value of 2.44 was used for the Si/Al ratio of the
Y-type zeolites.-

Because the Ru 3d liﬁes overlap with the C 1ls 1lines from carbon
contamination and the Al 2p line overlaﬁs with the Ru 4s line, Ru 3p3/2 and Si

2p lines were used to calculate the atomic ratio of Ru to zeolite, based on

the following equation: -

I I
Ru Ru Si -1
(..—.—._-.) = + x (1L +N7) (2)
zeolite’atomic
%Ry "REqy g1 "KEgy
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The notations used in eqa;a'tion‘ (2) are the same as for equation (1). N ia
equation (2) represénts the surface SifAl ratio of the support (=2.44), ‘Thus,
the term (1-3-1\7"1) denotes the percentage contribution of Al relative to Si plus

the contritution from Si to the ESCA intensity of the zeolite.

ESCA Datz for Ru® and Rul,

ESCA BE’s for Ru® in the Ru 3dg/9 and Ru 3py/, tegionls are 280.0 and
461.1 eV, respectively, and those for Ru0, in the Ru 3d5/2 and .Ra 393/2
reglions are 280.6 and 462.3 €Y, respectively. These .BE’s correspond to

reportea values (15.,,1 9) and were used to characterize the bulk Ru® and Ru0,.

RESULTS

RulaY Eepared by Tncipient Wetnass _ ,

 As shown in Teble 2, RuNe¥-TH-RI gave Ru 3dg/, and Ru 3py, BE’s of 280.0
and 46-1,.0 eV, respectively, which are .-charai:ter.istic ‘of bulk_ Ru®. Ho
chemisorption results (5) showed Ru to be present as large particles (average
particle digmeter = 6 nm); The wvariation of ave;:age particle_diamete.r with
metal loading has sugg_ested .that the Ru exiéts pfimariiy on the external
surfaces of the =zeclite (5). Taoe BE for the 'Ru_3d5/2 band is in good
agresment with the results pf Pedersen and - lumnsford (10) for a similar
'catellyst. They have suggested that ESCA _Rn.BE's are essentially the same as
bulk Ru® for Ru particles larger than 1.5 mm. THe BE for Ru 3p3/2 does not

contradict this conclusion,

RulNaY Prepared by Vapor Impregnation with Rua(C0)q,.

Rula¥Y catal'y'sts prepared in this manmnmer are’ kaown .to _exhibit metal

digpersions on the order of 100Z (5 ;23) and to show léss metal-zeolite

61



interaction than ion-exchanged .catalysts with similar dispersions, as
evidenced by IR studies of CO chemisorption (2,4). 1less obvious metal-zeolite
interaction is probably the result of 2 conditions: the fact that Ru starts
out zero valent in the carbonyl and the fact that the zeolite structure is
completely neutraliéed by Nat. ESCA data for RuNaY-VI-Rl are shown in Table
2, The Ru 3d5/2 and Ru 3p3/2 BE‘s of 281.0 and 462.0 eV, respectively, were
.about 1 eV higher than those for bulk Ru°, Suéh shifts could be due to strong
Ru-zeolite interactions or to small Ru particles experiencing strong atomic~-
relaxation during photoemission. However, given the IR results for CO
chemisorption (4) and the lack of Hy chemisorption suppression (8) for such
catalysts, the former explanation seems unlikely. There appears also to be
little direct interaction of the Ru with the Nat cations,~siﬁce, according to
our previous study of the effect of alkali promotion on the BE’s of Ru (19),
the Ru BE’s would have decreased relative to Ru®., Since the average Ru
particle size for this'catalyst was determined by Hy chemisorption to be < 1
nm, it is 1ike1§ that these shifts in BE were due to strong atomic-relaxation
during photoemission, which is known to be especially important in very small
crystallites. The shift of 1 eV found for the Ru 3d5)2 BE is consistent with

the results previcusly reported for such small Ru particles (10).

RuNaY Prepared by Ion-Exchange

Ru 3dcs, BE

ESCA spectra of ion-exchanged ﬁuNaY catalysts in the Ru 3d region are
shown in Figure 1. The decomposed (D) RuNaY catalysts gave a low intensity
for the Ru 3d5/2 line centered at 28l.1 eV (Figure 1(a)). After the catalyst
was gsubjected to reduction under Rl and R2 conditions, shifts in the Ru 3d5)2

BE to 280.5 and 281.1 eV, respectively, (Figure 1 (b),{(c) and Table 3) were
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ob‘serve;i., However, after oxidation ané ‘raduction treatment of the Pq;fIaY
catalyst (O=R cqndition;), the Ru 3&5/2 peék location shifted to 279.9 eV
(Figure 1 (d)), which is-essentially that for bulk Ru® (280.0 eV). Padersen
and Imnsford (1Q) havg indicétgd that, for RuNa¥ cataiysts, Ru will remain
inside the zeolite cavitles except for catalysts which are treated in'Oz' at
elevated temperaturas, Therefore, the Ru species :I_.n RuNzY - catalysts
. pretreated under D, Rl and R2 conditions should be located primarily inside
the zeolite cavities, whereas the Ru spacies ;I.;a RuNa¥~0xR should be Ru® .in
large particles on the extefnal surface of NaY.

For a._ RuMa¥-D cé.télyst which . was pz;ere.duc:ed and then e'x,pos-ebd to air
.'(.Table ]_.), thg Ru species present would be RuO, insi_de_the ze‘olite_cavities.
Eecause‘ Ru0y is the most easily reducible oxide. among the transitioh met;als
(1 5,24-23), after ‘i.'eduction.mo.st of the Ru species. on RuNa¥ .catalys'ts should
be in the metaliic form. Bowaverz, as.gan'be seen in 'IllabléVB and_Figure (b)
and (c-f.)>, dgviatioas of the Ru 3d5'/2 BE’S of RuNaYoRl‘ and RuNaYuRZ from bulk
Ru°» (dashed 1ine in Figure 1) suggest that the ;neta_llic Ru_ présent is
substant;’.ally different from bulk metzl. Eow.ever,. these results are in accord
with those of Pederser; and hmsford (16) for re'du;:ed Ru particles in the 1-1.5
nm range. Based ;m paét éxpe:ience, this is appr'oximat;ely' the average )
particle size expected for treatment f.l. The formation of bulk-like Rub after
OxR treatments can be zttriboted to the sinte:ing- of Ru as a2 result of high
temparatura oxidation {(10). YMossbauner data _indicéte that oxiiiat_:'ton‘ ;af RulNa¥
at 400°C in air ylelds large particles of Ruﬁz (26). ,Iheée iaz:ge Ru0,
particles caﬁ not be accomodated inmside ‘the.zeolite cavities because of the
spall diameter of the zeolite cavities ( 13 &) (22). Once formed, theiRqu is

able to migrate to the externzal surface of Na¥. & final reduction in Hy of
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the oxidized RuNaY catalyst leads to formation of bulk-like Ru® on the
external surface of the zeolite (10,24).

Ru 3pqso BE

To investigate the chemical states and surface concentrations of Ru on
NaY more precisely, the Ru 3p3/2 lines for the RuNaY catalyst were recorded;
these are shown in Figure 2 and summarized in Table 3. The Ru3p3/2 line has
the advantage of being free from carbon ihterference and 1s more sensitive to
varlations in the chemical state of Ru {11).

The décomposed (D) RuNaY catalyst (Figure 2 (a)) gave a peak having a Ru
3p3/2 BE of 462.6 eV which can be attributed to Ru0, inside the zeolite
cavities. After reduction of the decomposed RuNaY catalyst by Hy under Rl or
R2 conditions, complex Spectfal envelopes were 6bserved (Figure 2(b),(c)).
The spectra Qere resolved into three components by a non-linear least-squares
curve fittiﬁg technique (12). The validity of the curve fit was gauged by the
weighted variance of the fit. Judging from the weighted variances of 3.3 and
1.7 for the RuNaY-Rl and RuNaY-R2 spectra resbectively (Table 3), the measured
spectra (dotted spectra in Figure 2(b),(c)) are not statistically different
from those obtained by summation of the three resolved components (solid
lines) from the best compufer fit. The resolved Ru 3p3/2 peaks; having FWHM's
of 3.5 eV, give Ru 3py/y BE’S of 465.0, 462.3 and 459.0 & 0.2 eV for RuNa¥-Rl
and RuNaY-R2.

As shown in Figure 2(b) and (¢), the Ru 3p3/2 ESCA spectrum of RuNaY-Rl
is virtually identical to that for RuNa¥Y-R2., ‘This similarity suggests that
the Ru specieé on thé reduced RuNaY catalyst are chemically unchanged and
' thermally stable even for extended reduction periods. The BE’s of these three
components in the Ru 3p3/2 envelope for RuNaY=-Rl and RuNaY~R2 are all

different from the BE for bulk Ru® (BE = 461.1 eV). It is recalled that the
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Ru 3d5/2 band exhibited a single peek which could bs related to smell .reduced
'Ru particles inside the zeolite.. it eppeers, thus, that the Ru 3p3 /2 BE is
traly mch more sensitive then that: for Ru 3&5/2 in that three types of Ru
' species are able to be 'distinguished.‘ After czidetion and reduction
tl.:eatments (0=R), the Ru 3pq /2 BE consisted of a single_ component whi_ch is
identical with that for bulk Ru® (Figue'e 2(d)). |
| Certainly, it is not comletely surprising that the Ru mey exist in
several forms in the reduced cat_a_lystf 'fne tesnlts frem the Ru 3p3 /2 band are
in agreement witﬁ_ the IR results (2). What 1is sgrpr.i..sing is the tremendous
difference in complexity of the Ru 3p3 /é beed co;::;aared to thet of the Ru 3&5 /2
band. It is difficult to considez‘ this comlexity to be due only to particle
size differences since the ABE' relative to bulk Rn° of the three comonents
are so lerge and different (+3 9, +1 2, and -2.3 eV) Such ABE’s must be
related to interactiens with the zeolite support. Iﬂ_ order to better
understand these pessi'ble interactiens, an ion-exchanged.‘RnHY .ce:-elyst was

also stu.die fe

RuHY Pzepai'ed by Io'n-'-Exchagi

The ion-exchange of Ru(NH3)63+ with N=Y followed by decompositiou and

reduction can be expressed schematicelly by

Ru(NH3) LA e &5 et + [Ru(NE3)6] n..3

. dec. | red.

