Table 1 Catalyst Characterization Data

Catalyst Dispersion, % *S.A. Treatment Procedure
m2/ g

3% RuNaY 65.5 9.56 a~b=c=-d-e~=f-g

1.52 RuNa¥Y - 55.3 4.03 a=b=c=d-g

0.762% RuNaY | 77.4 2.86 a-b-_c-d-e-f-g

0.19% RuNaY 95.8 0.89 a=bmc-d-e=f-g

1% Ru/NaY 77 4.12 heb~g

3.86% Ru/S10, 26 4 .88 i-c-d-g

a. Prepared by ion-exchange with Ru(NH;)cClj.
b. Decomposed in vacuum at 1°C/min up to 400°C.
c. Hy reduction at 450°C (PHZ = 0,2 atm).

d. Hy adsorption at 25°C.

e. Desorption at 400°C for 2 hr.

f. CO adsorption at 25°C.

g. Exposed to aif at room temperature.

he. Prepared by Ru3(CO)12 vapor phase deposition.

i. Prepared by RuCls-HZO wet impregnation.

* Ruthenium metal surface area, .determined by H, ‘chemisorption at 25°C.
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Figure 1.

TURNOVER NUMBER, N

10

& 3.86% Ru/Si0,
0 0.19% RuNaY

[¢]

L
218 2.23 2.28
{000/T

Arrhenius plots for ethane hydrogenolysis. Feed composition:
6% ethane, 15% hydrogen, 79% helium.
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Figure 2. Arrhenius plots for cyclopropane hydrogenolysis on ruthenium
supported on different supports. Feed composition: 3% ‘cyclopropang, .
20% hydrogen, 77% helium. .

123




N\
N\
oM
\

20

X ® Ru Sponge (5)
z ® 06% Ru/Si0, (5)
g a 0.76%RuNaY
= © 0.9%RuNaY
2 100} o 3.86% Ru/Si0
L) o )
2 L = © =% O 0 .
o g © ©
@ .
& N ®
= 60 ' N
m p—
S AN
' L+
r 4oF
=
-
(&)
TS}
-l
W
1 7p)

L 1. | | 1 i 1 ! i ]
O 20 40 60 80 100 120 140 160 180 200
TEMPERATURE _(°C)

‘Figure 3. Influence of temperature on selectivity S2 in the hydrogenolysis
of cyclopropane. .
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Figure 4. Deactivation behavior of 0.19% RuNaY in the cyclopropane
hydrogenolysis. '
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THE INFLUENCE OF THE SUPPORT ON K PROMOTION
OF Ru FOR THE FISCHER-TROPSCH SYNTHESIS

C.H. Yang, Y.W. Chen, J.G. Goodwin, Jr., and I. Wender

Abstract
An investigation of the effect of the support on the K promotion of Ru
F-T catalysts has been made. The support was found to play a great role in

determining the modification in selectivity able to be obtained by promotion.
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INTRODUCTION

Ruthenium is known as a good hydrogemation catalyst and Has been found to
hazve the highest Fischer-Tropsch (F-T) -activity zmong Group VIIT transition
metals in produeing lirear hydrocarboms at high pressure znd moderate temperzture.
Supported Ru, such as Ru/SiOz and Ru/Alzos, has baen used to produce gzseous znd
-liquid hydrocarboms, (i-3) but such catalysts have bsen found to give = poor
selectivity for olefins and to produce methane as the major product at tempsrature
higher than 260°C. Recent studies have shown that significant improvements in the
-catalytic selectivity in the F-T syathesis at low pressure can be obtained by
matal-support interactions (4) or by alkali promotion (5) of the Ru.

. Potassium and potassium saits® have long besn used to echance the activity
azd the selectivity for both olefinic end long chzin hydrocarbons of Fe catzlysts.
For Ru, such K promotion has besn found to activate the chemisorption of di-
nitrogen and thus increzse the.activity of ammonia synthesis at low temperatures
and pressures. (6) It has been suggested thet this occurs by electron donation
" to the catalytic metal. Activation of Ru by K promotion hae besm found to be.
considerable’ for both ammoniz synthesis and €O hydrogenztion reactions if e -
conductive support, such as graphite, is used. It has been inferred thzt zn elec-
tron conductor may facilitate the tramsfer of electroms from the potassium to
the ruthenium, (6 - 8) Earlier resezrch Teported that the addition of K to the
Ru had no significant effect in changing the catalytic properties of the matal,
either supported or non-supported. (9,10) However, Okuhzra et al. (5) have
recently found that the presence of K in 2 carbonyl-derived, highly dispersed
Ru catalyst enhanced the preferentizl formstion of C2~Cs olefins at 260°C but
at the szme time depresssd. the activity of the reaction.

This paper reports the results of an investigation into the effect of the
support on the influence of K addition on the hydrocarbon selectivity of the Ru
metal in the F~T reaction. In this study, different classes of Ru catzlysts
ware prepared using traditionzl 8407 and Alz0; supports, SMSI titania, graphite,
and zeolite Y supports. E . : C

EXPERIMENTAL ' | . . |

The titaniz support was from Degussa, and Si09 and NaY supports were from
Strem Chemicals. The catalysts were prepared by impregnation of the supports
with an agueous solution of RuClz. 3H20 or. by ion-sxchange of the NaY zeclite
with Ru(NH3)¢Cl3. All the impregnated samples were made by the imeipient wetness
technigue. These catalysts were dried inm.zir at 46°C for 50 hours. Ru/Al.05 and
Ru/graphite were also obtained from Strem Chemicals. The addition of potassium
was. made by an Impregnation of ¥2C03 solution to the Ru catalysts followsd by
drying. : :

. The stazndard pretreztment used for 21l the samples consisted of a stepwise
heating procedure to 400°C in flowing hydrogen (50 cc/min). The samples were
held at 400°C in hydrogen flew for at lezst 2 hours before cooling to the
chosen reaction temperature im the range 250°C to 325°¢. :

* refer to all different forms of pctassiuﬁ,‘éesignatea.as'K in this study.
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Kinetic studies were carried out in two similar microreactor systems. . The
product gas was transferred from the reactor to the sampling valve of the G.C.
via a heated transfer line and was analyzed either by a Hewlett-Packard 5750 or
by a Perkin-Elmer Sigma 115 Gas Chromatograph equipped with ICD, FID, and Porapak
Q columns.

The reactant gases used were H2(99.999%), He(99.997%), and a H/CO mixture
(H2/CO = 1 , 99.9%) which were further purified by passing through traps to
remove water and metal carbonyl contaminants before passage through the reactors.

The steady state reaction rate was measured after catalyst stabilized. A
Hydrogen Bracketing Technique was used in which the reactant stream was replaced
by a pure Hy flow after short reaction periods so as to maintain a clean metal
surface. For all the samples studied, the catalytic activities were measured
after 30 minutes of reaction and calculated from CO conversions based on CO flow
rates coupled with carbon balances on the product stream. The CO conversion was
kept below 5% to minimize the effects of heat transfer and concentration gra-
dients., Typical F-T reaction conditions were applied to a variety of supported
Ru catal{sts at Hp/CO = 1 , 1 atm pressure, and a space velocity G.H.S.V. of
1800 hr=+, :

RESULTS AND DISCUSSION

~ The catalystic activities and the distributions of hydrocarbons for the
various Ru catalysts are presented in Table 1 for a reaction temperature of
2800C. The specific rate of CO conversion for the unpromoted 5 wt%Z Ru catalysts
was found to increase in the sequence: TiOj < Alg03, Si0p < NaY < graphite.
The high activity of graphite-supported Ru is consistant with the result found
in the literature for graphite~supported Fe in the synthesis reaction. (11)
This behavior is probably due to the fact that graphite can enhance electron
transfer to the metal. The Ru/Ti02, although having the lowest activity in the
series, shows high yields of olefins while methane formation is greatly reduced,
as expected. It is obvious that the SMSI behavior is responsible for this
superiority in olefin production.

In each case, the addition of K significantly enhanced the fraction of ole-
finic products (Cy~C4) for the impregnated Ru catalysts. On the other hand, the
rate of the synthesis is decreased by this addition. However, the selectivity
of methane formation does not change markedly upon K addition.

The effect of temperature on methane and olefin fractions formed over
these Ru catalysts is shown in Figures 1 and 2 , respectively. Methane formation
normally increases with increasing temperature of the reaction, since the
possibility of hydregenation of the primary surface complex is expected to be
greater at higher temperature. A trend towards a decreasing fraction of olefins
with an increasing temperature is also to be expected. It is apparent (Figure 2)
that methane formation is not affected by the addition of K to the Ru catalysts
in the temperature range 250°C to 325°C, except for Ru/Al,03. On the other
hand, the Cy~C4 olefin fraction for all the promoted catalysts examined was
found to remain essentially independent with increasing temperature. This beha-
vior indicates that the presence of potassium atoms in the vicinity of Ru crys-
tallites may have deactivated some active Ru sites for olefin hydrogenation.

The formation of liquid hydrocarbons (Cs+) over the Si02~ and A1203-
supported Ru catalysts were also greatly enhanced by K promotion (Table 1).

The hydrocarbon distribution from the F-T reaction over these catalysts can be
fitted into the Anderson-Schulz-Flory equation. The chain growth probabilities
calculated both from the slope and from the intercept of the fitted straight
line are given in Table 2, designated as Pg and Py, respectively. Obviously,
the addition of K has promoted chain growth on both SiO2- and Al303- supported
Ru. However, it has no ef¥ect on higher hydrocarbon formation for the SMSI
Ru/Ti07 catalyst. '
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TABLE 2-

PROBABILITY OF CHAIN GROWIH ACCORDING TO
ANDERSON-SCHULZ~FLORY PLOT &

Probability -

Cztalyst Py Pg
Ru/Si0p 0.39 ~ 0.38

K- Ru/S10, 0.45 0.44
Ru/Al,03 0.41  0.42
K~ Ru/Al,0, - 0.53 0.53
Ru/Ti02 0.50 0.50
K~ Ru/Ti02 © o 0.50 0.50

a. Rescticn st 280°C , Hy/CO = 1, and GHSY = 1800 hr™!

Both ion-exchanged and iImpregnated Rula¥ catalysts produced predeminantly
mathane, The addition of K incressed the olefim fraction by an order of mag-
nitude for the impregmated RuNzaY but it had no effect for that of the ion-exch_nged
cztzlyst. Since the ion-sxchanged RulNsY is highly dispersad ( > 60%7 ) and with
Ru . predominantly inside the zesolitz crystal, the Ru, therefore, is probzbly mot
accessible to the impregnated potassium szlt. This can also be verified by
compzring the activation enerzy of ths reaction for both the unprompted and the
promoted catelysts. It was found that the activation energy for CO conversion
deczezsed betwaen 20 to 50% after K addition for 21l the Ru catalysts except
ion-gxchanzed RuNaY. For iom-exchangad RuNaY¥, it remainzd unchanged (ca. 22 Keal/
gmnole ). It has been postulated that the addition of K decreases the activation
enzrgy of the F-T reazction on Fe by causing a lowzring of the local iomizztion
enzzgy in the vicinity of an adsorbed K atom. (12)

The most significant change in hydrocarbon szlectivity was found on graphite
-supported Ru catalysts. The unpromoted Ru/graphite produces essentislly only
paraffins in the Cp-C, Tanges while the K-Ru/graphite produced mainly olefins,
surprisingly 827 of the total Cy-C; hydrocarbons produced was propylens,

Pravious reséarch of K promotion on the Rug(CO)j3/Al303 catalyst has indicated that
th2 maximm propylene produced from the F % synthesis was 427 in total Co~Cy -
tydrocarbons. (5) The faet that the graphite is an electron.conductor mey be -
involved in this effecz. O©zaki (6) and Sagert and Poutesu (7) have suggested that.
thz electron demsity of the transition metzl may have increased when it is sup-
ported on graphite. Addition -of ¥ to the Ru/graphiite probably enhanced this effect.

