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Two series of catalysts were prepared by impregnating nickel and nickel-antimony over a 
rare-earth-exchanged Y-zeolite. The nickel loadings for the monometallic catalysts were within 
0.00-1.00% in weight; for the bimetallic systems the Ni loadings were in the 0.10-0.99% range while 
the Sb loadings were within 0.042-0.84% in weight. The effect of Sb addition on the structure and 
chemisorptive properties of Ni was examined using reduction studies, CO and H2 chemisorption, 
IR spectroscopy, and cracking of isooctane. Complete reduction to metallic nickel and metallic 
antimony was found for Ni- and Sb-rich catalysts. The addition of Sb dramatically decreased the 
chemisorption of H2 and CO. Infrared results suggest the formation of a single species, probably 
a Ni(CO)x species, for high-loading (>0.3%) nickel catalysts (even after desorption of the gaseous 
CO at room temperature). For the Ni-Sb catalysts the bands were much weaker (in the presence of 
gaseous CO) and practically disappeared after the evacuation procedure. The cracking of isooctane 
showed a considerable increase in the formation of coke and hydrogen with increasing Ni loadings. 
The presence of antimony restored the amounts of coke and hydrogen to the original values present 
in the unsupported zeolite. Site blockage of Ni by Sb and weakening of the Ni-C bond by the 
addition of Sb are suggested to explain the results. © 1992 Academic Press, Inc. 

INTRODUCTION 

As a result of increasing demand for gaso- 
line there is a growing interest in processing 
heavier fractions of crude oil (1, 2). This can 
be achieved through the fluidized catalytic 
cracking process (FCC). Most FCC cata- 
lysts contain 15 to 25% of zeolite in a matrix 
of silica, alumina and/or aluminosilicates, 
and synthetic or natural clays. A common 
problem found in the FCC units is the grad- 
ual loss of catalytic performance due to the 
deposition of metal contaminants contained 
in the hydrocarbon feedstocks, e.g., Ni, V, 
and Fe (3, 4). These metals promote unde- 
sirable side reactions producing large 
amounts of coke and hydrogen. A possible 
way to overcome this difficulty involves the 
use of passivating agents, particularly or- 
ganoantimony compounds (1, 5, 6). This has 
been shown to strongly reduce the effect of 
poisoning by nickel (1). 

The interaction of Sb with Ni has been 
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the subject of detailed studies. Dreiling and 
Schaffer (6) examined catalysts having 
nickel loadings in the range of 1.9-4.4% in 
weight and Sb : Ni ratios varying from 0.00 
to 0.41. From X-ray diffraction results the 
authors suggested the formation of Ni-Sb 
solid solutions with a high level of Sb pres- 
ent on the nickel surface. Geometric and 
electronic effects were invoked to explain 
the results. 

Parks et al. (7), working with different 
types of Ni and Ni-Sb catalysts, suggested 
the formation of an antimony-rich alloy. Hy- 
drogen chemisorption was effectively poi- 
soned by the presence of antimony. XPS 
showed that both antimony and nickel were 
present on surface sites with different de- 
grees of reducibility. In view of their find- 
ings, the authors proposed (a) geometric 
blocking of nickel sites by the antimony 
present in the catalyst, (b) alteration of the 
electronic properties of Ni surface atoms by 
the presence of Sb in such a way that their 
catalytic activity was significantly reduced, 
and (c) that the amount of antimony avail- 
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able to passivate the nickel is determined by 
the equilibrium between Sb interacting with 
the support and with nickel. 

The purpose of the present work is to 
clarify the role of Ni and Ni-Sb deposited 
over one of the components of a commercial 
FCC catalyst, a rare-earth-exchanged 
Y-zeolite. The results obtained in this study 
will be correlated, in a future work, with 
data obtained on real FCC catalysts. 

The following techniques were used in 
this study. H2 and CO chemisorption were 
performed to measure metal exposure. CO 
adsorption followed by IR spectroscopy 
was carried out to ascertain possible elec- 
tronic and geometric effects. X-ray photo- 
electron spectroscopy was used as a 
complementary technique for the 
characterization of the metal phase(s) of the 
catalyst. The cracking of isooctane was used 
as a test reaction, and the influence of the 
nickel loading as well as the passivating ef- 
fect of Sb on the conversion and selectivity 
patterns were studied. 

EXPERIMENTAL 

Catalysts 

A commercial REY-zeolite (Union Car- 
bide 720 mZ/g; SiO2, 60.4%; AlzO 3, 19.1%; 
La203, 15.8%; NazO, 3.9%) was heated in 
air at 590°C for 14 h. Various amounts of 
nickel (nickel naphtenate, ICN Pharmaceu- 
ticals, in toluene) were added using the stan- 
dard incipient wetness technique for the im- 
pregnation procedure. The loading was 
varied from 0.1 to 1.0 wt% nickel. 