CRu Byt omet o
While t':,h:I._s 3 cetalyst is designated - RuNaY . tﬁeze are theoretically ' thres
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neutralizing protons in the zeolite for each reduced Ru atom. By starting

with NH,Y zeolite the catalyst preparation can be represented by the following

schematic:

Ru(NHg) 3 + (NH,) Py + 3mE, + [Ru(NHg) 13+ (v, 4ty
dec. * red. (T » 400°C)

Ru'an"‘ Y

Thus the RuHY catalyst 1is produced. The éxtent of bulk exchange of Mt by
NH4+ for the zeolite used in this study was 847%. The remaininé 16% of the
‘original ¥at was probably in the less exchangeable sites of the Y zeolite,
such as in the hexagonal prisms (22,27). This, the remaining concentration of
Na."' in the RuHY catalyst was significantly .less than in the RuNaY catalyst ‘and .
the hydroxyl concentration '(resulting fr_onl an interaction of the HY cations
with structural oxygen) was much greater.

The ESCA results for RuHY are given in Table _4. The Ru 3p3/2 region is
shown in Figure 3. For Rqu—D the BE’s for Ru 3d5/2 and Ru 3p3/2 were 281.1
and 463.1 eV, respectively. 'mese bands are shifted 0.5 and 0.8 eV relative
to those for RuO, (bulk). By comparison, these‘bands'. are shifted by 0.5 and l
0.3 eV, respectively, for RuNaY-D. In both cases, we can assume that these
BE's co.rrespond to small particles of RuO, in the zeolite.

Following reduction, the Ru 3d5/2 BE became 280.8 (Rl) and 280.7 eV (R2),
indicative of what has been concluded to be small Ru particles 1.6—1.5 nm in
diameter (10). However, after reduction of RuHY under Rl conditions, a
complex spectral envelope was obtained for Ru 3p4 /2 {(Figure 3(b)), which could
be resolved into three components having FWHM’s of 3.6 eV and BE’s of 465.0,

462.6 and 460.5 eV (Table 4). This'fitting gives a weighted variance of 1.9
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(Table &) sug;gesting that the fit is statistically as .good as for RuNaYan'
(weve = 3.1). After_ prolonged reduction in Hy, the Ru 3p3;/2 EScA gpectrim of
RuHY-R2 coﬁld be resolved into two components at 464.7 andl 461.1 eV
respectively, as shown in Figurve 3(c). This curve fit is good, as indicated
by a weighted vafiénce of 1.0 (Table 4). It should be nocted that 70%Z of Ru in
RuHY-R2 shct'vs the characteristics BE of bulk R1;° » suggesting sintering of the
Ru as a result of prollonged thermal treatment. Comparing RuNaY—Ri and R_uHY-
Rl, it can be seen that the biggest difference lies with the value of. the
lowest Rﬁ 3133/2 BE, 458.8 versus 46l.1 eV, .respectively. 'I’r.;e ABE’g fc‘zr these
bands relative to Re® (bulk) are -2.3 (RuNaY) and =0.6 eV (RuEY). K,
chemisorption revealed avefage pafticle diameters of Ru for RuNaY and RuHY to
be ca. 1.6 and 2.7 um, respectiveiy. Due to the greater supiaression of Hy
chemisorption on RuHY (8); its actual ave_ragé Ru partic;le. gize was probably

< 2 nme The values for the Ru 3dgyy ‘BE"s are consistent wifh these facts, It
wéuld'appear from the ESCA'results, thak.the épecies related to the §ighést BE
for. Ru 3p3 /2 is the most stable under reducing conditions. AfteAr O=xR

treatment, Ru on | RuHY-0xR gave essentially the BE of bulk Ru® (461.2 eV)

DISCUSSIONS

B:Lnding ﬁzergj.es

With ‘'regards to the Ru 3p3 /2 and Ru 3dg /2 BE’s for RuNaY-Rl, RuNaY—RZ
and’ RuHY~Rl (Figures 1, 2, 3 and Tebles 3 and 4), it has been shown that, .
while only a single species of Ru is suggested'by the Ru 3d5 /2 band, three Ru
species can be identified from the Ru 3pg /2 band. |

Comparing the Ru 3pg /2 aad Ru 3dg/, BE shifts relative to bulk Ru® for
RuNa¥=-Rl, RulNa¥Y-R2 and RuHY-B.l, it is clear that different shifts are observed

for the two photoelecton lines. The effect is especially pronounce&‘ for the
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Ru 3p3/2 peak at 459.0 % 0.2 eV for‘RuNaY-Rl and RuNaY-R2, which is shifted
negative relative to bulk Ru® by 2 eV. No peaks having BE’s below bulk ku
metal (280.0 eV) were observed for the Ru 3d5/2 line. The difference in the
BE shifts for.different Ru orbitals can not be due to charging effects,
because charging effects generate the same BE shift in éll spectral regions
(19). Rather, the difference mist be due ﬁqvfinal state effects such as
relaxation or final étate configuration interactions (FSCI) (11).

Final state effects‘in the Ru 3p3/2 region can be caused by modification
of the electronic stfucture of Ru by the Y-type zeolite." Ome such effect,
final state configuration interac;ion (FSCI) is known to be symmetry~
dependent. For example, only‘the.Ni 2p and Ni 3p lines of NiC show
characteristic shake-up transitions between nickel and oxygen (28), because
the symmetry of the Ni p orbitgls favors this transition. An ESCA study of Ru
has indicated that Ru 4p and Ru 3p lines have a strong configuration
interaction with the valence 4 electrons (11). Thié implies that
photoionized 3p holes experience strong perfurbation byhthe 4d valence
electrons and thus the p orbitals would be more sensitive to variation in the
Ru oxidation stat;.

Another final state effect, relaxation of Ru due to polarization of the
photionized holes, can not account for the BE shifts relative to bulk Ru in
the present case, because suéh relaxation effects cause a positive BE shift
(11,19). Terefore, only FSCI’s are considered to be important fpr the
observed difference in BE shifts of the different Ru orbitals. Because the. Ru
3p3/2 line appears to be more sensitive than the Ru 3d5/2 line to the Ru~
zeolite interaction, assignments of Ru species on the zeolites wi;l be based

on the ESCA results for Ru 3p3/2.
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Ru=zeolite interactions may be related to Ru species at different
locations on the Yitype zeolites. Verdonck et al. (24) have reported that
decomposition of Ru(NH3)63 NaY under vacuum at 623 K results in almost 90% of
the Ru ioms being reduced to the metallic state.  Based on reoxidation
results,.the Ru was completely reduced upon reduc;ion in Hy at 623 K. Clausen
and Godd (z26) found by ¥oessbauer spectroscopy a similar complete reduction of
Ru in a Ru(NH3)5 sz NaY catalyst. In 2 study of the evolution of 2
. Ru(NH3)63 NaY catalyst by XRD Fearce et al. (9) were able to conclude that,
after decompositlon under vacuum, most of the Ru was inside the supercages of
NaY. However, after reduction of RuNaY catalysts in Hy, they determined that
19% of Ru was atomically dispersed in the sodalite cages in site II’ and 81%
of Ru remained in the supercages. Exposure to Oé at ambilent following
:educ;ioﬂ appeared to cause all ﬁhe Ru to leave the sodalite cages. The Ru
' did mot return even upon re-fdductidn under 300 torr of Hy at 373‘K°
Unfortunately, it is not known exactly what the situation wbdld be if the fe—
reduction were carried out in fiow a2t 673 K (comdition R1).

In this study, we attribute the Ru speciés present in RuNa¥-D and RuHY-D
'to high;y dispersed Ru0,. The Ru'3d5/2 BE for both of these systems was. 281.1
eV.- This BE 'is shifted +0.5 eV relative to that of Bulk Rudz. This can.be -
explzined by relaxatioﬁ,effects due to smdll particle size. The Ru 3p3/2 BE
of RuNaY—ﬁ wés 462.6'eV, shifted + 0.3 eV relative to bulk Ru0y. The greater
shift exhibited by:fhis'band for RuHY-D (+ 0.8) may be related to thé greater

Bronsted acidity of the HY support and thus stronger Ru0, — zeolite
interactions (29)0_ Some lewis acid sites dgy‘ﬁave been formed which could
also explain such an interaction (30). Ihese.differgnt.shifts in the Ru 3p3/9
band can not just be gxpléined by e#perimental erzror (1'0.15 eV) thus

indicating the sensitivity of this band to metal-support interactions.
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Following reduction Rl, both RuNaY and RuHY exhibited BE’s for Ru 3dg/y
(280.5 - 280.8 eV) which suggest the presence of small reduced Ru particles.
This is in agreement with previous results (9,10,24,26).