CONCLUSION

The addition of 2 potassium promoter can greatly affect the catalytic pro-
pezties of Ru in the F-T rsaction, depanding on the support chosen. It enhances
olefin formation and higher hydrocarbon production for the traditional Al;03- and
Si0o-supported Ru. On Ru/graphite at 1 atm, it preferentially promotes propylens
formetion. ‘Potassium erhances by about 207 the olefin production over Ru/TiOp
in the temperature range 250°C to 325°C. As a result of alkali promotion of »
the Ru catzlysts, the clefinm fractiom of the Co-(y hydrocarbons produced beccmes
2 w2zk function of the resction temperature. . Further study is nendea to delinsate
th2 promoter-matal-support interactioas.
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EFFECT OF PREPARATION METHOD ON THE

CATALYTTC PROPERIIES OF ZEOLITE-SUSIORIED RUTHENIGH

1N THE FISCHER-TROPSCH SYNTHESLS =

. / ' .
Y. Wo'Chen}, E. To'wangz, and J. Go Goodwin, Jr.

ABSTRACT

Thres pzepération techniques [incipient—setness using a sélutioa_of'
RuClq, vapor=impregnation by 353(60)125-and ion¥éﬁchange with Ru(N§3)6C13]
hava. been used to prepare MaY zeolite supported rutheniwm catalysts. Thea
effect of these preparation methods en the #ctivity and product selectivity of
"the Ru catalysts in the Fischer-Tropsch éyntﬁesis was exaéined a£ temperaturas
in the range of 220-320°C, s pressure of 1 atm, a CO/HZ ratio of 1, and flow
zates in the range GESV = 1800-3600 hr~l.

It was found that there is 2 good inverse correlation of turnover numbazsz
for G0 conversion to the CO/E adsorption ratio, suggesting that the relative
availability of adsorbed Hy and CO determines catalyst activity duzing
reaction, Selectivity in the F=T sfntheéis was‘greaﬁly iﬁflueﬁced by the
preparation mathod and metal loading. Catalysts prepared by incipient watness
produced mainly methans. Catalysté prapaéed by vapor impregnztion had the
best sslectivities for higher hydrocarboms and olefins even though they had
the smaliest avarags Ru particle sizes. | -

The obszrved éhanges in adsorption, activity, and selectivity with

preparation method appear to result from diffevences produced in metal

location infon the zzolite, matal particle size, and zeolite=metal

- interactions.
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I. INTRODUCTION

Ruthenium has been recognized as one of the best catalysts for the
Fischer-Tropsch synthesis.(l) It has the ability to produce significant
amounts of higher hydrocarboﬁs even at a pressure of only one atmosphere. In
addition, it is considerably easier to reduce than other FT catalysts, such as
fe and Co, and is not converted to a cafﬁide under FT reaction conditions.
The use of zeolite supports for FT synthesis is of particular interest since .
these supports offer several advantages over conventional supports, such as:
(1) ability to maintain high metal dispersion, (ii) metal-zeolite
interactions, (iii) bifugctional-catalysis, and (iv) shape selectivity.

Various preparation techniques exist which enable one to prepare zeolite-
supported metals having different physical and chemical propérfies. This
paper reports on an investigation into the effect of these techniques on the

catalytic properties of NaY-supported Ru for CO hydrogenation.
II. EXPERIMENTAL
Materials
Synthetic zeolite Na¥, RuCl3®l.5 Hy0, Ru(NH3)¢Clj, and Ruz(C0);, were
obtained from Strem Chemicals, Inc. All gases used were UHP grade from Alr

Products.

Preparation and Pretreatment

Three preparation techniques, incipient-wetness (I.W.), ion-exchange
(I.E.), and vapor impregnation (V;I.), were used to introduce Ru on or into

the NaY zeolite support. The incipient-wetness catalysts were prepared from
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RuCls®l.5 Ey0 dissolved in distilled water at a comcentrationr sufficient to
vield -the propar matal ioa’ding when illnpregnating eac.h gram of the support with
0.7 cm> of golution. After the impregnation, the sémples were dried overnight |
in air at 40°C. | | |

For preparing the ilon=exchanged cétalfsts, Ru(NH3)6013 was dissolved in 2
waakly'acidic hydrochloride soiution (pH: = 4.5). This éolution was then mixad
with MY zeolite and stirre;.d éontinﬁéusly for 50 .hours a2t ambient
temperétureo Excess solution was used to maintain an approxzimately constant
pH dﬁriﬁg ion—exchangeo After 'the ion-exzchange reaction, the datalysts were
filtered and -‘washed severéi times iill deionized 'wate'r ‘and dried iﬁ air
overnight at 40°C.

The vapor?iﬁi:regnated catalysts »w'ere préparéd via the wvapor ph#se of
Ru3(CG)12. N2Y zeolite was calcined in vaa;.uo‘at 45_0°C to remévé ﬁter. The
iﬁpregnation then tock place in an evacuat.ed, sealed pyrex ceil held at =z
temperaturé of 80°%C. ‘This temperature ensured that the vapor pressure of
Rus(CO)l 7 was high enocugh for reas.onablyl rapid adsorpticn ‘on the_ zeolite but
not high enough to cause decomp_osition of the .carbonyi. A more detailed
. procedure ;is given elsewhere.(2"3)

After preparation, catalysts prepai‘ed by incipient-wetness were reduced
in flowing hydrogen by’ heating to 620°C at 0.5°C/min and holding at that
temperature for 2 hours. The iéﬁ«azchanged and vapor-impregnated catalysts
were decompc;sed slowly unéer. vacuumm (c2. 3 = 1077 test.) by heating to 420°C
(0.5°C/min) ard holding for 2 hours. Thae catalysts were then redgée& in pure

hydrogen at 420°C for two hours.

Characterization

The reduced samples wea;e cﬁaéacterized by A.A., I.R.,.and Hy 'and co

137



chemisorption measurements. The Ru metal loadings of the catalysts wefe
determined by a Perkin Elmer 380 Atomic Absorption Spectrophotometer using the
method of Fabec. (%)

The gas chemisorption measurements were made at émbient temperature in a
glass adsorption system capable of achieving a vacuum of ca. 3 x 10"7 torr.
The initial point on the isotherm required 1 day for_equilibrimn. Equilibrium
was attained for each additional point of the first isotherm and usually
required 2-4 hours. | Total chemisorption of 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(s) and
Wilson and Ball.(6) A 'second isotherm was measured after evacuation of the
sample for 2-3 min. following the first isotherm. The second isotherm
provided a measure of the reversibly bouﬁd hydfogen or carbon monoxide (both
chemisorbed and physisorbed). The difference between the two isotherms gave
the amount of irreversibly chemisorbed hydrogen or carbon monoxide.

I.R. spectroscopy was used to study CO adsorption on Ru. The I.R. cell
was constructed of pyrex and had KCl windows. The cell had vacuum stopcocks
at both ends to provide gas flow in and out. The cataly;t was ground slightly
in an agate mortar and then compressed under 3 x 10" psi into a self~-
supporting disc having a diameter of 2..5 cm and a weight between 30 and 50
mg. Following catalyst pretreatment and adsorption of CO, spectra were
recorded at 25°C, using a Perkin Elmer 683 grating infrared spectrophotometer,

in the range 1500-2500 cm™! with a resolution of 2 cm™l.

Fischer-Tropsch

Kinetic measurements were made at 1 atm total pressure using a 3/8 in.

stainless steel tube reactor containing approximately 0.5 g of catalyst. The
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catalyst particleé were sieved and only 100-120 mesh were USEda The reactant
gases used ware ‘52 (99.9992), E= (99.9972), and a H2/CO mixture (HZICO =

1,9%9.92), wkich were purified by passing through drierite and 54 molecular
sieve traps to remove water and metal carbonyl contaminants. Fricr to passage
through the molecular sieve trap, the hydrogen was passed through a2 Deoxo unit
to react any 6xygén to Qafer. The fléw.rate of eagh gas was controlleé by a2
micrc—metéring valve and meaéured by a rotameter. The product gas was
transferred from the reactér to thé sampling valve of the gas chromatograph
via a heated transfér iline and was.énalyzeé by & E@zkiﬁ Eimer Sigma 1 Ges
CGaromatograph. Eroducts were separated using a 6 ft. x 1/8 in. stainless '
: stecl cclumn packed with Porapak Q and were detected by T.C.De. A 0.5 cms gas
sample was injected into the column while its temperature ﬁas held at 50°C for
2 min. The column oven was then temperature proorammed‘ at 15°C/min to
180°. Ihe hyﬁrooen bracketing technique, which gave the -catalyst a 40 min.
H, exposure after every_kinetic measutement, did ‘an exqepticnally good job of
maintaining a clean Ru surface and giving reproducible results. In order to
ﬁake éufe that there was no hydrocarbon produced @ue to the mixing of pure Hy
and the feagtion mizture by gaseous diffusion éuring.the ;nitial ﬁeriod of
each-reactiqn run; both filows were_séparated by arshoré flow of He. The CO
convaésion was kept bEIOW'SZ'tq rminimize the effects of heat and mass transfer

and secondary reactions.
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IXII. RESULTS AND DISCUSSIONS

H, and CO Giemisorption

In recent reported studies, Ru metal surface areas and particle sizes
have been measured by selective gas adsorption, ZX-ray line broadening,
electron microscopy and related techniques. However, when high dispersions of
Ru or any other metals are present in supported metal catalysts, it becomes
impossible t:6 use X-ray line broadening and exceediﬁgly. difficult to use
electron microscopy methods for determination of catalyst dispersion. Also,
Hy chemisorption may not be a reliable for characterization due to the
suppression of chemisorption on electron~deficient Ru.(7) CO chemisorption is
not typically an accurate method for characterization because the
stolichiometry may change as the Ru particles become smaller.(s) In addition,
suppression of Hy and CO chemisorption on SMSI catalysts is known to
occur.(g) Howévet, even with all the possible difficulties, Hy chemisorption
still remains the best overall method to determine Ru metal surface area in
highly dispersed Ru catalys.ts.

In this study, the Ru surface areas were calculated from the hydrogen
adsorption measureme';xts, stuming a stoichiometry of H.ur/Ru = 1 and an
a.verage Ru area of 8.17 AZ.(IO) The average Ru crystallite gizes, d, were
calculated using the relationship d = -é—f-‘;- , whe;e p 1s the density of the
metal, 5 the surface area of Ru per gram of Ru, and the assumption is made
that the particles are cubes of edge size, d, with five sides exposed to the
gas phage. The resultant relationships between Ru metal loading and average
particle size for Y-zeolite supported Ru pfepared by different methods are
given in Figure 1. The average particle size for catalysts prepared by iﬁn—

exchange was found to be independent of Ru concentration (below 3 wtZ) and had
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values betwzed 1 and 1.5 nm, about tﬁe' gize of the zeolite supsreages. Inm
contrast to the ion-exchanged catalysts, catalysts prepared via vapor
impregnation by Rug(C0);, had average part.iclé diameters of 1 -nma which were
also indepandsnt of metal loading. The aver'agé péz’tiéle size for the
catalysts preparad by incipient%etness using an aqueous solution _of.Ru£.313 was
© found to vafy iinearly with Ru .metal loading. Thae Rit3 in the RuClq. solution
usad was probably in its hydrated fc;m and, thus, too bulky to enter the
zaolite pores. M¥ost of the Ru, the;e.fore, ended up on the limited external
surface of the zeolit_e granuies in these catalysts. Consequently, an increase :
in metal loading resulted in at increase in metal sinﬁ:ering due to its high-
concentration on the external zeolite surface. |

The reduction of ion-exchanged RuY zeolite saa;p-les has B"gen studied by
savsral researchersg(n"ls) Most .of these reseazrchers have agresd that when
an ion=-sxchanged sample is evacuated and heated slowly to 40(3"’8 prior to Hy
reduction, the average Ru pa:tiéle size is ca. 1 nm. However, ‘;hen Hy is |
pressant during_the dehydration procedure, the average ‘particle gize is ca. '2_
nﬁzg Our results are in agreement with these conclusions.