The bimetallic catalysts were prepared in 
a similar fashion by coimpregnation with dif- 
ferent amounts of antimony (di-n-propylthi- 
ophosphate, ICN pharmaceuticals) and 
nickel (0.10-0.99% Ni, 0.042-0.84% Sb) us- 
ing toluene as solvent. 

TJae catalysts were dried for 1 h at 100°C 
and calcined for 14 h at 590°C. The chemical 
analysis was performed using atomic ab- 
sorption spectroscopy. The catalyst nomen- 
clature and the analytical data are summa- 
rized in Table 1. 

Procedures 

Hz and CO chemisorption experiments 
were performed in a conventional BET sys- 
tem similar to that used in Refs. (8, 9). Cata- 
lyst samples of approximately 0.4 g were 
placed in a glass microreactor and reduced 
in situ with pure hydrogen (60 cm3(STP)/ 
min) for 16 h at 550°C. After evacuating the 
catalysts at the same temperature for 1 h the 
H2 adsorption isotherms were obtained at 
room temperature. The H 2 uptake was ob- 
tained by extrapolation of the isotherm to 
zero pressure (10, 11). The technique of 
Yates and Sinfelt (12) was used to measure 
CO chemisorption. In short, this method in- 
volves two CO isotherms; the irreversibly 
held CO is calculated from the difference of 
both isotherms at a pressure of 100 Tort. 

The percentage reduction to the metal 
phase was determined from the oxygen up- 
take at 530°C (13). This temperature was 
sufficient to quantitatively reoxidize nickel 
to Ni(II) and antimony to Sb(V). 

Infrared spectra were recorded at room 
temperature on a Perkin-Elmer 1760X Fou- 
rier transform spectrometer with a resolu- 
tion of 2 cm -~. The IR cell described pre- 
viously (14) had a built-in furnace which 
was used to pretreat samples in situ at high 
temperatures. Samples were mounted in the 
cell as wafers having a thickness of approxi- 
mately 20 mg/cm z. 

After the reduction procedure described 
previously, the CO chemisorption studies 
were carried out as follows: 10-40 Torr of 
pure CO was admitted into the cell at room 
temperature and the spectrum was recorded 
after 3 min and after 8 h. The sample was 
then evacuated for 30 min and the spectrum 
was recorded again. Integrated intensities 
(absorbances) were normalized to unit wa- 
fer thickness (mg/cm z) and corrected for dif- 
ferences in loading (mgNi/mg of catalyst). 

The procedure used for the ESCA (XPS) 
experiments is identical to that described 
in Ref. (14). A sealable probe allowed the 
transfer of the reduced catalyst from the 
vacuum system to the spectrometer. The 
ESCA spectra were generated using an AEI 
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TABLE 1 

Chemical Composition and Chemisorption Results 

Catalyst Ni (%) Sb (%) Percentage a Chemisorption 
reduction 

(/~mol/gca t) Adsorbate/(Nir) b 

H 2 CO H/Nit CO/Nit 

CT I 0.10 - -  57 0.34 0.91 0.070 0.08 
CT 2 0.30 - -  75 4.99 17.4 0.26 0.40 
CT 3 0.50 - -  100 16.6 60.5 0.39 0.71 
CT 4 1.00 - -  100 32.4 119 0.38 0.70 
CT 5 0.10 0.042 . . . . .  
CT 6 0.29 0.28 . . . . .  
CT 7 0.49 0.31 100 1.25 3.34 0,030 0.041 
CT 8 0.99 0.84 100 3.37 6.74 0.040 0.040 

" Percentage reduction calculated by reoxidation assuming Ni(II) and Sb(V) as final oxidation states. 
For details see text. 

b Based on amount of reducible nickel (Ni0. For the bimetallic catalysts the chemisorption per 
reduced nickel atom is given. 

ES200A spectrometer  described previously 
(14). The Si 2p line (103.2 eV) of  the zeolite 
was used as an internal standard for determi- 
nation of  binding energies (7). 

Catalytic studies were carried out in a 
conventional  continuous flow system (15). 
Isooctane was placed in a saturator, the tem- 
perature of  which was set by means of  a 
thermostated bath. A flow of  nitrogen trans- 
ported the isooctane to the catalyst bed 
maintained at constant temperature 
(-+0.2°C). The isooctane pressure was 771.4 
Torr.  The reactor  was 18 cm long, 2 cm i.d., 
and made of  stainless steel. The reaction 
products  were analyzed by on-line gas chro- 
matography,  using a Perk in -Elmer  Sigma 
3B chromatograph with a flame ionization 
detector ,  and separated onto a 20% Squa- 
lane/Firebrick column (4 m, 2 mm i.d.) at 
90°C. 