The exact cause of the 3 componeﬁts of the 3p3/2 band exhibited by RuNaY=~
Rl and RuHY-Rl is not so obvious. It would appear that 17-24% of the Ru has a

‘3p3/2 BE of 465.0 eV. There is no evidence to link this resolved peak to
either an impurity element or to satellite lines from any of the elements
present. Cléarly, fhis BE would seem to be far too high to be zero=valent

Ru. Even though this po;iti#e BE shift could be due to strong atomic-
relaxation effects of small Ru particles, a shift of 3.9 eV relative to bulk
Ru® is much greater than the estimated relaxation energy shift of 1.0-1.25 eV
calculated for Ru 3p3/2 (19). However, neither the 3d5/2 BE nor previous
results (9,10,24,26) suggest the existence of significant amounts of non zero-
valent Ru. The apparent great ionicity of the Ru species is obvious from the
BE shift relative to that for bulk Ru0, (+ 2.7 eV) and to that for highly
dispersed RuO, (+ 2.4 eV). There is even a shift of + 1.5 eV relative to the
Ru 3p3/2 BE in Ru(NH3)63+'NaY. Such a shift can not be due just to small
clusters of Ru° insidé the supercages, otherwise a similar BE would have been
exhibited by the RuNaY-VI-R1 catalyst. This great apparent ionicity of the Ru
species suggests that‘this Ru'species may be_interacting with an
'electrénegative.atoms such as framework oxygen atoms. The electton density of
oxygen in the sodalite cages is greater than that in the supercages and on the
extefnal surface of faujasite (9,27). Therefore, Ru would be expected to have
a greater tendency to interact with the framework oxygéq atoms in the sodalite
cages. This was recently suggested by Pearce, et al. (9). Bowever, the
results of Pearce et al. would seem to indicate that, upon exposure to 0, at

ambient, the Ru is removed permanently from the sodalite cages. As stated
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earlier, it is not known whether tﬁis removal'ie related to static reduction
in‘Hz. Thus, it is suggested that the Ru 3p3/9 BE of.46S eV found foe RuNaY~
Rl and RuHY=Rl corresponds to reduced (at least’ partly) Ra highly digpersed
and probably located in the sodalite cages. In.this location and by virtue of
the symmetry of the Ru P orbitals, interaction of the Ru with the highly
electronegative framework okygens having only partiailf £illed p orbitals
feselts in a large shift in the Ru 3p3/9 BE as a result of FSCI. This size of
this sﬁift is probably also affected by atomic-relaxation of the small Ru
"entities".

The_Re 3p3/2 BE’s of RuNa¥-Rl and RuHY¥ﬁl'located at 462.3 and 462.6 eV,
respectively, are sugaested to be due to small reduced Ru particles located in.
‘the supercages and perhaps on the external surfacea Tais 1oca;ion is in good
agreement with the BE found for RuNa¥=VI-Rl prepared from RuB(COSIZ'(ééz.O
.eV). The positive shift in BE's on going'from RulNa¥Y=-VI-R1 te-RuNaY-Rl to
" RuHY-Rl may be reieted to the increasing acidity of the eupport and hence to'
some metalezeolite interactiqnso Eowever, since ABE’s relative to bulk Ru® of
0.9.;1.5 eV are in the range of the ABE due‘to the change in the atomic-
relaxetion energy 6f Ry 393/2 (caf 1.25 &V) (195; these differeqces could
reflect slight differences in particle size. .

Einally, the Ru 3p3/2 BE’s of RuNa¥=-R1 and RuHY#Rl iocated at 458 8 and
460.5 eV, respectively, are shifted =2.2 and ~0.5 eV relative to bulk R®. It
is now known thae alkaii-promotion of Ru/Si0, results in a negative shift.of
the R 3pyy; BE (19). FHowever, thé Ru 3ds/, BE Ls also shifted négatively,
which was not the case fer zeelite-suppérted Ru. Thus, one is not eble'to
conclude that there is a simple prometioe effect ef the Ne+;cations in the
zeolite., Also, no euch downshifting in BE was seen for the highly dispersed

RuNa ¥~V I=Ri catalyst‘eﬁen tﬁough‘it'had a significantly higher Na™t
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concentration in the zeolite. In addition, this negative BE shift for RuHY-RI
can not be completely attributed to an effect from residual Na* ions because
the remaining'Na+ ions in HY should be mainly in the hexagonal prisms which
can not be reached by‘Ru speéies. Even though the detaiied mechanism for the
FSCI between Ru and the zeolite is not well understood, it seems likely that
‘the symmetry of the Ru P orbi;als.aIso favors FSCI with elements having filled
or partially filled s‘and p orbitals such as Na, H, Al and Si. Therefore, it
1s concluded that this lowest BE corresponds to a reduced species of Ru which,
as a result of_the method of preparation, development of acid centers, and
possibly neutralizing‘éation type, interacts with the zeolitg in such a way so
as to decrease the BE of the Ru 3p3/2 core electrons without greatly affeéting
the Ru 3d5/2 BE. |

The stability of the Ru species having the,3p3/2 BE of 465 eV even for
éxtended periods of reduction (R2) can be seen in Tables 3 and 4. The other
two species of Ru in RuNaY also appeared to change litfle. Bowever, these
other two species in RuHY appeared to forﬁ.more or less bulk Ru® upon
extensive reduction, possibly as a result of sinfetiﬁg.

Bulk-like Ru® was obsgrved-for RuNaY-0OxR and RuHY-OxR. This bulk-like
~ Ru® has been attributed to large Ru-particles on the external surfaces of the
Y-type zeolite. The lack bf significant Ru-zeolite interaction is presumably
due to the fact that the Ru exists primarily as very large particles on the

external surface of the zeolite.

Na/Zeolite Ratio

The RuNaY catalyst contained approximately 3.1 wt % Ru which corresponds
to about 30% of the éxbhange capacity. It can be seen in Table 3 that

following ion~exchange to form [Ru(NH3)6]3+ NaY the Na/zeolite ESCA intensity
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ratio fell from 0.74 (for NaY)'fo‘0.17, corresponding to a decrease in Na of
77%. However, upon deeonmositiou4and teduction this ratio stabilized at
around 0.40 correspondinc to a decrease in Na relative to NaY of ca. ész,
| ESCA is essentially a surface technique and ig only able to sample the outer 2
am or so of the zeolite. ‘Thus, these results indicate that during exchange
Rn(NH3)63+ is possibly preferentially exchanged to higher concentrations in
the outer regionms of the zeolite. ' Upon heatiug'Na+ is able to‘feeestablish a
more vniform concentration. The greater decrease in Na relative to Na¥ 45%)
compared to the decrease necessary to account'for Ru exehange (302) had
perhaps two causes: during Ru eﬁchange from an aqueous solutien it is
possible that some proton=Na exchange also occurred (10), and/or the
concentration of Na in site I.in the hexagonal prisms remained
disproportionately high as the result of low mobility.

© The Na/zeolite intensity ratio for the RuHY cataljst (fable 4) remained
apbroximately constant relative to the original NH%Y zeolite.;:This:iniicates

that most of the.eachange of Ru(NH3)63+'was @ithbﬁﬁg+.
. . W .

Thermal Stability of Ru in ‘the Zeolite

The thermal stability and the migration ‘tendency of Ru on ionrexchanged
'zeolites were studied as a functiou of Ru—zeolite interactiou.and pretreatment
conditions. The migration tendency of ﬁu ean”be gauged by the surface ESéA
atomic.rabio of Ru/zeoiite° Forzation of large Ru particiee on the external
surface of the zeolites results from sintering and migration of Ru from inside
the zeolite cavities‘during thermal treatment. The ESCA.inteuei;y of the
metal particles.on the external surface of the zeolite is'greatly eﬁhaneed

corpared to the metal within the internal cavities of the zeolite (10) due to

the surface—sensitive nature of ESCA.
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‘Ru/zeolite atomic ratios for RuNaY catalysts under various treatments are
listed in Table 3. These Ru/zeolite ratios represent the surface concentrtion
of Ru on the external surface and in the outermost supercages of NaY. The
freshly exchanged [Rﬁ(NH3)6]+3NaY had a Ru/zeolite ratio of 0.0126. After
treatments under the conditions of D, Rl and R2, the Ru/zeolite ratios
increased to 00151, 0.0198 and 0.0207, respectively. However, after the
RuNaY catalyst was pretreated using OxR conditions, a drastic enhancement of
surface Ru/zeolite ratio resulted.

A systematic comparison of changeg in the surface Ru concentration for
RuNaY catalyst as a function of pretreatment can be made using the increase in
Ru concentration on the surface of the catalyst pretreated under D, Rl, R2 and
OxR conditions (Table 1) relative to the surface concentration of the

decomposed catalyst, i.e.

(1

(I = )
a. relative surface Ru concentration = Rul Ru'D (3)
e | Ure)p

where (IRu)i repfesents the Ru/zeolite atomic ratios and 1 = D, Rl, R2 and
OxR. '
Very small changeé in the surface Ru concentration between RuNaY-Rl and

RuNaY-R2 are seen, suggesting that the Ru species are thérmally stable at

extended reduction times. This is consistent with the fact that identical Ru
3p3/2 spectra of RuNaY-Rl and RuNaY-R2 were observed. The drastic increase in
surface Ru concentration for RuNaY-OxR is related to formation of bulk~like
Ru® on the external surface of the zeolite due to oxidation. Since the RuNaY-
OxR had a similar'redﬁétion time as RuNa¥~R2, the Ru migration after OxR
-treatment can be attributed to the effect of oxidation and formation of bulk

RuOy (10,24). It has previously been concluded that sintering of supported Ru
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under oxygen—éontaining atmospheres happens as a3 result 6f_the migration of Ru
oxide (31).