Some of the average .particle‘ sizes for the'ion-exchanged catalysts in-
this study were larger than .the free diameter of the zeolite sﬁpercégesa
‘Thess results can be ratiomalized in two ways; The first explanation,.
proposad by Verdo;nck et al.,(ls) involves the lccalizéd destruction of.. the
izattice by Hzﬂ ’to forn cracks and holes. Filling of these voids by Ru metzl
could result ‘in average particle sizes greater than the free diameter of |
zaolite. The second explanation, suggssted by Gustafs‘on and I.uns_ford,(lz) ig .
that in the presence of hyd'rcéen the mobility of Ru is increased resulting in
an ggglomeration qf the nﬁt_al in several adjacent supercages such that the

particles ave connected tﬁ;ough the l2-membered windows. Based on earlier
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T.E.M. results,(16> most of the Ru 1s inside the zeolite framework and the
largest particles are concentrated on the external zeolite surface. The
presence of even a relatively few large particles 1is able to significantly
increase the average particle size calculated.

In qur study of the Ru/NQY catalysts prepared from Rn3(CO)12, all the
average particle sizes at different metal 1loadings were found to be
exclusively around 1 nme The differences in average particle size found for
the ion-exchanged and the vapor-impregnated cétalysts may be duve to one or
both of the following explanations: (i) The presence of residual water in
ion-éxchanged catalysts results in a bimodal distributﬁn.us) Since the
zeolite is precalcined in a vacuum before int;oducing the Ru in the wvapor-
impregnated catalysts, less residual water is present during decomposition and
reduction than in the ifon~exchanged cat;lysts. The Ru remains highly
dispersed .in the superqage and, hence, produces a more mono-dispersed
system. (i1) The greater concentration of Na in the wvapor-impregnated
catalysts results in‘a lower acidity for the =zeolite, thereby suppressing
interactions between the oxygen atoms of the zeolite and the ruthenium. For
ion-exchanged catalysté, the 'Na' atoms have been exchanged with Ru(NH3)63+
cations during preparation. Upon reduction, the zeolite 1is gfadually
transformed into a partial hydrogen zeolite having a strong oxidizing agent (=~
OH group). The possible existence of metal-support interactions might cause
the ruthenium to be in a higher oxidation state than the presumed value of
zero. Evidence for an interaction between the oxygen atoms of alumina and
ruthenium has been -presented by FKellner and Be11(17) using dinfrared
spectroscopy and Clausen and Good(la) using Mossbauer Spectrosqopy. Electron—
deficient Pd, resulting from interaction with OH groups in NaY, has also been

reportéd.(19) Formation of electron-deficient surface species could suppress
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hydrogen adsorption to a certain extent, since higlily electron-deficient

metals do mot eppreciably imteract with hydrogen.(20) Thils would result in .
ovarestimation of the averages particle size in the ion=szchange;:'{ catsl_ystso
Coxparing the stoichiometry of irreversible CO chemisorption 'to that of
Hy shows some very interesting differences (see Figure 2). The Cé/E ratis
{dolecule of GO pler atom of hydrogen 'strongly adsorbed) has a value of 2-3 for
vapoPimpregnateé catalysts, while the CO/E ratio has a value of 4-=5 for ion
exchanged catalysts having average Ru particle dizmeters less then 1.6 =nm.
This ratio decreases rapidly as particle size i.ﬁcreaseso The CO/H ratio for
the inciplent-wetness catalysts is independent of average parti‘cle sizve in the
range above 5 nm and hag a vslue of zbout 1.5. CO/H ratios grezter than
unity, in, the absence of Hy chemisorption suppression, imply multiple CO
chemisorption to form surface specles of the form Ru(CO),, Ru(CO)3, and evan -
Ru(co)&.(l 2 It carn be sumised that nmltiple chem_sorption should taks placs
on low coordinzted metal surface sites. As ths particle size increzses, ths
fraction of surface atoms of low ccordination number decreassso(zz) This
explains t:he decrease in the CO/E ratio wit‘n increasino average pazticle siza.
The difference in CO/H ratios for ien-axchanasd and. vapormimreQnated a
catalysts having simiiar dispersions is pro‘bably due to mstal-zeolit._e
interactions. Pased on IR results, it appesrs that Ru metal in ioﬁ-exchanssd
catalysts is probably moTe electro&sdeficient than Ru in- mpowimpreon_:ed
catalysts (24= 25) This would result in some hyﬂ:agsn suppression for the ion-
exchanged catalyst. Indesd, it has been found(ze') that thsre_ is a2 measurable
emount of hydrogen suppression - for the ion-exchanged .'Ru/NaY »_cstalysts o..
Howsves, suppression of CO chamisorption appears not tq lée significar;_i:.

Therefore, the CO/H chemisorption ratios for the ion-exchanlgsd_c'sﬁalysts-are
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higher than those for the vapor—-impregnated catalysts with the same metal

dispersions.

Infrared Spectroscopy

Carbon monoxide chemisorption on supported ruthenium has been extensively
studied by IR. (24-31) The IR bands observed have not yet been completely
assigned. However, most researchets(31'35),agree that smaller metal particles
are less throughly reduced or are more modified by the proximity to the
structural 6xygen of the oxide support. As can be seen in Figure 3, CO
chemisorbed on the vépor-impregnated catalyst absorbs at lower wavenumbers
than that on the 1onrexchangéd catalysts. The difference in the wavenumbérs
reflects differences in the ruthenium particle sizes and quité.likely the

effect of the zeolite on the electronic structure of the metal particle.(2’24'
- 25)

Reduction of Ru has been shown to produce a decrease in the CO
vibrational frequency, corresponding to a decrease in electron deficiency of
the metal étoms.(zs) In an IR study of Pd supported on NaY, Chukin et al.(lg)
found higher frequencies than normal for CO adsorbed on .reduced Pd. They
ascribed this result to the interaction of the metal with strongly acidic OH
groups via a donor-acceptor mechanisn.

Considering both the chemisorption and IR results, it is possible that,
for ion-exchanged catalysts, partial migration of free electrons from metal
atoms to the proton of the strongly acidic OH groups results in the formation
of a charge-transfer‘complex: .

Rugt—ll—ﬂ-0<zeolite
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The . presence of %% catioms in vapor=impregnated catalysts neutralizaes the

strongly acidic sites:
Ru===Na=-0{zeolite-

and results in less interacticn of the Ru with the zeolite.

The electron~deficient cha;'agter of Ru for the 'ion-exchanged.'catalysts
should be more than tha’t for the vapor=impregﬁated catalysts. A‘J;though we are
still not able to obtain CO peaks with IR for the incipient-wetness c;télysts
due to low Ru surface area and IR cpacity of the samples, the electronic state
of the Ru should be the same as bulk metal due ﬁo its large particle size and
location primarily on the external zeolite surface. ESCA stud;es of a2 Ru/NaY

catalyst prepared by the incipientewetness methed support this idea; (.36)

Peaction Stﬁdies

All f£resh, reduced &:atalys.ts ware given the pretreatm;ant describad
eaz‘li_ér; The primary hydrocarbon products 'produced_ _undqr. all reazction
c'onditibns were a-plefins and n§m1 paraffins. The oxygen ;eleésed in
conjunction with the synthesis of hydrocarbons appeared as wa;f:'er and' small
amounts of carbon dioxide. Trace amcunt.s of metﬁanol were also detected at
low temperatures. The term “percentage total conversion of CO" refe.rs to the
conversion of CO to hydrocarbons through pentaﬁe and to €Oy | All turnover
numbers were based on irreversible hydrogen chemiéorption on the fresh
catalysts. - The steady state refers to 2 time frame of about 30-200 min. after
tﬁe s_tart of the reactiom. All designated initial rezetion data were taken 5 .
min. after the start of the reaction. .By using a hydrogen=bracketing

technique, activities were reproducible to within a2 feyw percent after the
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catalysts became stabilized. Maintaining the catalysts in hydrogen for

prolonged periods was also determined to have no effect on catalyst activity.
Particle Size Effects:

As can be seen in Figure 4, the turnover number of the ion—exchanged Ru
catalysts was found to increase with increasing average metal particle size in
the range of 1 to 3 nms For the incipient-wetness catalysts, turnover number
was constant as average particle size varied above 3 nm. A émpoth curve can
in fact be fit to the points from both the ion—éxchanged and incipient-wetness
catalysts. Selectivity for methane decre#sed significantly with increasing
metal loading for the lon—exchanged catalysts (see Figure S5). This was less
true for the catalysts prepared by the incipient-wetness téchinque, which had
" an anomalously high methané selectivity. King(37) also found the latter
result for unsupported Ru. ESCA studies have indicated that catalysts
prepared by incipient-wetness method have the same properties as bﬁlk
Ru.<36) Catalysts prepared by the vapor-impregnation method, however,
exhibited greater'selec;ivitiés for Cy=C, olefins and higher hydrocarbons than
the other catalysts. In addition, their turnover numbers were much greater
than those of ion-exchanged catalysts having similar dispersions of Ru.

The trend of decreasing turnover number with decreasing particle size in
the range of 1-4 nm is in agreement with the data of Jacobs(38) for Ru/NaY and
Ring(37) for Ru/A1203 and Ru/SiOz, both data sets being over smaller ranges of -
particle size than‘the one of this study. Moreover, they were not able to
prepare catalysts having average particle sizes less than 1 nm. For the sake
of comparison with ﬁhe present results for ion~exchanged and incipient-wetness

catalysts, the results reported by Kellner and Be11(33) for Ru/A1203 have also
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besn replotted im Figure 6. It is evident that the data follow similar trends
and that the slopes of stfaight lines fitted to each data set are nearly
identical. We did mot find .the sharp decrease im activity for the highly
dispersed Ru catalysts (% dispersion > 75) reported by Kellner and Ea_ll.(33)

Whgn one compares theA Cco/H fatio.s‘_for irreversible chemisorption at 25°C_
for the various catalysts (Figure 2) to t;heir turnover n@ﬁers (Figuré 4) one
finds a good inverse correlatio;z: the greater the CO/H ra:tio' for a2 given
catalyst, the lower its turnovgr number for CO conversion. This result
suggests that, undér reaction conditions, hydrogen may possibly compete more
successfully with CO for adsorption sites on vapor—impregnated. catalysts than
on lom=gxchanged catalysts having similar dispersions. Such .an.effect would
lead to the expectation that higher 'specific activities should ocg.ar on the
vapor-impregnated catalysts., Which is in fact the case. FHowever, contrary to
what wbuld be expected, the éélectivity for methane was much less. |

(39 and Bartholomew et al.("o) have reported that the larger the

Jung
CO/H€ adsorption ratio om a catalyst, the higher its selectivity to CZ+
hydrocarbons. - They hypothesized that small metal crystal]‘.ite's‘ which interact
strongly witﬁ the support produc.e hydrogen=-poor hyd'rocarbé'ns (compared. to
methane) .simply becaaé'e the crystallite surfaces during reaction are deficient
» in hydrogen. Ouzr ‘results did rnot indicate for NaY-s'upported Ru any such
relationship bé;‘:ween selectix}ity and CO/H adsorp‘t.:io'n'ratio. However, it was
found tﬁat the seleétivity is a function of both the preparation method and
the metal loading, as reported by King. (37) More surprisingly, the vapor~
impregnated catalysts were very active and produced larger amounts of higher

hydrocarbons thaa the other catalysts. ‘This finding doss not support the

particle size dependent reaction mechanism proposed by Nijs and ;Iacobs.(“)
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Significant amounts of isobutane were also observed for the ion-exchanged
catalysts but were absent for the vapor-impregnated ones.(l’z) (see Table
1). In the ion—-exchanged catalysts, Mat cations have been replaced by
trivalent Ru3+(NH3)6. Following decomposition and reduction, three Bronsted
acid sites will be produced for each Ru atom reduced. The iso-butane formation
would appear to be due to the presence of these Brounsted acid sites in the
.ion-exchanged cataiysts following reduction, which produces bifunctional
catalytic properties, _

It has been found that the cétélytic behavior of vapor-impregnated Ru
catalysts depends strongly on the lével of CO conversion.(43) Amelse et
al.(l"’) found the éauie result for iron alloy catalysts and discovered that
this result correlates to a high activity for the water-gas shift reaction.
Those catalysts having the higher water-gas shift activities éroduced‘ the
higher olefin selectivities and also had greater abilities for the
incorporation of olefins into the growing chains. The dependence of catalytic
behavior for the vapor-impregnated catalysts on CO conversion seems to to be
similarly correiated to a high activity for the watex;-gas shift reaction. For
zeolite-supported Ru, it has been found that the lower the acidity the higher
the activity in the water-gas shift reaction.(37) The vapor-impregnated

catalysts would obviously have the lowest acidity.