CH 4 and H E were analyzed with a thermal 
conductivi ty cell Varian 3700 chromato- 
graph, using silica gel (3 m) and molecular 
sieve 5A (2 m) columns at room tempera- 
ture. The coke produced during the reaction 
was followed gravimetrically. 

The catalytic results are reported in terms 
of  the total conversion (fraction of  isooctane 

reacted per mole fed) and the percentage 
product  formation (mole percentage of  a 
particular product  or group of  products ,  
e.g., Cl, C3, etc). 

Reactants 

Hydrogen was purified by being passed 
through a molecular sieve and commercial  
Deoxo traps to remove water  and  oxygen 
traces (8). CO and O2 were purified ac- 
cording to Ref. (14). Isooctane was BDH 
reagent grade, and gas chromatography 
showed no impurities. 

RESULTS 

Chemisorption and Reduction Studies 

Table 1 gives the results for  the chemical 
composition, percentage reduction,  and 
chemisorptive properties of  the catalysts 
studied. The CO admission to the reactor  
was performed in a very slow fashion since it 
has been shown earlier (16) that high uptake 
values can be  obtained otherwise. A very  
small decline in pressure was observed dur- 
ing the adsorption of  CO (in particular for 
catalysts CT 3 and CT 4) after equilibration 
for 30 min. This could be due to the reported 
formation of  subcarbonyl species (17). 
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FIG. 1. ESCA spectra for the CT8 catalyst. (a) Nickel 2p spectrum, (b) antimony 3d spectrum. 

For the monometallic catalysts, Table 1 
shows an increase in the H 2 and CO chemi- 
sorption with increasing Ni loading up to 
1%. A dramatic decrease in CO and H2 up- 
takes is observed when Sb is added to the 
catalysts. The calculated extent of reduction 
shows a complete reduction for CT3, CT4, 
CT7, and CT 8 catalysts, whereas the 
low-loading Ni catalysts CT1 (0.10%) and 
CT 2 (0.30%) underwent 57 and 75% reduc- 
tions, respectively. 

ESCA Studies 

ESCA experiments were conducted in or- 
der to ascertain the possible oxidation states 
of the metallic components following the re- 
duction treatment. Figure 1 shows the 
ESCA results for catalyst CTs. The peaks at 
852.6 and 869.6 eV (Fig. la) correspond to 
the characteristic doublet 2p3/2 and 2pl/2 for 
metallic nickel (18). The doublet located at 
527.9 and 537.1 eV (Fig. lb) can be assigned 
to the 3d5/2 and 3d3/z transitions for metallic 
Sb (18). The results obtained, in the nickel 
region, for the CT8 sample were very similar 
to those obtained for the CT4 catalyst. The 
signal observed at 532.3 eV corresponds to 
the oxygen ls peak. 

Infrared Results 

Infrared experiments using CO as the 
probe molecule were carried out at room 
temperature according to the protocol de- 

scribed in the Experimental section. Figures 
2 and 3 show the results obtained for the CTI 
and CT 3 samples. Prior to the adsorption of 
CO (Figs. 2a and 3a) the catalysts showed 
two bands at ca. 1610 and 1840 cm- 1. After 
addition of CO five prominent peaks, desig- 
nated A, B, C, D, and E (Table 2), were 
observed in the CO region of the IR spectra. 
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FIG. 2. Infrared spectra of carbon monoxide ad- 
sorbed on the CTx catalyst (a) before adsorption of CO, 
(b) after adsorption of CO for 3 rain, (c) after adsorption 
of CO for 8 h, (d) after evacuation at room temperature 
for 30 min following procedure c. 



600 GOLDWASSER, ROJAS, AND GOLDWASSER 

T A B L E  2 
F r e q u e n c y  a s s i g n m e n t s  o f  IR B a n d s  O b t a i n e d  by  

A d s o r b i n g  C O  on  N i c k e l  and  N i c k e l - A n t i m o n y  

C a t a l y s t s  

Wavenumber/cm t 

Catalyst A B C D E Other bands 

Z 
0 

_m 

Z 

w 
F- 

~ 0 0  2 0 0 0  1800 1600 1400 
WAVENUMBER (cm -I) 

FIG. 3. I n f r a r e d  s p e c t r a  of  c a r b o n  m o n o x i d e  ad-  

so rbed  on  the C T  3 c a t a l y s t  (a) be fo re  a d s o r p t i o n  o f  CO,  

(b) a f t e r  a d s o r p t i o n  of  C O  for  3 min ,  (c) a f te r  a d s o r p t i o n  

of  C O  for  8 h, (d) a f t e r  e v a c u a t i o n  at  r o o m  t e m p e r a t u r e  

for  30 min  fo l l owing  p r o c e d u r e  c. 