The results for RuHY (Table 4) would apfear to be somewhat diffezent.
After a slight increase in surface Ru concentration after re-reduction Rl,
that concentration remained essentially constant, even fol;owing treatment OxR
aﬁd the formation of Ru particles with bulk Ru® characteristics (as &etermined
by ESCAj. Hz chemisorétion'results indicated that in the'reduced'catalysts
the average Ru.particle size was greater in RuEY (ca. 2.7 nm) fhan in RulNa¥
(1.6 om). Two possible causes for the apparent lack of increase in surface Ru
concentrztion can be proposed. ihe first'is related to a possible greater
.amount of defect'structures (holes) in the HY support as a result of .
dehydration at 400°C during decomposition and reduction. This would follow
because of the greater concentration of hyd;oxyl groups in that suppoft. As a
result significant sintering of the Ru coula>pake.place on the innef surface
(holes) where large particles of Rg.wéuld.fofm and be trapped. Tﬁé‘second
possibility is related to the fact that the ESCAjsampling depth of Ru.ig
approximately 1.6 am (32). As the_siée of ﬁu'particles exceeds this size the |
intensity of the Ru ESCA bands wpuld become a weak function of any increszse in

"Ru amount as a result of migration from within the zeolite. This would be
especially true if‘;he-numﬁer of Ru particles on external zeolite surface and
in the first supercages‘decreaéed as a result of agglomeration.

These results demonstrate the difficulty in using ESCA intemsities for
s#pported metals to determine change in surface concéntr;tions withéut

additional relevant results obtained by other techniques.

SUMMARY AND CONCLUSIONS

It has been demonstrated that the ESCA Ru 3p5/2 band is more sensitive
than the Ru 3d5/2 band to the state of Ru and its interaction with the zeolite
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support. The nagure of the zeolite-supported Ru, a; evidenced by the 3p3/2
band, i{s in good dgrgement with previous IR results (2,4).

RuNaY catalysts prepéred by incipient wetness exhibits comp;etely bulk
Ru® behavior following reduction. ‘This is in agreement with other results
which indicate that the Ru exists primarily as large particle on the external
surface of the zeoliﬁe (5); |

RuNaY catalysts prepared by vapor impregnation of Ru3(CO)12 have Ru 3d5/2
and 3p3/2 bands which indicage that, following reduction, one specles of Ru
exists which is in the form of very small crystallites < 1 nm in diameter,
These ESCA results #re in excellent agreement with other IR and chemisorbtion
results (4,5). |

Characterization by ESCA of RuNaY catalysts prepared by ion-exchange
illustrates the usefélﬁess and even the necessity to take note of the Ru 3p3/2
band as well as the more intense 3d5/2 band. While both the Ru 3d5/2 and Ru
3p3/2 bands indicated the.ptesent of only one type of Ru (highly dispersed
Ru0,) following reduction and exposure to air (D), the Ru 3p3/2 band of the
highly dispersed reduced catalyst'(Rl) indicated the presence of 3 species of
Ru, in agreement with IR results (2). The Ru 3d5/é-band did not indicate,
however, such a compléxity. Iﬁ is concluded tﬁat the highest 3p3/2 BE and the
lowest are related the zeolite-metal interactions, the latter being related to
. the interaction of Ru with more electropositive elements of the zeolite. The
middle 3p3/2 BE could be easily related tp small crystallites of Ru®. Much
more work 1s needed before complete assignment of these bands can be made.
The utility of using both Ru 5p3/2 and 3d5/2 bands can be seen from the fact
that, vithout the ipowledge of the 3d5/2 BE, it would have been easy to assign
the 3d3/2 BE of 465 eV to a highly cationic speéies of Ru. If such a species

existed, it would havé aiso shifted greatly the 3&5/2 BE.

76



The ESCA results for RuNaY also indicated that ion=exchange with NeY may

initially be more concentrated to the exterior of the zeolite. However, upon

thermal treatment the concentration of Nz appears to become more hombgenebus

© throughout the zesolite.

Whiig migration of.Ru to'the,exte;nal surface of'the zeeiite could be
followéd as a function of pretreatment conditions for RuNeY, the résultg for
RuEY indicated the possible difficulties in interpretation.;~ These
difficulties could arise as a result of the dévelopment of holes within -the
zeolite structure or "particle sizé"="electron escapé deét " considerations.

Finally, the results from this study fully‘suéport thg exigteﬁce of &
strong coﬁfigﬁration interaction of the Ru 3p cofe electrons_witb the valgnce

4d electrons (11).
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Name

Fresh

Decbmposed (D)
Rl

R2

OxR

TABLE 1

Abbreviated Names Used in This Study

Pretreatment Conditions

]3+

Freshly exchanged [Ru(NH3)6 - zeolite

catalyst precursor

Freshly exchanged catalyst precursors
decomposed in vacuum at 0.5°C/min increasing
from ambient to 400°C, followed by reduction
in Hy at 400°C for 2 hours, and then storage
in a desiccator.

Decomposed catalysts reduced stepwise in Hy
in intervals of 50°C from room temperature
to 200°C then reduced at 400°C for 2
hours. The time at each temperature was 30
minutes.

Rl catalysts additionally reduced at 400°C

in Hy for 4 hours.
Rl catalysts oxidized in dry air at 400°C

for 1 hour and then reduced under the same
conditions as R2.
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- TABLE 2

. ESCA Dzta for Impregnated RulNa¥ Catalysts

T : : Atomic Ratio 3
. Sample* C ls Al 2p ° Ru 3deyo . Ru 3pays Ru/zeolite x 10
RuNa¥-IW-RI** 2847 74,6  280.0 561.0 153

RuNaY-VI-RI***  284.8 - 281.0 462.0 13.1

#Pretreatment conditions are listed in Table 1

#%2TW = incipient Wetﬁéss impregnated RuNsY catalysts, wt? Ra = 2.0Z, E,
‘chemisorption data indicated that the average particle diameter of Ru
was 6 nm (3).- ’ :

*#%%YI = vapor impregnated RulNa¥ catalysté, wtZ Ru = 1.0%, average particle
diameter determined by H, chemisorption was < 1.0 mm (5).
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Sdg/o RuNaY-F

Ru®

N ~—

RuNaY- R 1

c) RuNaY- R2
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FIGURE 1: Ru 3d5/2 ESCA Spectra of Ion-Exchanged RuNaY Catalysts (3.1 wtZ Ru)

(a) RuNaY=D (b) RuNa¥=Rl (c¢) RuNaY-R2 (d) RuNa¥-OxR

(The pretreatment conditions of D, Rl, R2 and OxR are listed in
- Table 1) .
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ESCA Spectra of RU3P3,2°f RuNaY cotalysts

{a)

Intensity (orblirary unils)

RuNeY ~0xR

.

4

t ) 1
472 488 464 480 456 . 452
Binding Energy (eV)

1

FIGURE 2: .Ru 3p3/2 ESCA SPectra' of Ton-Exchanged RuNaY Cata.iysts (3.1 wt% Ru).

(2) RuNe¥-D (b) RuNa¥=Rl (c) RuNa¥~R2 (d) RuNa¥-OsR .
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FIGURE 3: Ru 3p3/2 Spectra for Ion-Exchanged RuHY (3.1 wtZ Ru)

(a) RuEY-D (b) RuHY-Rl (c) RuHY-R2 (d) RuHY-OxR
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STRUCTURE AND PROPERTIES OF ZEOLITE=-SUPPORTED
Ru3(00)]2 CATALYSTS

Iiu Fu and Jemes G. Goodwin, Jr.

ABSTRACT

An investiéatiog..of catalysts ‘linking traditional hetérogeneous and
traditional homogeneous ones hésjﬁeen'carried out. Ru3(CO)12 was supported on
.¥2Y Zeolite via vapor impregnation of the s¢pport in a partial vacuum. The
hydrogenolysis of cyclopropané over NaYréubported. Ruqg(C0); o was feﬁnd “to
result in the complete decarbon&lation of thg carbon§1 and also to produce 2
large amount of sintering of the metal e?en thougﬁ the overall réaction
temperature in the ﬁitro—reactor did not exceed 136°C:_ The zeolite-supported
Ru clusters proved to have quite diﬁfgrent cétalytic properties. from A1203-
supported Ru for the hydrogenolysis of cfclopropane to. propane and for the
. hydro=isomerization of 1-butene. In addition, these supported clusters

exhibited graater catalyst'stability;
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Introduction

There has been considerable interest in the past few years in the
"heterogenizing" of homogeneous catalysts as a way of combining the advantéges
of both homogeneous and heterogeneous catalysts. This process normally
consists of‘attaching a transition metal complex to a support. Of great
importance to the full understanding of such a heterogenlized catalyst is
knowledge about the catalytic activities and selectivities of the supported
carbonyl or cluster. In addition, it is important to determine the stability
of the supported carbonyl and its possible decarbonylation under reaction
conditions.