Reaction Temperature Effects:

As can be seen in Figures 7 and 8, the turnover number for CO and the

methane gselectivity increased with increasing reaction temperature for all the

catalysts. However, the selectivity for methane increased more significantly

for the ion-exchanged catalysts. The olefin fraction in Cp~C;s on the other
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hand, decreased with increasing reaction temperature iz ail caées (see ?igura
9. This is comsistent with resuits cited in the 1iteratureo(38445=46)

Taz selectivity changes obséz%ed on variation of the reszction teﬁperature'
are not just due to thermodynamics. It can be shown that the Glbb’s frae
enzrgies of reazction for the fbfmation of higher moléculaf weight hydrocarbons
in the P¥F-T synthesis' are more negative and decrease more rapidly wifh

decréasing temperature than those of lower molecular weight hydrocarbons for
F=T conditions (220-320°C). ‘Thus, the formatiocn of 2 smailer fraction of CH,
.28 ths temperataré_ié deéze&éed would be ezpected. Hbﬁeve:; the formztion of
paraffins are fh@rmodynamically favored at F-T t_ezr;oeratﬁresa | Since the
relative differences between.the Gibb’s free energles of the paraffins and
olefins become less as teuperatuég decreaéed, 1t has been suggasted that this
should result in a=n increasg in the olefin fraction as reaction femperafure is
decreasede(é7) Howaver,' such an gxplanation éannot possibly. explain the
formation of olefin fracticne which exceed fhose of thas paraffinso The
greatest variance in the olefin fraction probably tesul;g_from differancés in
various kinatic steps. It is suggested that .oclefins are‘primarj products in
F=T and their fraction decreases with increasiag température dge to- an
increasz in hydroganation activity;(ée?

The same activation energles noted in Pigure 7 and Teble 2 for these
threz catalysts indicate that diffusion‘effecté Qeré not significant in this

study at any temperature.
Baduction szpératuze Effects:

- The influsnce of the reduction temperature on the activity is shown in

Figure 10, For the ion-exchanged catalysts, the activity decreases slightly
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with increasing reduction temperature. This has been attributed by Jacobs et
al.(49) to the sintering of the metal particles. The lower activity at 250°C
is probably due to an incomplete reduction.

Contrary to the results found for the ion-exchanged catalysts, the
activity for the incipient-wetness catalysts increased with increasing
reduction temperature. This may be due to an effect of residual chlorine.
XPS and SIMS studies on unsupported Ru and FeRu alloys have shown that Ru
metal indeed retains substantial amounts of chlorine after reduction of RuCl,
to the metal.(30) Koopman et al.31) have examined the effect of reduction
temperature on RuCl378102 and have found the .metal surface area to be
increased at higher tempetatures due to the removal of traces of chlorine from
the Ru surface. This would result in an increased specific acéivity following

higher reduction temperatures.
Catalyst Stability:

In the reaction temperature range 200-300°C, it was found that the
activities and selecﬁivicies are reﬁrdducible when goiné up and down with the
temperature on using the hydrogen bracketing technique. Carbon deposition was
also found to be reversible in that thé carbon deposited at high tempertures
could be hydrogenated at lower temperatures and vice versa.

Catalyst life tests for Ru/NaY were performed and are plotted in Figure
11. All catalysts were very stable and suffered only a slight decrease in the
first 30 min. of reaction. Accompanying activity loss, selectivity shifted to
higher hydrocarbons as shown in Figure 12. After 30 hours of continuous
reaction, the catalysts were hydrogen treated at the reaction temperature and

the experiment repeated. The phenomena described in Figure 11 and 12 were
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thus found to bz completely reproduciblea' Tais is in excellent agreswen? with
the cesults reported by Deutzenberg et alc(sz) for RulAlzos and Mijs and
Jacobs(41) for vion=ezchanged Ru/Na2Y, These results indicated that the
g2lectivity shift to higher hydrocarbons with reaction time is not due to'thé
sintering of Ru metal., M js and Jacbbs("l) concluded that at the beginniag_of

FT syathesls some surface carbon is formed which is easily hydrogenated to.
methane but which does not initiate chain growth. Anpther spaﬁiés is
gradually formed later om whichk can initizte chain gzowti"zo The rate at which
this spacies ié formed decreases whan the caﬁalyst suppoOTL ﬁ;s more acidic.
The formation of this second species iz enhanced by the presence t:fw wzier,
The diffevence inm zctivation ensrgles batwesn initial and étea'dy state found
here (Teble 2) possibly suggests that. slightly different reaction nechanisms

may ei;ist, i.e., as a result of an increage in water présent, since little

deactivation is seen.

CONCLUSIONS

The results pz‘esanted. in this study indicate thgt » using different
preparation techmiques, ome 1is =able to change gieatl)'" the chemical and
physical proparties of Ru/¥=Y catalysts. The CO/H ratic had a value of 2=3
' fobf chenigorption on vap-oraimpregnate& catalysts at ambient temperaturé, while
the GOIH ratio of iom-exchanged catalysts had & value of 4=5 for averags Ru
particle dizmeters less tﬁan 1.6 nm. This ratioc decreassd rapidly as partiqle
gize inmereased. The CO/H ratio for the incipient—wstness catalysts was
indspendent of average particle size in the range above § mm and had a §alue»

of about 1.5. These modifications in the nature and stoichiomstry of CO znd
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Hy, adsorption occur presumably because of different site geometries and/or the
interaction of the metal with the zeolite.

The specific activity of supported ruthenium prepared by the ifon-exchange
method wag.found to increase with increasing average metal particle size in
the range 1-3 nm. For the incipient-wetness catalysts specific activity was
constant as average particle size varied above 3 nm. Catalysts prepared by
the vapor-impregnation metho§ exhibited a much higher activity than ion-
exchanged catalysfs ﬁaving similar average particle sizes. A general pattern
is evident, namely, increasing specific activity with decreasing CO/H
adsorption ratio, suggesting that the relative availability of adsorbed Hy and
CO determines catalyst activity during reaction.

Selectivity in CO/H, reaction over Ru/NaY was influenced by the
preparation me;hod and metal loading. Selectivity for methane decreased with
increasing metal loading for the ion-exchanged catalysts. This was less true
for the catalysts prepared by the incipient-wetness technique, which had an
anomalously high methane selectivity. The vapor-impregnated catalysts
exhibited much higher selectivities for Co=C, olefins and higher hydrocarbons
than the other two catalysts.

It 1is hypothesized tﬁat, for ion-exchanged catalysts, partial migration
of electronie charge from the metal atom to the proton of strongly acidic OH
groups lead to the formation of a charge transfer complex. Possibly, because
of the presence of these acid sites in the ion-exchanged catalysts, iso-butane
is also able to be formed. As a result of the neutralization of the zeolite °
structure by only Nat cations in vapor-impregnated catalfsts, the electron-
deficient character of Ru in those catalysts bappears to be negligible.
Catalysts prepared by the ipcipient-wetness method hﬁve the same electronic

state of the Ru as bulk metal since they have large Ru particles located on
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the externzl zeolite surface which epparently do not imteract with tﬁe
zeolite. It is interesting to note that the catalysts containigg Ru highly
dispersed, and in large part inside the zeplite structuré (idn=exchénged and
Qaporvimpreénated catalysts), 'have the best selectivities vfor ﬁigher
hydrocarbons. Coﬁsidering the case of the vapor-impregnated catalysts, this
selectivity for higher hydrocarbons éhould not be due only to:a strong metal~
zeolite interactiom.

On the' basis of this and previous studies, it appea:é that the pbservéd
changes in adsorption, acti?ity, égd selectivity with'preparatioﬁ method and
matal dispersiﬁn are probabl?_the result of differences in the location of ths
metal, average metal particle size, and interaction betwesn the metal and the

zeolite.
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Effect of Freparation Methods on Isobutame

TABLE 1

Formation @ 25 6°c

. 1=C

Catalys £ | ﬁjzi;izion EETEZ (weR)
22 Ru/ ﬁaY incipient=wstness 0

L34 Ea/NaY iacipie:.ztéwetness 0

0,32 Ru/NaY ion«excﬁange ca. 14

3% Ru/NaY ion-zxchange 18

0.5% Ru/NaY irapor=i@r§gpation' .0
IZ.R;!}ZaY vapb@impregnation 0 .
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TABLE 2

Preparation Effects on Activation Energy

Initial(l) Steady State (2)

-+ Prep. Method : wtZ Ru Eget (kcal/mole) Eget (kcal/mole)
Incipient-Wetness 2 21 ' 24
Ion-Exchange _ 3 16.7 - 23
Vapor-Impregnation 1 15.8 22

8 5 min. after start of reaction '

(2) 30 min. after start of reaction
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FISCHER-TROPSCH SYNTHESIS OVER ZEQLITE-SUPPORTED Ru
CATALYSTS DERIVED FROM Ruq(C0)q o

Y.~¥, Chen, H.~T. Wang, J. G. Goodwin, Jr., and W. K. Shiflett

ABSTRACT

& set of zeolite—suppofteﬁ Ru ’catalys_ts were prepared from Rug(CO);,
using zeoli;ces NaX, NaY¥, KL, and NaMordenite. These catzlysts were
cheracterized é.nd studied under Fischer-Tropsch conditions in order to
determine their unique properties and the effect of the zeolite support. For
comparison, a catalyst using 810, as a suéport was also used. - Rug(C0);, did
not appear to be able i‘:o diffuse into NaX. Overail, the best catazlyst in
terms of high Ru dispersion, 1low methane selectivitf, end high olefin
selectivity was Ru/ﬁa‘f. The type of zeolite used as the support .h.ad a2 strong
effect on methane selectivity. This method of preparation, compared to the
ion=-exchange method, is much superior inm pfoducing low" vields of methane and

high ylelds of clefiums,
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INTRODUCTION

Supported garbonyl complexes are currently receiving wide attention both
for their potential application as an important new class of catalysts and for
their wutility as models for more traditional types of heterogeneous
catalysts.(l) There have been four techniques used to adsorb metal carbonyl
_complexes on inorganic supports: (i) wet impregnation,(z) (i) extraction,(3)
(111) solvated metal atom dispersion (SMAD),U‘) and (div) vapor-
impregnation.(s-n While silica, alumina, and other metal oxides have been
widely used' as suppbrt:s for tranéition-metal‘ carbonyl complexes, t:hé use of
zeolite supports has been fairly limited. Due to their high éurface area,
shape-selective character, acidic nature, and well-defined structure » Zeolites
.can play an import'ant role in Fischer-Tropsch catalysis.(s-lo) *The high
surface area allows a high degree of metal dispersion in the zeolite, while
.the acidity and shape-selectivity can significantly affect the selectivity of
the catalyst. In addition, using zeolites as the support may better preserve
the original Ru3.(co)1 2 metal cluster character.(s)

Ruthenium has been shown to be one of the most active FT catalysts.(l-l)
Several reseatchers(]'z"l") have reported that highly dispersed catalysts
prepared from Ru3(CO)12 are much more active and selecti.ve for Cz-(;a olefins
and higher hydrocarbomns in 'atmospheric pressure PF=T synthesis than those’
prepared from Ru.C13.‘ In contrast, Ferkul et a1.(13) found that methane was
the primary product for Ru3(C0)1 p=derived catalysts supported on A1203,’ §10,,
and NaY zeolite. In addition, they reported that catalyst activities
decreased in the follqwing order: Ru/Al,03 > Ru/NaY > Ru/810,. The Ru/A1,504
catalyst was also very active for carbon dioxide hydrogenation.