Ruthenium is well known as a heteroggneous ca;alyst. In' addition, there
are numerous studies!™10 where Ru complexes were found to be effective
" homogeneous cata;l.ysts. A numbe;: of studies have been reported for Ru3(c0)12
supported omn 810211'13, A120312'18, 'l‘i0218, and Y zeolites!319-20, cariini
et al.?! nave studied complexes of Ru(II) having N~ and P-donor 1linear
polymeric ligands. Robertson and webbll have investigated the hydrogenation
of l-butene over catalysts prepared from silica-supported Ru3(CO)'12. They
found thét the active catalyst in ‘the te@erature range studied (80°.- 142°C)
was a Ru subcarbonyl containing five carbonyl ligands per Ru triad. The
‘supported complex was acﬁivat:’ed by he‘ating it in vacuo . at temperatures above
80°C at which time there was loss of carbonyl groups. Exposure to alr of both
the sﬁpported Rﬁ3(00)12 and the various activated samples ylelded samples
containing no CO groups.. Neither the originally supported Ruq(CO); 5 nor the

oxidized catalyst exhibited any catalytic activity for the hydrogenation,

-hydroisomerization, or isomerization of l-butene at temperatures from 80 -

142°¢,
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All cai‘bonyls, ‘supported or not, decompose upon heating to high enough
temperatures.: Supported ca-rbcuyls. may pass thfough a ﬁmber of ’s‘tabilized
subcarbonyl species as the temperature is raissad. H;wevgar,_ thé'st:ability g_f
particular supported carbonyl species ‘is dependent, typically, upon the
support and possibly upon the atmosphere. Smith et al1.22 im‘:estigated the -
étability of nickel carbonyl supported on~ phosphinated silica and found that -
. Ni(CO)3 - L - 8102 was totally decarbonylated on heating under vacuum at
temperatures greater the.n 150°C, where L was a phosphine group attached to the
silica. Bartholin et val.23 found that 2 number of supported complexes formed
from RhéGlZ(CO)4 and sevéral phoéphinated gilicas proauced metallic  Rh upon
' prolonged heating in Hy é.t only 25 - 100°C. Commereuc et al.2? have s.tudied'
Fe(CO) g, Feq(C0); 5, 2and (HFe3(CO)11)"_1 supported on Al,04, .La203, HgO, and
SiOz, Folliowing thermal zctivation of these catalysts under a mixture of Cé
and Hy at 10 bars and 180 - 270°C sm2ll Fe- particles less than 2 om Wwere
present. After 90 hrs of F=T reaction at these couditions, T.E.M. §howed the
presence of very large Fe particles 20 =50 ! in diazneter. | ' |

A nunber of inveétigations into the stabiiity of supported Ru3(CO)1 o have
aiso been reported. Callezot et a1.l® investigated the loss of CO_by HY=-
supported Ru3'(CO)12 in a closed, evacuated cell. .They found that Ru3(CO)12
began to iose CO at temperatures as low as 140°¢ but_ that a suiacarbonyl having
the proportions of Ru3(C0)g was stable between 200° and 300°C.. fbove 300°¢,
the carbonyl lost more and mpyre CO iigands as the temperture was raiged’ until
z-aone remained at 440°C. Robertson and \ii\«e:b’b11 found, however, that -
Ru3(co)12/ 8i04 iost some CO0 as low as 70°C when  heated in flowing He.
Addtional CO ligands were removed at 130 and 170°C. Recently, Bunt et ai,l8
have reported that 60 ~ 85% of thé orginal carbonyl ligands can survﬁ.ve heat

treatment under vacuum at 180°C [Rug(C0); 5 on Al,04] and at 250°C [Ru3(CO)
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on 1102]. Very few studies of the modification of supported Ru carbonyls
under catalytic reaction conditions have been done. In their classic study,
ﬁobertson and Webb!! studied the reactions of 1l=-butene with hydrogen over
Ru3(C0), /510, at 80 - 140°C: They did not see any indirect evidence for the
total decarbonylation of the supported cluster. Otero-Schipper et a1,25 have
investigated ethylene-hydfogenation over polymer-bond analogs of

H4Ru4(co)12_x(P phy)y at 50 - 90°C and 1 atm. They found no changes in the
IR spectra following reaction ' suggesting tﬁat the originally prepared Ru,,
carbonyl clusters were largelf preserved intact. '

This paper -reports the results of the -catalytic activities and
selectivities of Rn3(CO)12.supported on NaY zeolitie for the hydrogenolysis of
cyclopropane to propane and for the hydro-isomerization of l-butene. Research
was also carried out on the same catalysts to determine the stability of the

carbonyl under reaction conditions at relatively low temperatures.

Experimental

The supported complex was prepared by impregnation via the vapor phase of
Rn3(co)12 of NaY zeoliﬁe, previously dried under vacuum at 450°C. This
impregnation‘process took place in an evacuated, sealed pyrex cell held at a
temperature of 80°C for several weeks. This temperéture ensured that the
vapor presssute‘of Ru3(éo)12 was high éhough for‘reasonably tapid'adsorption
of it on the zeolite but was not high enough to cause decomposition of the
carbonyl. This preparation ﬁrocess was also used to produce Alzos_ and 3102_
supported gu3(c0)12. After impreénation tﬁe zeolite h_ad a yellow color.
Visual examination of the particles of ieolite indicated that, especially for

the large particles, the adsorbed carbonyl was more concentrated toward the
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. exterior. Thus, some large zeolite particles had centers which were white,
-indicating low concentrations of -the carbonyl. The meximum emount of
Ru3(C0);, able to be ‘impregnated into the zeolite b§ thie method seemed to be

such that the £ Ru in the catalyst was on the order of 1.5 wt %. However,

loadings of 0.6 - 0.8 wt 7 Ru were usually used. A Ru/Alzos catalyst was

‘prepared also from Ruz(C0); 9. After impregnation of the alumina by Ru3(CO)12
the catalyst was heated at 500°C under vacuum to decoﬁpose the carbonyl and

form the reduced supported mestal.

The Ru catalysts were examined closely at three cenditions: .as prepared,

followingvdireet decomposition at 400°C under vacuum of the prepared catalyst,
and following reaction at 136°C over: the supéorted carbonyl. - Catalytic
reactions were carried out at 1 atm in a fiow, differential'reaceor'and.the
products analyzed by gas chromatography. The catalysts were - pretreated in
flowing Hy for 19 hours at 90°C or the temperature of reaction if higher than
90°C, A feed steam of 0.3 l/hr of l-butene, 3.0 1/hr of H,, ‘and 6.7 1/hr of
N, was used for the hydroisomerization of l-butene. ¥For the-hydrogenolysis of
cyclopropane, the same broporticﬁs were-ﬁsed with cyclopropane replacing 1-
butene. The flow rate used was sufficient to’ prevent bulk diffusiomn
limitations.

. IR sPectroscopic.studies of the catalystS'wes carriled out esing greasiess
and gas-=-tight IR cells mede of pyrex with CaFy windows.: Sample:diees for IR
investigation were prepared having.diameters of 1.8 em and-weights between 10
and 20 mg. The Ru coneentretions in the catalysts were determined by atomice
absorption spectroscopy. These catalysts were also examined by ges‘volumetry

(H,y chemisorption), and transmission electron microscopy (T.E.M.).:. .
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Results and Discussion

A. Stability of Ru3(C0)12/NaY

After preparation, the s#pported carbonyl exhibited an IR spectrum
consistent with the undecomposed carbonylla. Table 1 shows the effect of the
support and method of preparation on the IR frequencies of the CO groups. The
type of support greatly affects the relative intensity of the bands in
addition to causing slight shifts in the band frequencies.

Rn3(C0)12/NaY (catalyst A in Table 2); which was yellow in color and had
been exposed‘to air, changed to reddish-grey upon heating in Hy at 9b°C for 19
“hours. It is known that Rn3(C0)12 will Feact with Hz to form a relatively
stable Ru ca;ﬁonyl hydride26'27. Robertson and Webb!!l have concluded that the

pink catalytically active form of Ru3(C0)12/8102 can be represented as
[(51~0), Hy Ru3(C0)5)]

Since tﬁis complex exhibited a color similar to that found for Ru3(CO);,/Na¥
following .pretreatment in Hy it may be suggested that a similar type éf
hydride existed for that case. However, the NaY¥ suéported complex may have
contained more CO ligands since it was not pretreated under vacuum at 80° -~
150°C 1ike the SiOz-sﬁpported complex was.