The present studies were undertaken to investigate the effect of zeolite

supporté on the catalytic properties of rut:heniun'catalysts prepared from‘
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RuS(c_O)lzo Thase catalysts utilized as supports zeolites MeX, Ma¥, KL and

NaMordenite. A siliga-%upporteé catalyst was also used for corparison.

EXPEE.?.IHENTAL

Catalyst Preparation

‘. Synti'}etic zaolites (NaX, NaY, KL), 8105, and Ra3(co)12 were 6bt§ined from
Stren Ghemlcals, Tmc. Na}brde_nite (NaM), 2 synthetic large port mordenite,
was obtainad from thes Norton Company. The su.pport's were heétéd under vacuun
at 450° prior to their. impregnation by vaéor-phase Rug(C0)j 5. This
impregnation pzocess took ‘'place in an evacuated, sealed Pyrex cell l}eld at a
temperature of 80°C. The detaile.d procedure ié wall Vdocmented
elsewheree(6°7) The supported complex was then decomposgd on heating

(0.5°C/min) to 420°C and holding at this temperature for 2 h under a vacuum of

107> Pa.

Characterization

The decomposed catalysts were found to be in a completely reduced state,
and subseguent reduction im H, was unnscessary. Thus, following decompositioﬁ
under vacumm, Ho and 60 chémisorption measurements were carried out. After
thé chemisorption ¢f Hy, was measured, theAga.talyst was heated under vacuum for
2 h ét 420°C° to, completely desorb the l;ydrogen. The che_misorption
reasurements ware carri.ed‘ cut at lroom teﬁperature in a glass adsorption system
capable of achiéviag a dynamic vacuum of cz. 16~ Pael Total chemisorbed Hy or
co wés determined by exttapo;ation of the linear part of the first isotherm to
Zere pressursa. A éecond isothezm %as measured after evacuztion of the sample
for 2-3 minutes following the ?irst isotherm. The second isotherm provided a

measure of the reversibly bound hydrogen or carbén monoxide (both chemisorbed
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and physisorbed). The difference between these two isotherms gave the amount

of irreversibly chemisorbed hydrogen or-carbon monoxide. Metal loadings were

determined by atomic absorption.

FT Reaction

The kinetic data at a total pressure of 101 kPa were gathered using a 3/8
in. (1 in = 2.54 cm) stainless steel microreactor containing approximately 0.4
g of catalyst. Gases used were Hy, (99.999%), He (99.997%), and a H,/CO
mixture (HZ/CO-I, 99.92), which were futther purified by passage through
Drierite and ﬁdlecular sleve traps to remove water and metal carbonyl
contaminants. Prior to passage through the molecular-sieve trap, the hydrogen
was passed through a Deoxo unit to remove the oxygen as water. ALl gases were
obtained from Air Products. The product gas was transferred from the reactor
to the sampling valve of the gas chromatograph via a heated transfer line and
was analyzed by a Perkin~Elmer Sigma 115 Gas Chromatograﬁh equipped with TCD
and FID. Products were separated using a 6 ft x 1/8 in. (1 ft = 30.48 cm)
stainless-steel column packed with Porapak Q. A 0.5 cm sample was injected
into the column which was held at 50°C for 2 min and then programmed at
15°C/min to 200°C. - This permitted the separation of products up through Cg.
The previously decomposed catalysts were reduced overnight in flowing Hy at
300°C prior to the measurement of the reaction kinetics. Product samples were
taken after 30 min of reaction. Based on catalyst life studies, 30 min of
reaction was sufficient to establish the product distribution. No problem
with product hold-up in the zeolite support was observed at 1 atm for reaction
times of 30 min or more. All reported results were obtained through a range
of ascending and descending reaction temperatures. The bracketing

technique,(ll) which gave the catalyst a 30 min exposure to H, after every
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kinetic measurement, was used to maintain & clean Ra surface and to givs
reproducible, consistent kinstic results. The CO .conversion was kept below 5%

to minimize the effects of heat and mass transfer and secondary reactions.

RESULTS AND DISCUSSIONS

The solvent used;(16) suppor; OH groups;(17) and water physically
adsorbed on the support<18) have been found to affect the properties of
supported wmetals derived from organometallic compounds.. In this study, thes
alkali-zeolites were calcined in vacuun at 420°C and did not contain any free
water. Because these supports were in the unexchanged alkali form5 they also
had very low concentrations of OH groups. In addition, no solvent was used in
the vapor impregnation p:e?aration procésso

' The results of Hz and Co chemisorptign for the various Ru catéiysfs are
given_in Tabie 1. YThe averane metal particle diameterss as estimated by 52
chemisorption, were 1larger than the free dizmeter of the ‘major 2Zeolite
cavities for ali except the EéY-suppcrted catalyst.' These results can be
interpreted in four- possible ways. The first explanation, proposed by
Vezdonck et al.,(19> involves the localized destruction of the lattice to form
cracks and holes. .Filing of these voids'by Ra ﬁetal'would-result in large
particle. sizes being measured. The second explanation, suggested by Gustafson
and Iunsfcrd,(zo) is that .in the presencé o? 'Hz the mobility of Ru is
increased, resulting in the agglomsration of Ru in several adjacént unit cel;s
wnere the particles may be connected thrbugh. the windows of the zesolite
framswork., This behavier woﬁld-be expected to be moze significant for the KL
and WNaMrdenite due to. their straight channel framework57 The third
explanation is that the sapyressionvof’i:reversibie hydrogsn chem;sorption

might océur. Takasu et al.(21) have reported that, as matal pérticle gize
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TABLE 1

CATALYST CHARACTERISTICS

Support

Si/Al  Metal Hy co co/d d 4
ratio TIoading (irr.) (irr.) (irr.) (-9
(wt2) (umole/g) (umole/g)

NaX 1.2 0.75 3.74£2.0 46+2.0 ca. 6.8 85 10

1.2 0.27 '5 55 ca. 5.6 22 37
NaY 2.4 1.3 58 274 2.4 9 90
KL 3 1.4 32 220 345 18 45
NaM 5 0.74 18 105 3.0 18 48
810, = 0.43 19 111 2.9 9 90
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decreas;.es, the adsorption .energy of hydroggn on m;etal particles also
decreases. However, a stuéy. by chenisorption and transmigssion electron
microscopy (TEM) of catalysts prepared from Ru3(CG)12/NaY ghowed that for a
‘highly dispersed Ru catalyst (ca. 100%) there és ne indication of Hz'
cheﬁisoi‘ption suppression at ambient temperature, and -thé usge of irreversible
Hy chemiéprgtion at room température was appropriate for determining average

particle diameters.(zz)

The CO/H chemisorption ratio can be z significant
indicator of H, chemisorption sﬁppressio_u. (23) In the 'absence of such
suppression, the CO/H ratic normally takes on values betwsen 2.5 and 4 for
highly dispersed Ru.(24) As can be seen in Table 1, the ratics for Ru
supported on MNaY, i(‘LD MaM, an§ 810, ‘suggest little or mo Hy chemisorptign
suppression on those catalysts. The large values of .CO/H found for Ru/NzX are
pfsbably a cc'nsequenée of errbrs associated' with the measurement of small
emounts of Hy chemisofption rather than Hy .chemisorption suppfession. A
fourth explanation is that the presence of even a ‘few very 1a;gg particles on
the external surface of tﬁe zeolite is able to skew the average matal par;ticle
diameter éélculated from chemisorptien t§ a sgize lérger than the zeolite
pores, even though most o'fvthe meté.l m2y exist as very small particles iﬁside
the zeolite. It can be concluded, then, that for Ru supported on MN2Y, Ki,
NaM; and 8i0;, the average pa?ticle diameters caléulated should be rglatively
accurate. The large average diameters found for .Ru/KL and Ru/NaM probably
refiect the fact that some metal is encapsulated in the zeolite pores ané some
exists as large particles on the external zeolite surfaces, Such a situation
has beesn obse;:ved by TEM for even highly dispersed ‘Ru/NaY catalystso(n)

A miscalculation of the average particle size for Ru/ﬁax, resulting in a
gross over estimatién of average Ru particie size, can be rule-d oﬁt. Ru can

be totally reduced in catalysts prepared by this method, thus no decrease in’
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Hy chemisorption éan be related to incomplete reduction. In addition, no H,
chemisorption suppression ié exhibited by zeolite=~supported Ru prepared from
Ru3(C0)y 5. Furthermore, where Hy chemisorption suppression exists (zeolite-
supported Ru prepared by ion exchange), no suppression is seen when the
zeolite support has a low Si/Al ratio (as in the case for Nax).(23) Activity
and selectivity results, compared to previous results for zeoclite-supported
Rn,(la) confirm the conclusion based on the Hy chemisorption results that
Ru/NaX has a relatively low Ru dispersion.

The average particle size, as calculated from Hy chemisorption, for NaX-
supported catalysts was found to increase monotonically with increasing Ru
loading. Such an increase in particle size with loading {is typical of
zeolite-supported Ru where Ru is deposited primarily on the external surface
“(14)

-of the support. Since NaX has the same structure and cage dimensions as

NaY but approximately twice as much Na, one may assuﬁe that most of the Ru was
on the external surface of NaX due to the inhibitidn of diffusion of Ru3(CO)12
into the zeolite by a larger number of cations in the cage openings. The
particle size obtained for the 810y~supported sample is comparable to the
results of Rellner and Bell(zs) for Rn/SiOzvprepared by impregnation with a
aolution‘of Ru3(CO)12.

After several cycles of FT synthesis with hydrogen-bracketing, the
' catalytic properties of these catalysts were stabilized. The activity
increased during this stabilizaciqn period and was accompanied by a shift to
higher hydrocarbons. Such an increase in activity during the initial reaction
period is not observed for Ru catalysts in general and seems to be unique for
catalysts prepared from Ru3(CO); 5.

The catalytié properties of these catalysts at steady state are shown in

Tables 2 and 3. The primary hydrocarbon products under reaction conditions
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TABLE 2

CATALYTIC PROPERTIES(a) OF Ru CATALYSTS

Support Metal CO Turnover No. Activity Eqp (D)
Loading x 10° pmole pmole -a
(wtZ) (s:?.te'1 sec'l) g cat. sec g Ru sec (kcal/mole)

NzX 0.75 40 0.2%86 36.5 21 - D.42

NaY 1.3 5 0.580 44,6 - 23 - 076

KL 1.4 . 4 0.252 18.0 23 0.64

NeM 0.74 8 0.280 37.8 22 0.60

$i0,  0.43 2 0.076 17.6- 26 0.54

(2) Feaction conditions: 1 atm, 250°C, H,/CO=1, GHSV=2700 oy
2

(b) Chain~growth probability

were methane, a-olefins, and normal paraffiﬁs. Trace amounts of acetal&ehyde
and methanol’ were detected and increased with i:ncreasing' 81/A1 ratio of the
supports. Ingerestingly, no correlation between the reaction rate and support
Si/AY ratio wés observeé.' Significant selectivit;{es for olefins and carbon

diozide (see Table 2  and 3) were, however, an important featuré. Previous-
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TABLE 2 (cont.)

/z. . (8)
Support Metal RCO(B)/RCO(I)(C) co,/ca, (D Reo,/Ruc
Loading
wtZ) 250°C 280°C
Nax 0075 0074 103 ) 005 1-0
NB.Y 1.3 . 1-25 2.1 008 0.6
KL 1.4 1.31 8.2 4.1 1.3
NaM 0.74 _ l.14 . 5.3 3.7 1.2
810, 0.43 1.30 4.0 : 1.5 1.2
(c) The ratio of the reaction rate in the 3rd cycle to that in the lst
cycle
(d) Weight basis
The ratio of rate of carbon consumption for €0y formation to that for

(e)

hydrocarbon formation
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results in the literature(26:27) have indicated that, ir the FT gynthesis, the
‘welght ratio of CO,/CH, is less than unity for Ru catalysts, in coﬁtrast to
the present findings.

Résults from tl'%is study indicate that rcozlrﬁc-ratios (where Tge is the

rate of carbon atom incorporation in hydrocarbons) were greater than unity at’

250°C, except for the Ru/NaY catalyst., and decreased with .increasing reaction
te@eratureo Since one' mole of CO comverted to any type of non-oxygenate
gives one mole o;E Ho0 or C0; as a by-product, the maximum possible rCOZ/rHC
that can be obtained via conversion of 211 the Ho0  to CO, by thé water-gas
shift reaction is unity. Therefore, aumy rCOZ/rHC ratio greatér than one
indicates the occurrence of the EPBoudouard reéction which provides another
route for CO, formatiom. Our results are in good agreement with those
reported by Ckuharza et 3105(13) who - found that catalysts prepared from
P.uj(co)lz/Alz% were more acéive for €0, formation tﬁan ones prepzred from

RuCl3/A1203. In contrast to these tesults., Ferkul et al.(ls) reported that;

for the catalysts derived from Ru3(CO)i2, ‘the production of methame was -

predominant. In addition, they found that COZ formation was significantly
suppressédo ' The different results mey be due to the high temperature of
reaction (375°C) and the ﬁigh conversion (80%) used in the stuéy, which
possibly resulted in sec;:ndary .z"ea'ct;ons such as hydrcgenolygis.(zs) In our
study, the CO com.rersion wag kept below 5% té limit effects due to the water=
gas shift resction as well as other secondary rezctions.

As can Se sean in 'Iabie 2, on a per gram Ru basis, specific activity

decreases in the order Na¥Y > NaX, NeM > Ki, 8103+ The lower turnover number

181




TABLE 3

PRODUCT SELECTIVITY‘(CI-CS) OF Ru CATALYSTS (wtX)

Support Metal Cl Cz Cz C3 C3 C4 04 C5+
Loading
(wt 2)
NaX 0.75 42 7 4 1 16 9 4 17
NaY 1.3 18 5 2 0 39 6 4 26
KL 1.4 38 4 4 1 21 5 5 22
NaM 0.74 42 5 3 1 17 5 5 22
810, 0.43 - 28 5 5 1 29 7 7 18

Reaction Conditions: 1 atm, 250°C, H,/CO = 1, GHSV = 2700 h™!

(ION) in the case of NaY-supported Ru is compensated by the higher Ru surface
area. The high TON observed on the NaX supported catalyst is likely due to
its large average Ru particle size.(8’14'35) No significant effect of the

support on TON was found in this study for similarly dispersed catalysts.
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The activation energies for CO conversion over these various catalysts
center around 23 kcal/mole and are quite consistent with values reported
prev:l.o.usly.(27’3°"31) The hydrocarbon distribution was able to be fitted to
the Anderson-Schulz-Flory equation. It was found that the chain-growth
probabilities in this study, based on the C3-Cy distribution, were much higher
than those for-ionrexchanged Rp/NaY catalysts(la) and Ru/Al,04 catalysts<25)
having similar metél loadings. The chain growth probability decreased

slightly with increasing reaction temperature in the range 240-300°C.
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.The effects of teactiqn temperature on the mesthane, Cy~C;, hydrocarbon,
and Co=C, olefin fractions over these cata;{ysts are shown in Figureé 1, 2, and
3, resiaectively. Methane formation increased with increasing temperature of
reaction, es ex;:e'cted. A trend towards increasing methane formation with
increasing Si/Al ratio of the support was also observed, egcept»vfor the NaZX-
supported Ru catalyst. F’ori Ru -deposited on the external surfacé of NzY, the
seleétivity is shiftéd to methaneo(14°32) The results for the NaX-éupported
catalysts in this study are in accord with the previous conclusion tﬁat the Ru
is primerily in the form of large particles.on the external surface.

it is’ interest.:lng.. to note that Cy,~C, hydrocarbon formation is oniy.
slig‘gtly decreased with increasing temperature. in the range 220-300°C. Tt can
be concluded that the increase in methane formation with temper'gture comes
mainly from a decrease in the formation of 1liquid hydrocarbons (Cs+) and is
almost independent of Cy=Cy format.ion. Over the saméles studied, -the fraction
of olefins in szcé was nearly 3 times greater than that for céﬁparable,
gimilarly dispersed NaY-supported Ru catalysts prepared by ion-exchange.(lé)
The selectivity for propylene was as high as 407 of all hydr’ocaibgns
(inciuding CHZ}) at = re;ction temperature of 250°C. It seems appropriate to
ascribe the Cy=C; olefin fomation to a property of Ru .resulting from the
me.théd of preparation rather than to just 2 particle size effect, since the
ion-exchanged catalysts previously studied(l &) had approximately the same -
particlé sizés but exhibited quite different selectivities.

As shown in Figure 3, the formation of olefins decreased with iﬁcreas_ing
t:em_:érature and Si/Al ratic of the zeolite support, except in the case of
Ru/N2¥X, BHowever, the zeolite .support appeared to exert only a relative weak
effect upon the ability to make olefins. Of greater importance for olefin

selectivity appears to be factors infliuenced by the method of preparationm.
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Thﬁs, Ru/SiOz prepared by vapor impregnation exhibited a similar olefin
selectivity as zeolite-supported Ru. A previous study of Ru/NaY catalysts has
shown the effect that preparation method can have on this selectivity.(la) of
the three preparations methods emplofed, vapor impregnation produced catalysts
having the greatest selectivities for olefins.

The telationship between selectivity and the nature of the catalyst may
' be attributed to the effect of metal digpersion, metal location in/on the
zeolites, metal precursor species, and properties of the zeolite support. The
extent to which each of these factors play a role is unknown and must await
further investigation. In principle, the acidity of alkali zeolites is
 essentially nil and therefore independent of the Si/Al ratio.(33'34) The
concentration of residual alkali cations, however, may affect the catalytic
properties of Ru nmtal.(23) Finally the TON number is a strong function of

average Ru metal particle size in the catalyst.

CONCLUSIONS

The resulfs presented in this study indicate that the activity and
gelectivity for CO hydrogenatipn of zeolite-supported ruthenium catalysts
prepared from Ru3(CO)12 are -strongly influenced by the nature of the
support. The properties of these catalysts differ significantly from those of
incipient—wetnéss and ion-exchanged Ru catalysts. On the basis of specific
activity (per g of Ru) and selectivity for olefins and higher hydrocarbons,
the most éffective support was NaY; This catalyst had a smaller average metal
particle size than ion-exchanged Ru/NaY catalysts previously studied.(ld) In
addition, the selectivity for methane was. decreased and that for olefins was

greatly increased fqr the carbonyl-based catalyst.
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Surprisiggly, Rus(C0);, did not appear to be able to diffuse into MaX,
even ;hough it was aﬁle to .diffuse easily into Na¥. | This gesulted in
significantly poorer dispersions of Ru on MNaX. Average partiele size was a
function of metal loading. It is suggested that ;he extra Na cations in N=X
were able to act as‘a barrier for Rug(C0);, diffusion during preparation.
From the dispersions and selectivities obtained for KL-and Nalordenite-
supported catalysts, it can be assumed that, while diffusion of Ru3(Go)12 was
not rapid, a significant amount of Ru3(CO)12 was able to migrate into these
" zeolites. ’ .

finally, eﬁcludiqg Ru/NaX because of its poor dispersionvpf Ra in the
zzolite, the catalytic selectivity for methane appeared to be a function of

Si/Al ratio. However, due te ehe difficulty in getting Ru/KL and Ru/NeM as
w2ll dispersed as Rn/NeYa.itvis difficult to say whether this variation in
methane selectivity was a true function of Si/Al ratio or wae, in facﬁ, a
.function of a related property such as alkali cation type and concentration as
previcusly found for zeolite-supported Ru prepared by iom exchangé.(23)
Selectivity for CZ-C4'olefins was not a strong function of zeolite t??e.

These results point out that, for zeolite-supported F=T catalysts, a
number of parameters (metal particle size, particle location, Si/Al ratio,
alkall type and concentration, etc.) play mzjor roles in determining catalytic-

properties.
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‘ SUPPORT EFFECTS ON CO
HYDROGENATION OVER Ru/ZEOLITE CATALYSTS

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

ABSTRACT

Hydrogenation of carbon monoxide at 101.3 kPa has been studied over a
series of ion-exchanged Ru catalysts supported on NaX, Na¥, KL, NalMordenite,
and HY zeolites. The type of zeolite had pronounced effects on the activity
and selectivity of the Ru. ‘The specific activity would appear to be related
to the dispersion of reduced ruthenium in the zeplite. Methane selectivity,
however, seems to be strongly influenced by the type and concentration of
alkali cations remaining in the ion-exchanged zeolite. These cations appear
to promote chain growth much as traditiomal alkali promoters would, though
perhaps more indirgctly. Due to bifunctiomnal properties of the zeolite-
supported catalysts, a significant fraction of C, was in the form of iso-
butane. Formation of isobutane seems to be related to either the Si/Al ratio
in the zeolites or the concentration of the remaining alkali cations, but not
to the OH concentration. In addition, H; chemisorption at 25°C was
increasingly suppressed as the Si/Al ratio of the zeolite support increased.
Both the formation of isobutane and the suppression of H, chemisorption may be

related to the acid strength of the OH groups present, which is a function of

the Si/Al ratio of the zeolite.
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‘1. INTRODUCTION

Recent studies have shown that ruthenium catalysts are very active for
‘the water—gas shift,(l) ammoni_a synt}'aesis;(z'3) hydrogenation of benzeng,(l‘)
hydrogenoiysis of proyane,(s) higher alcohol synt'ﬁesis,(e) Rolbel-Engelhardt
react;ion,(7) and Fischer-Tropsch synthesis..(s) In the ?ischewTropsch
synthesis, ruthenium has the ability to produce hydrocarbons up to heptane
even at a pressure of only one atmosphere. In addition, it is considerzbly
easier to reduce than other Fischer=Tropsch me;:ais, such as Fe and Co, and is
not comverted to & carbide under F=T reaction conditions. While silicz,
..alumj.;:a.9 and other metal oxides have been widely used as supports for
transitionvmetals » the use of zeolite supports has been fairly iimii:ed except
in hydrocracking cataiystsn Due t:o' their 'high surface area, shape sslective
charvacter, acidic nature; ion—sxchange properties, and well-defined structure,
zeolites have a great potential in -Fischer-Tropsch catalysis. The 1arge.
surface area allows a high degree of metal dispersion in the zeolite. While
the acidity, cation .exchange .preperties, and shape-selectivity can
significantly affect the éelectivity of t:h;e catalysts,

In assessing metal-support interactionms, it is ixﬁportant to considef both
electronic effects, where the support can donate or extract gharge density
from the metals, and bifunctional effects, where sites on the support'and on
the metel ) particles act somswhat independently on - the reactants and
int.emediateso The bshavior of transition metals in zeolites is complex and
not fuily uﬁdarstood at this time. Jacobs et a1°(9=10) have réported that,
fozr Ru iom=exchanged with a widg variety of gzeolites, the activity foz

methanation increased by a2 factor of thres as the Si/Al iatio of the zeolite

support 'decfaased, provided the temperature of raeduction was only 300°C.
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Accompanying this &ecrease in Si/Al1 ratio was‘ also' a shift 1n product
Qelectivity towards higher hyﬂtocarboné. Few results on F-T activities and
selectivities were given. Fajula et al.(ll) have reported that the activity
for methanaﬁiod én Pd/HY is much higher than that on Pd/Na¥ catalyst. They
concluded that interactions between the partiélly hydrogenated reactant
species and the acid groups on the support result in an enhancemenﬁ of the
reaction rate.