Heating this Ru-carbonyl-hydride/NaY further in Hy and carrying out the
hydrogenolysis of cyclopropane over it at 136°C for four hours resulted in a
change in the color of catalyst to grey and the development of a Ru
particulate structure (catalyst C in Table 2). These Ru particles had an
_ average diémeter of 2.5 nm as Aetermined by electron microscopy. Exposure of

Rn3(CO)12/NaY to air for a prolonged period at 25°C resulted in the complete
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oxidation of Ru and the removal of all GO ligands ~- asz detected .by‘ iR
spectroscopy (ecatalyst D in EEble 2). Tnais ﬁas also foun& to be the .case for
Rus(cc)121810211 even though unsupported Rug(C0);, is stable ia air at room
tempe;atureo Meither supported Ru3(00)12 nor »oxidized Rn3(CO)1é was
obeervable by electron miscroscopy. Reduction of this'supporéed ozxide in ﬁz'
at 90°C for 19 hours resulted in the fofmation of catalyst E, which can be
assumed'to ba highly dispersad, reduced Ru metal-clueters. |

Beating Ru3(CO)12/NaY (not exposed to air).under vacuuwm at 400°C for 2
hours resulted in the complete decomposition of the carbonyl and the formation'
of some Ru particles having dlematers between 1.0 - 2 0 nm, as determined by
electron microscopy (catalyst F in Table 2). Hy chemisorption revealed the Z
dispersion of Ru to be approximately 100 7 and IR spectra indicatee no CO
ligands remzining. . |

Decarbonylation and significant sintering of the suppofted cazbonyl
complex occurred dueing the hydrogenation of cyclopropene_at 136°d. More
sintering ef the reduced metal happened under these conditions than during
;acuum éecomposition at 400°C. ©Decarbonylation and sintering of the Ru weré
probably facilitated by some 1localized heating effects .in the catalyst
particles'during this ezothermic reaction, even though the overzll reactor
temperatﬂre-was-maintainedeat 136°C and the catalyst grenules ‘had diameters of
only ca2. 3 x 10'6m; Decarbonylation may possibly heve been’'also due in part
to slow reaction and incorporation of the CO ligaﬁds in prodgct molecules.
Certainly, it is known that supportea carbonyis-cae be oxidized at ambient
condition inr air even when the unsuéported carbonyls are air stable. It is
thus highly prebeble that the carbonyl ligands rezct with Hy or even organic

molecules and are removed from the complex.
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B. Catalytic Activity and Product Seiect:lvity
1. Hydrogenols'sis of Cyclopropane

Reducgd Ru/A1203 was chosen as a standard of comparison in this study
since alumina- and silica-supported Ru catalysts have been the most common
type of Ru metal catalysts studied in the past. The hydrogenolysis of
- cyclopropane was utilized since it may exhibit many different types of
concomitant processes: ring opening, hydrogenation, and fragmentation to
ethane and methane. The catalysis of this reaction by Ru/SiOz has been
previously studiedzs. It was found in that study that, in addition to
hydrogenation, there was significant fragmentation of cyclopropane in the
temperature range 0-80°C.

As can be seen in Tai:le 3, Ru/A1203 was slightly more active for this
reaction at 90°C than the NaY-supported Ru clusters. However, both NaY-
supported catalysts E and B yielded products consisting of 90% or more of
propane. The rest of the products consisted Qf ethane (7-107%) and negligible
quantities of methane. It {is somewhat surprising that more methéne was not
observed since the fragmentation of c-yciopropane should produce at least as
many moles of methane as of ethane. While catalyst E suffered a 44% decline
in its activity over a four hour period which might have been 'due to coking or
poisoning of the catalyst by CH,, catalyst B exhibited essentially no decline
in its activity. Even catalyst E, however, showed less of a decline in
activity t_:han the Ru/A1203, which had a 60% decline in activity for the same
period. This difference in activity decline is probably best explained by the
difference. in the degree .of fragmentation on the respective catalysts.
Increase in the temperature of reaction over catalyst B to 136°C resulted in a
652 conversion of the cyc;lopropane and a product distribution of 38% propane,

17% ethane, and 452 methane. Some of the 44% decrease in activity of this
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catalyst under this reaction st 136°Clcou1d be eﬁplaiﬁed by - 2 decrease iﬁl
dispersior since after reaction this catalyst consisfed of supported Ru
particles having an average diameter of 2.5 nm.

Table 4 shows'a céu@arison of relative selectivitie# of‘the catalysts for
the hydrogenolysis of cyclopropans at 90°C. it is interesting to note thét at
that tempeiature, the ratioc of propane to etﬁane‘in the prodﬁct stream was &
times greater for the zeol;te-su?ported Ru clusters th%n for the Ru/Al,04.
This ratio is indicative of the fact that fragﬁenﬁation is a2 less important
reaction on those zeolite=supported clusters. Anothef point of interest is
thé éifference in the removal of propylene from the gas stream, tﬁe propylene
being initially present in the cyclopropane stream as an impﬁrity° While
Rn/A1203 and catzlyst E reduced the amqgnt of propylene by 30-40%, catalys? B,
the 'supported carbonyl; brought about a 947 reduction in the amount of
propylene, ‘Einally, catalyst E was more active (per g Ru) than either
Ru/Al,04 or catalyst B. Ebwe?ér, the activity Qf Ru/A1,04 per g of Ru was not
lowér due to.the fact that it was less highly dispersed than the supported
cluster catalysts since Hy chemisétptidn measurements_showed'that <the Ru of
Ru/A1203 was initially 100% dispersed. Catalyst B was pbviously less active
than catalyst E. |

2. Hydroisomerization of l-bg;ene
For the hydroisomerization of l-butenes a comparison.waé made between
Ru/Al,04 aﬁd-catalyst E (T=ble 5). Ru/A1203 was found not to be active at
25°C to anmy measurable extent. However, -an iﬁcrease ig the tempgratu;e to
90°¢ resuited in a2 99% conversion of the.i-butene to m%stl} butane. thalyst
E on the other haﬁd was active at 25°C yielding .a 4% con%ersiop.of-l-butene
with a product distribution of 632 t-tutene~-2, 29% c%tenenz and only 87

butane. Tncreasing the reaction temperature -to 90°C produced a 52% conversion
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with the product distribution remaining essentially the same as at 25°C. At
112°C, 94% conversion was achieved; however, fragmentation of the hydrocarbons
began to occur and butane became the main product (85%Z). Both of these
catalysts exhibited qmch less stability under this reaction than under the
hydrogénolysis of cyclopropane. The result.of E is contrary to that found by
Robertson and webbl! for 8i09=supported oxidized Ruj(C0); 9. Their catalyst
was not active at all for this reaction at temperatures from 80° - 140°C.
This difference 1s probably due to ome of the £following: method of
preparation, support, or method of pretreatment. However, since oxygen has
been shown to inhibit the isomerization of 1l-butene over platinum black29 it
is likely that Robertson and Wébb’s supported oxide of Ru may not have been
sufficiently reduced during catalyst pretreatment and reaction to activate

it. The NaY-supported Ru oxide was probably reduced to form metal clusters.

Conclusions

This study had demonstrated the possibility for ﬁreparing active,
zeoli;e—supported Ru catalysts from Ru3(CO)12. The vacuum—impregnation method
used here would seem to have an advantage over the methods previously used in
the preparation of Ru/A120314 and Ru/SiOzll’ 14 ¢rom Ru3(C0);5 since no
solvent wﬁs needed'#nd catalyst preparation was carried out completely in
vacuo. This, needlesé to say, reduces the chance for impurity intrusions into
the preparation scheme. Furthermore, Anderson et al.14 found that no
adsorption of Ruj(C0);, from a methylene dichloride solution tooﬁ place 1f the
support had been pretreated in vacuo at temperatures as high as 357°%. Mo

"such effect was noted for the preparation method used here.
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Ru csrbonyl catalysts snd Ru mstal cluster catalysts supperted on MaY
zeslite have besn shewn to have unique catalytic properties compared to a more
'traditiensl A1203-suppozteé Rn catalyst.. Tness supported ciuster catalysts
are of interest bscauss of their stability uzader resction and their
selectivities vis=a~vis the hydrogenolysis of cyclopropaze to propane and thes -
hydro-isomerization of. 1-butene. 'Ihe results ~also show that, while a
supported carbonyl such as Ru3(CO) 12 M2y retain co - ligands at relatively

moderate temperatures under vacuum ey . & . noa—reacting gss » . complete

decarbonylation can occur at those -temperatures or even lower unﬂer reaction . .

ccnditions. Also, undsr reaction eonditiens, not only decarbonylation but

also sinterinc of the metal clusters can result.
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Table 43 Bélative Selectivities of Catalysts for the
of Cyeclopropane

Hydrogenolyéis

Fropane/ Bropylene (200 min)/ Propane/
catal, loading(%Ru) _ Ethane propylene (0) propane (Ru/Al,04)
Ra/A1,0; 1.0%. —7.61 N 1.0
E 0.56 10.10 . 0.69 2.64
B 0.8 11.97 .06 0.788

* At 90°C after 200 min. of operation and based on existiné
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Table 5:

Hydro~-isomerization of l=Butene

Catalyst® T(°C) % Conv. Main Products
of Reaction
Ru/Al,04 25 0 None

" 90 99 butane, small amounts of t-butene-2 and
c=butene=-2

E 25 4 632 t-butene=2, 29% c-butene-2, 8% butane

E 90 52 hydroisomerization remained the main reactio
in similar proportions as found at 25°C

E 112 94 cracking of HC’s began to occur, butane main

product (85%) with 10X t-butene-2 and 5%
c=butene~2

*

All catalysts

deactivated fairly rapidly.
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'CEAR.ACTERIZATIO’L‘? O0F RU ZEOLITE CATALYSTS BY A
HYDROGENOLYSIS TEST REACTION NETWORK

D.J. Sajkowski, J.W. Schwank and J.G. Coodwin, Jr.