The present studies were undertaken to investigate the effects of various
aspects of zeolitg supports on Ru catalysts for the TFischer=-Tropsch

synthesis. These catalysts were supported on NaX, Na¥, KL, NaMordenite, and
HY. |
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I1 EXPERIMENTAL
}hterials'

" The _zeolites were obtained. from 'Str'em' Chenicals (N'ax.,' Ila'z‘ and KL) and
Nort.on* (blaZeolon = large port'ﬁal'iordenite); : na‘é co@osition and properties of
the zeoclites are listed in'TaBle 1. EY was .prepared 'b;y io‘n-'exchanging of Na¥
'to form NHAY. 'fne extent of'exchanée was 842'. -Tne Ru zeolites were prepared
by a conventional ion-exchange technique using Rn(NH3)GCl3 which was obtained
from Strem Gzemicalsa o

For preparino ‘the ion-exchanoed catalysts, Ru(NH3)6013 was dissolved in a
.'weakly acidic hydrochloride solution (pH = 4 5). 'Inis solution was then mixed
with the zeolite and stirred ‘continuons'ly for 50 hours at ' amblent
_t_en;oeratnreo Eecess s’o'lntion"na’s‘used"to paintain an 'appr'oxinatejly 'constant.
pH .dnrin'g ion—exchanée.’ Af.ter'_t’ne ion-aXchangé" rea'ction, the catalystS' wsre
filtered and washed several times in deionized water and dried in air‘
overnight at 40°C. The catalysts ware usually decomposed slowly under vacuum
(ca. 4 x 10 =3 Pa.) by heating to 420°C (0 5°C/n:in) and holding at that
temerature for two houzrsg. cherwise, the catalysts ware decomnosed under
flowing .Eo by héating. slowly- in a stepwise fashion to 420°C and holding. for.
two 'honrs.. No significant differences im catalytic behavior were found to
resnlt' 'from these different decomosition procednres. n.v.ring the

decomposition procedure the NHAY support was converted to EY.
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Catalyst Characterization

The reduced catalysts were characterized by Hy ‘and CO chemisorption
(static gas volumetry), A.A., -IR, and ESCA. 'me‘ gas chemisorption
measurements were conducted at ambient temperature in a glass adsorption
system capable of achieving a vacuum of ca. 4 x 10~ Pa. Total chemisorption
of hydrogen or carbon monoxide was determined ‘by extrapolation of the linear
part of the first isothertg to zero pressure. A second isotherm was measured
after evacuation of the sample for 2-3 minutes following the first isotherm.
The second isotherm provided a measure of the reversibly boun.d hydrogen or
carbon monoxide (both chemisorbed and phyisorbe&). The differences between
the two isotherms gave the amount of irreversibly chemisorbed hydrogen or
carbon monoxide.

The Ru metal loadings of the catalysts were determined by A.A. I.R.
spectroscopy was used to study CO adsorption omn Ru. The I.R. cell was
constructed of pyrex and had KCL windows. The cell had vacuum stopcock valves
at both ends to provide gas flow in and out. The catalyst was ground slightly
in an agate mortar and then compressed under 207 MPa into a se]:f-supporting
disc having a diameter of 2.5 cm and a weight between 30 and 50 mg. Following
catalyst pretreatment and adsorption of CO, spectra were recorded at 25°C.
ESCA data weré taken (via a sealable probe) of catalysts which had been

reduced but not exposed to alr. An AEI ES200 ESCA spectrometer with an Al

anode was used.
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Reaction Studies

Kinetic measurements were made at 101.3 kPa total pressure using a 3/8
in. (1 in. = 2.54 cm) stainless steel tubular reactor containing approximately
0.3 g of catalyst. The reactant gases used ware Ho (99.999%Z), He (99.9972),
and a Hy/CO mixture (HZ/CO = 1, 99.9% pure), which wefe purified by passing
through drierite and 5A wmolecular sieve traps to femove water and metal
cérbonyl contaminants. Prior to passage through the molecula:/sieve trap, the
hydrogen was passed through a Deoxo unit frém Air Products.. The flow rate of
each gas was controlled by a micro-metering valve and measured by a bubble-
flow meter. The product gas was transferred frbm the reactor to the sampling
valve of the gas chromatograph via a heaged transfer line and was analyzed by
a Perk%anlmer Sigma 1 Gas Chromatograph. Products were separated using a 6
fé. x 1/8 in. stainlesé gteel column (1 ft. = 30.48 cm) packed with Porapak Q
and were detected by a thermal conductivity detector. A 0.5 cm3 gas sample
was injected into the column and its tenperafure was held at 30°C for 2 min.-

'The column oven was then progfamged to go to 180°C at 15°C/min. The hydrogen
bracketing technique; which gave'tﬁe catél?st a 30 min.  Hy exposure after
every kinetic measurement, did. an exceptionally good job of mzintaining a
clean Ra sgurface and fiélded - reproducible initizl activities and
gselectivities. 1In order to mzke sure that there was no hydroca;ben produced
due to the mizing of pure H, and the reaction mixzture by géseous diffusion
during.ﬁhe initial period of each reaction run, both flows were separated by a
short flow of He. The CO conversion was kept below 57 to minimize the effects

of heat and mass transfer. Reproducibility of results was +3%.
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III. RESULTS AND DISCUSSIONS

Infrared Spectroscopy

Thé IR investigation of CO adsorption on these Ru zeolite catalysts at
25°C produced spectra similar to those previously reported and dis-
cussed. (125 36) These results showed that, in general, as the Si/Al ratio of
the support increased the frequency of the absorbed CO also tended to increase
indicating weaker CO chemisorption. The one case that deviated slightly from
this trend was that of RuKL. It is felt that the slight deviation to lower CO
vibrational frequencies was due to presénce of XK' in the L zeolite as opposed
to Nat in all the other zeolites studied. This would seem to be reasonable
given the relatively greater ability of K compared to Na to destabilize CO in

alkali promoted F~T catalysts.

ESCA

ESCA spectra from the reduced catalysts indicated a fairly complex
structure. In all cases, there were 3 resolvable peaks in the Ru 3P3/2
region. In general, the ESCA data did not show a great difference among the
various catalysts. From the results, one could conclude that in every case
very small particies of Ru were predominately present and were in a number of
different environments. The resulting species seemed to be the following:
cationic Ru possibly 1located in the sodalite cages, small reduced Ru-
~particles, and small reduced Ru particles, probably located in the super

cages, which appeared to be affected strongly by the zeolite.(l3) An in-depth
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discussion of these results will be given in a series of upcoming

articles.(33’34)

Chemisorption

From Hy, chemisorption at 25°C, average Ru particle diameters and
dispersiqns ware calcuiated (=ble 2). It would aﬁpear, that as the Si/Al
ratio of the zeolite support increases 1a::ger average particle diameters .
result. However, it becomes apparent from a comsideration of the CO/H _ratios
that suppression of hfdrogen chemisorption took place on the Ru catalysts with
higher Si/Al ratics (it ié impossible for 1 Ru atom to bond t;o 12 co
ligands). The amount of such suppression was directly felated to the Si/Al
ratio. Since the stoichiometry‘ of CO adsorption om Ru is determined b;" the
wmatal pafticle size,-(lé) it is difficult to use CO to determine matal surface
areas. However, CO chemisorption can at least serve to compare relative metal
dispersions. The CO/RuT ratios in Table 2 would seem to indicéte that the Ru
digpersions in thevvarious catalysts were similar and probably on the order of

70-90%.

Catalytie Activity

The F-T synthesis was carried over a range of temperatures. ATabl.e 3
shows typlcal results for the various cataiysts at a reaction tempesrature of
?;SOOC. As can be seen in Table 3, the specific rate of reaction of CO varied.
by a factor of 2. Specific rate is used due to the uﬁcertainty in the
determination of the nimber of Ru surface sites as a2 result of various degress

of hydrogen chemisorption suppression at 25°C. Howsver, these specific rates
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should vary approximately in the same way as the turnover number (T.0.N.)

gince these catalysts appear to have similar dispersions as measured by CO

chemisorption. ‘
Jacobs et al.(g’lo) reported that for catalysts prepared by lon~exchange

of Ru(NH3)(Cly with a wide variety of zeolites the activity for methanation

decreased with increasing Si/Al ratio of the zeolite support, provided the

temperature of reduction was only 300°C. Due to the high metal loading used
(5.6 wtZ Ru), the Ru was not highly dispersed in these catalysts. This is
indicated by the facﬁ f:hat: the CO/Ru ratios were less than unity.

Coughlan et al.'(ls"m) previously reported the exchange of '[Ru(H20)6]3+
into several zeolites. 'Ihey(”) reported that the turnover number for the
hydrogenation of benzene increased smoothly with increasing metal surface area
and was independent of the type of the =zeolite. Their catalysts were
prepared, however, at a pH of 6.5, where [Ru(H20)6]3+ is unstable and
polymerized hydroxy species are known to occur.(lg) This would result in the
formation of large Ru particles on the external surface of the =zeolite
support. King(zo) did not see any differences between the specific activities
of MaX and KaY s_up{)orted Ru catalysts for CO hydrogenation. The starting
material was Ru(NO)(NO3)3 and a high metal loading. was used 1in his
catalysts. As a i'esult, the formation of large Ru metal particles on the
external surfaces of the zeolites would have been likely. In addition, the
reaction- was not operated in a differential mode and secondary reactions were
probably also significant.