Abstract
- The aétivit?h of a series"of' RuNaY zeoiites’ with difféféﬁt ruthenium
loadings has been investigated in a flow reactor. using the hyﬁrocenolysis of
ethane, propane and cycloprepane as test reactions°
The RuNa¥ catalysts showad similar activity in ethane ana propane
hydrogenolysis compared to Rﬁ/SiOé catalysts. However, the activity of the
RulaY catalysts fer cyeloptopane hyﬂrogenolysis was by~orders of nﬁonitude
higher than that of Ru/5102. The RuNaY samples showed high selectivity toward
propane formation, an effect which was previously observed on highly dispersed
Ru/5102 catalystse it was observe§ thatdeyclepropanebwas sieved qut of the
,reactaﬁt gstream by the zeolite structure at.the cyclopropane hydrogenolysis
temperature. This effect was absent in'the case of ethane and propans at
their respective hydrogenolysis temperatures. A peculiar discontinuity in the
eyclopropane.Arrhenius plot was attributed to cyclopropane adsorption in the

zeolites
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Introduction

Interactions between the metal and its support have been of interest in
.the field of catalysis for many years. The combination of high metal
dispersions and the unique. chemical environment provided by zeolites makes
metal loaded zeolite systems interesting candidates for investigating metal-
support interactions. Hydrogenolysis reactions of hydrocarbons have found
wide application for probing the catalytic behavior of metals (1,2). The
activities of hydrogenolysis catalysts appear to be very sensitive to the type
of metal used as well as to s_trﬁctural and electronic properties of the
catalyst.

Hydrogenolysis reactions have been extgnsively used as test reactions for
_Ru  catalysts (3-11). However,'llittle work has been reported on the
hydrogenolysis activity of zeolite-supported Ru (12). On the other hand, a
nunber of hydrogenolysis studies have dealt with other zeolite-supported
metals, in particular Pt (13-15). Tran Manh Tri et al. (14) correlated the n-
butane hydrogenolysis activity wi'th the electrophilic character of platinum in
PtY. Neopentane hydroéenolysis was one of the test reactions used by Dalla
Betta and Boudart (10) to investigated PtY. 'They concluded that 'support
interactions leading to electron deficient platinum were atvleast partially
responsible for the increased activities of the catalysts. MNaccache et al.
(15) reported that the activity of platinum for ethane hydrogenolysis did .not
appear to depend upon whether the metal was supported on Sioz- or .Y zeolite.,
However, in cyclopropane hydrogenolysis, large activity increases were
observed and af:tributed to the effect of the electrostatic field of the
zeolite (15). Thus, different hydrogenolysis reactions can be more or less

sensitive to structural or electronic properties of supported metal catalysts.
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. A ufsef_ui combination of test 'feact.iog.s_should be the 'hydro'genc;»lysis of
ethane, cyclopropame, and propane. Ethdne hjﬂrogeaeiysis is a s'trqcture
sensitive reaction which can _alsé 'provid'e iﬁo@tion sbout the ';electronic
propertiegg .Cy-clopropane. can Qﬂdezgo paraliel reactionsi leading to
differences .in product selectivity and can zset as a very sansitive pz:ébe.
"Propane hydrogenolysis complements the cyclopropane hydragenéilysis in'
aséessing the conditions necéééary‘ for secondafy reactiens.v While tiais set of
reactiqns hags been pro:véﬁ valuable .for vc‘haracteriziag‘ Pt cataj.ysts .(15), it
has the potgntiai for pzoviding ev'eﬁ more infcmétion about r.utheziim. First,
mn:ﬁ-enim has & smaller iomization potentia;l than 'plat'inuﬁ, and therefore,
support interactions  should be more pronounced with ritheniunm, Secondly,
cyclépzo'pane hydrogenolysis over ﬁlatimm pz;oduces cnly propane. The szme
reaction comﬁucted over ruthenium produces ethane and ‘methane’ as. well as
, pzSpaneei._ C'onsg.equez;tly,' selectii:ié:y p;e.tteras' B2y be_detemined when ﬁsing ‘this
t2st reactiom over. m;hanims . These selectivity patterns ‘tgzave been
extensively explored on & variety of supported 'r;uthenium catalys.ts other than'
Ru zeolites (4,7,8). 'ﬁais .previous wo.rk is an excellent framework to
detéiﬁ:ine the ;nflgence of .zeolite interactioms on the properties of
ruthénixs;no In addition, eyclopropane lgydrogenelysis over Me‘! iﬁight
elﬁcidaté the contributi&n of the glecttostati;c field‘ effect on product
selectiviityo' To this end, a series 65 icon=gxchanged @NaY ‘catalysts wzs
sub je;’féd to this set of 'ethéme,. cyelopropane, and p;?o.pé.ne hydrogenolysis test

reactions,

Expezimental
The RuNaY zgclitg c;’:aly'sts used in t:hié study were | prepaiéd by two
msthods. Rathenium was iom exchanged into NaY¥ using an agueous solution of

Ru(NH3)601'3. - Tae exzchangad [Ru(HE3)6]3+ complex was decomposed ir ultra high
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vacuum on heating the éatalyst up to 400°C at a rate of 1°C/min. The met;l
was then reduced at 450°C in hydrogen and subjected to the various
chemisorption characterizations as outliped in Table 1. '1X RuNaY was also
prepared by vapor impregnation of NaY with Rug(C0); 5.  Details of this
preparation procedure are given by Goodwin and Naccache (16). The preparation
method and characterization of Ru/Si0; has been described previously (4,6).

A flow reactor containing.up to 100 mg of catalyst sample was operated at
atmospheric pressue (1 atm. = 101.3 kPa) to obtain kinetic data on the
catalysts. Prepurified hydrogen was passed through a palladium/asbestos
reactor maintained at 400°C. Ultra high purity helium was passed over copper
turnings maintained at 30Q°C. Each gas was then further purified using a‘
molecular sieve trap maintained at liquid'nittogen temperature. High purity
ethane, propane and cyclopropane were used without further treatment.

The analysis of the p;oducts.and the reactants was carried out by gas
chromatography. The G.C. ;olumn was a 3 m copper tube filled with silica'gel
(100-120 mesh), operated at 80°C.

Prior to pretreating the catalysts, the reactor was flushed with Hy at
room temperature for ten minutes. The catalysts were then slowly heated over
a two'hour period from room temperature to 320°C in flowing Hy and then held
at this temperature in flowing H, for 19 hours. Following reduction the
reactor was cooled down to reaction temperature in flowing H,y.

The procedure outlined above was also used for NaY zeolite samples with
the exception that helium was substituted fér tﬁe hydrogen. This was also
done for NH,Y to dehydrate it and to remove ammonia, in order to form HY
zeolite.

A "run" consisted of passing the appropriate reactant mixture over the

catalyst and sampling'the product stream after 120 sec. of reaction. In the
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case of th@ cyelopropane hydropenolysis experiments the raaction period wes
reduced to 70 s=c. iz order to avoid deactivation intmsions. Imediately
after s_mgalings the flow of hydzocarbpn and helium was stopped and h?d:oga; ,
was passed ovar the catalyst at ZOOéC‘for 1_/2 hour. The run was then repeated
to check for dea’ct_ivatisne If there was no evidence for de;c;‘:ivation, further
runs were conducted with intermittent 1/2 houz regéneration at 320°C. This
procedure was sufficilent for regeneration, even if signs of dezctivation had
‘besn obssrved.

Ail the data ‘used to caiculate turnovar ﬁmbers an&.subse:‘guently kinatic
paramsters were obtained at comversions of less than 10%. Rate orders were
determined by varying the partial pressure of omes of the reactants at constant
temperature. TDeactivation characteristiczs of the catalysts w%-;re studied by
passing the reactants continucusly over the caté.lyst for 1 = 2 hours ’an;.i
sampling the products at .10 minute intervals.

RESULTS |

The following test reactions were 'used.in this study:

Cpg + By > 2 CHy -_ [
Ccyelo = Cqg + By » Csfg SRR ()
‘eyelo - GgHig + 2Hy + CHy + Colg o 131

eyclo = CaHg + 3H, = 3834 : [&]

C3Hg + Hy + GCyHg + caé ‘ - [5] '
| CgHg + 20, » 3CH, e

Ezaction rates were determined using the following expression:

N afg_ — molecules : (71
-4 A (Ru surface atom) x sec ' .
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N, is the turnover aumber in molecules of reactant converted according to
reactions ({1} througﬁ {6], symbolized by the subscript x. Fp represents the
flow rate of the reactant in molecules per second, A; is the number of
rutheniun atoms on the surface of the catalyst as determined by Hy
chemisorption, and « stands for the fraction of reactant being converted
according to reactions [1] throu_gh [61.