In this study, the observed differences in specific activity do not seem

to be related to any of the known characteristics of the zealites, such as

vSi/Al ratio, OH concentration, and remaining alkali concentration. The

differences might be due to the particle size effect or the degree of
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reduction ¢f the Ru. From an intemnsive stnd? of Ru/N;Y catalystss(ZI) it hzs
bsen found that turnover number is a strong function of average particle
size. However, based on the CO chemiéorption resuits, we hypothesiée that ths
average particie gsize of all the catalysts in this study are approximately the
same. Therefore, the particle size would seem not to be the only important
variable affecting activity. |
Suzuki et a1.<22‘23) have reported that the zetivity of zeolite=suppor£ed
Mi for several reactions is proportiomzl to the dispersion‘ of redﬁced
nickel. The degree of nickel iom reduction.and the dispersion state of the -
reduced nickel were found to be affected by the tyée of zeclite support and -
the exteat of ni;kel exchzange. It is wsll known that one of the main factors
determining the metallic dispersion is the strength of interictions betwe=sn
the metallic particles and the suﬁpert. Iﬁ the case of zeolite carriers, the
eiectroa=§eficient character of smail metaliic §articles has. been shown, by
. XP8 and IR, for sevasral Pd/NaY(Zéy and Ft/NaY(zs)‘ catalysts, This weas
explained by the withdrawal of electroms from the metal parﬁicles by electron~
acceptor sites of the support. In & recent paper, Fajula et al.(ll) found the
-activity for methanation on PA/HY to be much higl.'iez' than that on Pd/NaY
catalysts. They postulated that methanation on supported palladium proceeds
m2inly through dirgct CO hydrogenation with the participation of acid sites on
the support. In this study, however, no differences were found in the rate of
CO conyersion over the ruthenium cétalysts“unde& F-T conditions which followed
changes in OH concentzation. It must be conciuded therefore that rate of
reaction is 2 complex functio; of a number of'faétots; such as: particle size,

zeolite-metal interaction, etc.
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Catalytic Selectivity

Olefin Fraction

The data in Table 3 show that the olefin fraction of Cp=C, hydrocarbons
was approximately constant for all the supports used. The values that deviate
the most from 0.53 do so due to the fact that mostly methane was produced in

those cases, hence .the grfcr in calculation of the Cy=C, olefin fraction was

much greater.
Methane

There were very lérge differences'in the seiectivity for méthane. Since
particle size has been found not to be a factor in determining this quantity
~in NaY zeolite—supported Ru, (21) one -mist look to characteristics of the
zeolite supports which might affect it. Three of the most likely candiates
are: Si/Al ratio, QH concentration in the ;rgduqed catalysts, and the
conéentratibn and type of.alﬁﬁli cations'remaining after ion-exchange. One or
more of these characﬁeristiés might cause a given effect on selectivity by
affecting'the<R§ direétly via’some.type of metal-suﬁport interaction or by
interacting directly ‘with priméry' or 'secondary reaction products. These
characteristics are related by the equation

NB-_N-NNa_
where Ny = ¢ NAl
ﬁH = est. concenﬁratioﬁ of OH groups (moles/g)

N,; = concentration of Al in zeolite (moleé/g)-
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" Nya = concentration of Na"' remaining (moles/g)
N~ = total concentration of Si and Al (moles/g)
f = £fraction of exchange of ¥ or XK' by Ru cations

r = S8i/Al ratio

Thas, the Si./Al‘tatio',..concectraticn 'ef OH .g'roups',- and remainiag ailtali cation
. ccncecttation ate cbmplex fcnctioas of each othez. Figur_e 1 show's.'a plot of -
methane selectivity versus S:i/Al'.ratioi"" ‘As can be see;15. s1/a1 ratio does not
appear to correlate very well to'the results found;' Figure 2 shows 2 plot of
methane selectivity versus estimated OH concentration resulting from reduction
'.of the Ru cations, as calculated from the amount of Ru exchanced and the
assumption of the formation of 3 OH groups per Ru cation_reduced. - For the HY
supported catalyst, 847 of the catioas ptesent i}ere:.assme.d:to be H’.i'.' . The Oﬁ
coccecttatien too doées not abpear to 'greatls."}aff.ect f&et}iane' selectivity,
However, ‘methane sei'ectivity .appe.ars to be = strong function of the
concentration of the- residual neutralizine alkali cations (Ficure 3. 'Ihis '
should not be surprising considering that alkali. species are well knowﬁ
promoters of the F—T synthesis ami tend to increase chain growth probability _
'and thereby, to decrease the methane selectivitye 'lhe only catalyst‘ that
deviates greatly from the iinear relationahip in Figure 3 is RuRL. This
deviaticu is mos:t likely due to the fact that this geolite contains-K+ instead
of Net 1ike the‘ othets; ¥ et in a zeolite does have a premotion function,
than K+ should have an even greater one since most results in the literature
show K compounds to be better promoters of chain growth than N compounds.

This is in fact, what :Ls observed for ReRLl. The result for RuRL lies well
below the 1line connecting the points fqr the other catalysts a'zid .has z mcii '

lower methane sele'ctivity than it would if if were on 'that line. FEowsver, the
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seeming effect of these cations may be produced in Auite a different manner
than that of regular alkali promotion. In addition, it is possible that these
cations may act in an indirect manner upon the Ru, affecting such things as
the electro~static field in the zeolite.

While the MNaM-supported Ru exhibited the greatest amount of hydrogen
chemisorption suppression at ambient temperature, it also gave the highest
selectivity for CH, of the alkali-containing zeolite based catalysts. These
results point out the complexity of the F~T system of reactions and the
Hifficulty in applying adsorption characteristics of a catalyst at lower
temperatures to the understanding of events occurring on the catalyst surface
at F-T conditions. It is thus more important to understand the quality of the
catalyst that gives rise to the Hy chemisorption ability and how it may affect
other surface steps during F-T than to understand such an isolated event,
since it is the relative rates of feaction of the various steps (adsorption,
surface reaction, desorption) which determine product selectivity. More work

is needed before such an understanding is possible.
Isobutane

A significant fraction of C; was in the form of iso-butane for a number
of the catalysts. ~ Due to bifuncti&nal' properties of zeolite-supported
catalysts,(26_28) it 1s not sutprising.that branched hydrocarbons would be
found in the product stream. However, as can be seen in Figure 4, OH
concentration did not‘appear to play a role in producing iso=butane. Both the
S1/Al ratio (Figure 5) and residual alkali concentration (Figure 6) seemed to
be related to the formation of iso-butane if one neglects RuHY due to

relatively large Ru particles formed. King(zo) explored F-T synthesis over a
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group 'of Ru catalysts having NaX, N2Y, and silice-zlumina as sﬁpports. He
found thét the Si/Al ratio appeared to be important in affecting the fraction
of iso;-butane formed. Our results are in accord with his. Based om-a
previous study of the effect of preparation methoed on the F=T properties of
NaY-supported Ru,(Zl) oﬁiy catalysts prepared by 1lon—szxchange producgd
isobutane. Catalysts prepared by vapor impregnation with Rug(CO);, and having
simiiar Ra dispersions as the ion—exchaﬁged catalysts, the same Si/Al ratio,
higher concentrations of Na+, and no significant concentration of OH groups
did not produce any isobutane. Thus, the Si/Al ratio, by itself, does not
directly affect this production. However, since the acid strength of the OH
groups increases with an increase in the Si/A1 ratio, it is suggested that
this combination of presence of OH groups am; their strength may infliuence the
formation of isobuéé.neo It has also been suggested' that. this combination may
be tﬁe cause of Hy chemisorption 'suppressicn.(?’s) .The relationship of
isobutane formation to residual alkali concentration méy be 6nly coincidental,
due to the £fact that, for the same Ru 1loading, the residual alkali
concentration decreases as the 8i/Al ratio increases. This is bescause, for
higher Si/Al ratios, the initial alkali cation concentrations are less.

The ro'le of wmass transport 1ia polyfunctional 'ca;t:a_.lysis has been
considered in detail by Weisz(zg). Diffusional kinetics are likely to be
‘particularly important .for the production of iso-butane in the present
system. The formation of iso-butane can be -described by the following
mechanism

(Ru)
+ H

' (zeclite) ) isobutene = Isobutane
1 - butene \ . , -
(Ra) + H, a=butane
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Weisz(zg) has derived a general criterion to check for the absence of mass
transport limitations, and many fesearchers(27’28’30) have used this eriterion
with zeolite catalysts. Therefbré, Weisz’s criterion(zg) was applied to give
an indication of the presence or absence of mass transport limitations in this

study. The criterion for the absence of mass transport limitations is:

an 1 ®
5

¢=d—t-'r31-:q—- <1
where $ = Weisz’s number

%%-- reaction rate for isobutane formation per unit volume catalyst

[B] = concentration of isobutene at equilibrium

R =*Yadius of zeolite particle
D = diffusivity of isobutene

From the observed conversion, the rate of isobutane formation per unit -
volume of catalyst was calculated to be 0.5 x 10~8 moles sec lea™3. Due to
the complexity of the C4_ specles, we were not able: to calculate [B]eq
exgctly. The maximum possible concentration was estimated to be about 50% of
isobutane; for steady state operation, [B]eq would be thus about 0.25 x 1078
moles em™S. The effective diffusivity of isobutene in NaY has been reported
to be 1.0 x 1076 cﬁzsec-l at 250°C,(31) and the radii of the zeolite particles
were about 0.01 cm (100-120 mesh). Applying Weisz’s criterion, one
obtains ¢ >> 1 indicating that the reaction was probably substantially

constrained by diffusion limitations. In this study the residence time of 1=

butene in a zeolite particle would have been approximately,
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12 _ (0.02)2

t = 3
2D (2) (1.0=x10 )

= 200 (sec).

This is long enough to produce the isomerizatiom reaction Qithin the szme
zeolite particlé. .

The observéd reaction temperature effect on isobutane selectivity can be
interpreted by the assumption of competing reactioms, as shown in the

féllowing scheme:

(metal function)

/ a-butane
1 -~ butene .
\i so—butane

. (zeolite funcfion)

+ (metal function)

Selsctivity wnuld.be dependént upon the relative effectiveness factors, which
are determined by.diffaéion criteria. Isobutane formation normally decreases’
with increasing temperature of ‘the reactién, as can be seen in-figuré 5;
Since the hydrogenation activity of Ru 1s expacted to bé greater at higher
temperatures and the residence time of l1-butene is decreased with.inéreASing
temperature, the isomerization activity 1s greatly . reduced At higher

temperatures.
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CONCLUSIONS

A series of ion-exchanged zeolite-supported Ru catalysﬁs have been
studied. The results of this study suggest that the type of zeolite support
has pronounced effects on the activity and selecﬁivity of Ru for CO
hydrogenation. The specific activity appears to be related in part to the
dispersion of reduced ruthenium in the zeolite. The degree of ruthenium ion
reduction and the dispersion of the reduced ruthenium are probably affected by
ﬁhe type of zeolite support. Olefin selectivity does not seem to vary greatly
with the different supports. Methane selectivity, however, appears to be
strongly related to.the concentration of the alkali cations remaining in the
zeolite. As far as is known, this 1is the first time that chain growth
promotion in F-T synﬁhesis by the heutralizing alkali cations in zeolites has
been suggested. It is not yet known whether this is due to direct or indirect
interaction.

Formation of iso-butane 1s perhaps related to either the Si/Al ratio or
the concentration of remaining alkali cations, but it is not related to the OH
concentration. It is éuggested,'howevet, that this formation may be related
to the acid strength of the OH groups present, which is a function of the
Si/Al ratio. Although CO diffusion does not sigﬁificantly affect. the specific
activity of CO conversion, the diffusion of l~butene plays an.important role
in the formation of iso=butane. |

It is important to keep in mind that there are a large number of factors
which may affect the properties of a zeolite-supported metal. Some of them
are: metal particle size and geometry, metal reducibility, location of metal,
pore structure, OH concentration and strength, lewis acidity, neutralizing

cations' present and their concentration, interaction of the metal with the
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zeolite (O0H’s, L.A. sites, cationms, structural oxygen), 'defect structure, and
pressnce of impurities. Dif’lferent catalyst preparation methods ,(21)
pretreatment conditions, etc., may cause different factors to .be important in

determining catalytic properties.
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CATALYST CHEARACTERISTICS BASED ON CHEMISORPTION

| TABLE 2

%

Catalyst —* D CO/H; . C0; ./Rurp
dP
(nm) (%)
2.5% RuNaX 1.0 83 - 2.98 247
3.1% RuNaY 1.6 51 4,59 2.24
2.8% Ru KL 2.6 32 9.88 346
2.2% RuNaM' 3.9 22 12

2.64

*determined from irrev. Ey chemisorption




TABLE 3

EFFECT OF THE SUPPORT ON F~T SYNTHESIS

‘ Ole. Frac.
Catalyst (mole?ggg.g cat) (wi?g) in(g%.-Z§4
2.5% RuNaX 2.46 47 0.49
3.1% RuNa¥Y 1.21 -73 : 0.53
3.0% RuHY 1.23 97 ca. 0.59
2.8% RWKL 2.20 54 0.56
2.2% RuNaM ' 1.06 83 ca. 0.38

Reaction conditions: 250°C, Hy/CO=l, 1 atm, GHSV = 1800 hr.”l Products det.
by T.C.D. through Cg (little HC above Cs)e
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