In the cyclopropane hydrogenolysis, the percentage selectivity (59) for
propane formation via reaction '[2] was determined using the following

expression:

‘N

2 Nz +N3.+N

S x 100 8]

4

In the case of propane hydrogenolysis, the percentage selectivity (85)

for ethane formation via reaction [5] was calculated by means of the

expression:
N ‘
S. = —2—— x 100 ' [91
5 NS + NG

Kinetic parameter}s for ethane hydrogenolysis were obtained for the RuNaY .
zeolites and the 3.86% Ru/SiOz. Those parameters are given in Table 2. The

rate expression could be fit to the following power law equation:
EA ' o n
r = Avexp (- =) (Pg,) (PHZ) [101

Figure 1 shows the ethane hydrogenolysis activities of 0.19% RuNaY and

3.86% Ru/Si05. The 0.19% RuNa¥-was only moderafely more active than the
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Ru/ 8i0, catalyst civsr the temperatuzre range studiedo‘ & strong ‘similarity of
the kinstic parameters emong'all the catalyzts was found ('Ebie 2).
| Howevar, ths RulNaY zeolites diséla‘yed much higher activities than Ru/SiOz
in eyelopropane hydrbganplysis. -On the 2zolites, é‘uantitative kinetic data
could only be obtained on the 0.19% RuNaY sample, i»:he catalyst having ths
lowast metil loading. All the other zsolite suppojzted Ry samples érg 80
active that even by iewering the reaction temperature to 0°C, increasing the
fiow rate to the maximm possible for-‘t:h:e reactor system, and decreasing the
amount of catalyst in the reactor to 10 mg, 1002 conversion was obtainézi.‘
This represented an increzse in activity .by moze thar; an order of magnitude
-OVEI the activity of all other rutiienitm catalysts previcusily stuﬂiéd. CIn
fact, the activity for even the 0.192 RuNaY which was the least active of the
Ru zeolites in this study, was one order of magnitude greater than the highest
activity ever reported om a Ru/Si0, catalyst (5). Figure 2 is a_co@a:igon of .
the 0.19% RuNa¥’s activity with other ruthenium catalysts reported in the
- 1literature (5). |

The jump .' in the activity of the 0.19% RulNz¥ at & i:eﬁp'e:ature of about
40°C,, as can bz seen in Figuze 2, is remarkable. The Arrhenius plot for this
eatalyst shows a discontinuity in turaover number by almost an orde: of
cagnitude, separatinc t:wo straight 1ines of samﬂwhat similar slcpes within
experimental error. This abrupt change ir turnover number was shewn to ba not
dus to deactivation and was reproducible. The aist.;ontinuity wa2s observad
regardiess of directien of the temeraa:uz'e éhange oz randém T change.. The
anparent activation energies on either side of the discontinuity ware found to
be 21.7-&11& 28.8 & 4 kecal/mole (1 keal = 4,184 kI) for the highg: and lowsr
temper.ature ranges reépectively;' Both of these_’activati-pn energies appear to
be 'significe.nzly' higher“ ghaa the activation encrgles for Ru/SiOz, Ru/HgO. and
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Ru sponge previously reported in the literature (5). These previous catalysts
had much larger pore diameters than NaY. Therefore, effects of diffusion can
be safely ruled out as the only.cause of the discontinuity.

Even under non-differential conditions, it may be possible to determine
selectivity patterns for the primary reactions, provided that secondary
reactions can be ruléd out. The results for propaﬁe selectivity are shown in
Figure 3 for two RuNaY catalysts and.the.3.862 Ru/S105 catalyst. Data for the
two other catalysts are taken froﬁ reference (5) and are shown for
éﬁmparison. Methane/ethane ratios were close to unity for temperatures less
‘than 180°C for the zeolite catalysts.

The catalysts follow two trends. The Ru sponge and the 3.86% Ru/Si0,
both have propane seleétivity-tempetatute curves which decrease as the
temperatures increases above 110°C. The zeolite gatalysts and tﬁe highly
digpersed 0.Z Ru/S5i0, all maintain higher selectivities at higher
tempefatures.

The activity of RuNaY for cyclopropane hydrogenolysis showed an induction
period at temperatures less than 60°C. When reactants were passed over 100 mg
of any of_the zeolite catalysts and the product stream sampléd af 120 sec., no
products or cyclopropané wefe observed. However, at later times, the expected
products and unreacted cyclopropane appeared. The sieving effect was also
observed on pretreated NaY¥ - and HY. This shows that the effect 1s not )
dependent upon the presence of ruthenium. This behavior was not observed in
either the ethane or propane hydrogenolysis experiments at their reaction
temperatures. An investigation of the deactivation characteristics of the
RuNaY catalyét was carried out at different reaction temperatures for the

cyclopropane hydrogenolysis reaction. There was no influence of deactivation
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on seleetivity, 'hezaeve.r? the activity dropped and leveled off asg a functien of
reaction timz. A typical plot is pzeseﬁted in Figure L, | |

Prepane ‘hydrogenolysis experiments were perfomed on the 0.762.Ru/.NaY. and
the 3.882 Ru/,SiOz catalysts. A comparison of these two catalyst'.s ‘activities
is shown 4in Figure 5. Tﬁe difference batwsen the activiti:es of the two
'cetalysts is modeste | The euergy of activation was 31 & & cal/mole for the
0.76% .RuNaY. This is in agreement with previously published values of the
energy of activatioan over comventicnally supported mthenim (4). The rate
order for hydregen was also detemined on the 0.767Z RuNa¥. It was feemi to be
-2.0, gimilar to that previocusly zeported for Ru/SiOz (s). Eoweve‘r, the
salectivity 'behavior of the 0.76% IluNaY catalyst was different ‘.from that of
the 3.862 Ru/ éioze Fioure 6 shows that on Ru/8i0, the selectivity for ethane
formation declined at higher temperatures, while the 0.76% RuNaY exhibited
l 1002 ethazne selectivity over the temperature range studied.

BISCUSSION AND CONCLUSIOHNS

Within the temperature range studied in this work, the blank NaY and H’Z
supports proved to be inactive for both hyzirogenolysis and isomerization.
reactions., This indicated that the mthenim surface provided the active
sites for breaking the C=C bonds. To probe for a potential influence- of the :
zeolite _support cn the properties ef the active mthenim sites, a coinparissn
of the selectivity patterns of Ru¥aY catalysts with conventionally suppcrted
Rn catalysts was made, In the propane hydrogenolysis, RsaNaY showed IOOZ
selectivity for ethane formaticn via reaction [51, while the selectivity of
the 3. 867 Ru/810, catalysts decreased at higher temperatures (Figure 6) due to
the onset of reaction [6]. However, this difference in selectivity dces not
'necesseﬁly.indicate an infiluznce of the zeolite.. it can adequately explained

on the basis of a particle size effect which was found in the previous study
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of propane hydrogenolysis on a series of conventionally supported ruthenium
catalysts (4). Reaction {6], the exclusively methane producing reaction,
becomes dominant on catalysts with low dispersions (Figure 6) where a modified
reaction mechanism seems to apply (4).

The selectivity patterns in the hydrogendlysis of cyclopropane can be
interpreted in a ﬁiﬁilar fashion in terms of ruthenium particle size (5). At
low temperatures, the selectivity Sy of RuNaY did not appear to be different
from Ru/Si0y or ruthenium sponge (Figure 3). It would appear, however, that
the electrostatic field of the zeolite may facilitate the ring opening of the
cyclopropane molecule by éerhaps inserting a negative charge into a low 1yiﬁg
sigma orbital of cyclopropane, as postulated by Naccache et al. (15). Such an
insertion would destablize the strained cyclopropane ring and would favor ring
opening but not breaking of the chain. Tﬁus,'the presence of the zeolite
would be expected to increase the rate of ring opening, after which Ru would
be able to hydrogenate the 1ntermediaté t§ propane. This indeed seems to
occur. While the reaction rate was more than one order of magnitude greater
than that of comparable catalysts, -the zeolite-supported Ru catalysts still
maintained high selectivity Sy for propane fomtioﬁ even at temperatures
_above 110°C -(Figure 3). Such a selectivity is typical for ruthenium catalysts
having high dispersions. It was previously noted that the selectivity Sy at
temperatures greater than 110°C was dependent on the ruthenium particle size
in the case of convéﬁtionally supported rutheniuﬁ gatalysts (5)« The complete
hydrogenolysis of cyclopropane into three molecules of methane via reaction
[4] required larée‘ruthenium particié sizes. The onset of reaction {4] at
temperqturés greater than 110°C was responsible for the decliné in selectivity
Sy gf Ru/S105 and ruthepiuﬂ sponge having low digpersioms. Reaction [4] was

absent on the RuNaY catalysts within the temperature range studied. This was
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to be expacted in wview of the high rutheniem diépersiqn irn .the =zsolite
catalysts. For comparison, data for a highiy dispersed 0.6% Ruf SiOz catalyst,
_‘taken from reference (5), are .inz.:luded/ in Figure 3; this Ru/Si0; catalysts had

rutheniur particle sizes smeller than 30 A and did not give rise to reaction
[4] at these higher temperatures. The RuMa¥ catalysts showed sorewhat higher
saleciivity So than the highly dispersad 0.6% Ru/Si02 catalyst (5). It is
likely that this small selectivity difference is due to the éven higher
ruthanium dispersion in the_ zeolite samples, rathgr than due to the infiluence
of the electrostatic field of the zeolite. It is, however, 'imiaossible to-
differentiate .betweeﬁ particle size and electrostatic field effect on the
basis of our experimental data. - .

The . catalytie activity of . the RuNa¥ catalysts in thé ethane'
hydrogenolysis was ve_a:y similar to the activity of. Ru/810, (See Teble 2 and
Figure '1)." These i:esults are consistenf with 1iteratu§e reports .on PtY
catalyst whez'e no significant difference between Pt/ SiOz and PtY zeolite. was
detected (i5). Similarly, the RuNaY samples showed only a slight increzse in
propane hydrogenolysis gcftivity co@ared to Ru/ 810, (Figure 5). This incrgasel
is insignificant compared to the order of magnitude changes in turmover numb;az:
which were préviously ebserved on coz:wentional mfhenium catalysts prepaz;ed on
different supports (l})

In contrast to the ethane and propane hydrogenolysis tesults, the RnﬁaY
catalyst ghowad a remarkable increase in cyclopropane hydrogenoly§is activity
by ozders o_f magnitude compared to conventional Ru catalysts. In addition,
the Arthenius plot (Figure 2) shows 2z surprising discontunity around 40°.
The discontinuity irn the sctivity of RuNaY for cycloprepane hydroaenolysis as
the reaction temperature increased past 40°C (Figure 2) w<an be easily

explained. A TGA study (1 7) 'shnwed that this giis,continuity occurs in the

115