The A band shows the largest shift in fre- 
quency when the nickel loading is increased 
(1927 cm -1 for the CT 1 catalyst and 1944 
cm-1 for the CT 4 sample). B and C bands 
remain constant while D and E bands show 
a moderate decrease in frequency when the 
nickel loading is increased from 0.1 and 
0.3%, respectively. In addition to the above- 
mentioned five bands other minor peaks in 
the high-frequency range from 2170 to 2190 
cm-I were observed. These bands disap- 
peared upon evacuation at room temper- 
ature. 

(I) CTn ° 1930 1993  2031 2089 2141 2172, 2185 
(II) CTI b 1933 1992 2031 2086 2141 2172, 2186 

(III) CTt ~ 1927 1990 2031 2090 2141 

(I) CT2 1931 1993  2031 2088 2141 2188 
(II) CT z 1937 1994 2031 2079 2138 2188 

( l id  CT2 1935 1994  2031 2083 2140 - -  

(I) CT~ 1941 1994 2031 2078 2135 2180, 2190 
(II) CT 3 1943 1994 2031 2076 2134 2180, 2190 

(III) CT 3 1940 1994 2031 2079 2137 

(I) CT~ 1948 1993  2032 2078 2132 2175 
(II) CT 4 1948 1991 2032 2079 2132 2175 

(III) CT 4 1944 1992 2032 2079 2132 - -  

(I) CT 7 1935 1983  2033 2079 2140 2163, 2186 
(II) CT 7 1940 1993  2031 2071 2139 2173, 2187 

( U I )  C T  7 - -  - -  - -  2061 

(I) CT8 1945 1988 2030 2079 - -  2168, 2186 
(II) CT s 1941 1991  2030 2077 2135 2057 

(III) CT8 . . . . .  2062 

After adsorption of CO for 3 min. 
b After adsorption of CO for 8 h. 
c After evacuation for 30 rain following adsorption of CO for 

8 h (footnote b). The same procedure was followed for all the 
catalysts studied. 

Table 3 shows the integrated intensities 
for various bands. For CT1 catalyst, A is the 
most intense band, particularly after evacu- 
ation of the catalyst at room temperature. 
For catalysts CT2, CT3, and CT4 the inte- 
grated intensities per gram of total nickel for 
B, C, D, and E bands show an increase in 
intensity with increasing nickel loading. 
This increase is considerably more moder- 
ate for the A band. For CT2-CT 4 catalysts 
B, C, and D bands have similar intensities 
(after adsorption of CO for 8 h and desorp- 
tion at room temperature) whereas the A 
band is the weakest. 

Figure 4 and Table 2 show the IR results 
for the CTs bimetallic catalyst. In this case 
very weak bands appear after adsorption of 
CO for 3 min (Fig. 4b). After 8 h of adsorp- 
tion (Fig. 4c) the bands become more in- 
tense; their frequencies are very similar to 
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T A B L E  3 

Integrated Intensi t ies  a of  IR Bands  Obtained by 
Adsorbing  CO on Nickel and An t imony  Catalys ts  

Cata lys t  A B C D E 

(I) CTI b 702 510 395 555 160 
(II) CT] c 816 580 430 600 180 

(III) CTI d 580 150 100 350 120 

(I) CT 2 545 510 492 621 96 
(II) CT 2 889 1371 1304 1304 300 

(III) CT2 666 990 967 999 200 

(I) CT 3 823 1851 1880 1780 286 
(1I) CT 3 1004 2610 2430 2350 602 

(III) CT 3 723 1948 1827 1736 481 

(I) CT 4 861 1804 1810 1790 290 
(ti) CT 4 1100 2410 2360 2280 800 

(III) CT 4 830 1850 1720 1640 551 

(I) CT 7 . . . . .  
(II) CT 7 194 131 164 266 41 

(III) CT 7 . . . . .  

(I) CT 8 . . . . .  127 e 
(II) CT 8 70 172 162 172 36 

(III) CT 8 . . . . .  122 f 

Integrated intensit ies normal ized to unit  wafer 
th ickness  (mg/cm 2) and given in arbitrary units per 
gram of  total nickel. 

b,c. and d Same as footnotes  ", b, and " of  Table 2, 
respectively.  

e Integrated intensi ty for the 2061 cm -I band.  
f Integrated intensi ty for the 2062 c m -  t band.  
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FIG. 4. Infrared spectra  of  CO adsorbed  on the CT8 
catalyst  (a) before adsorpt ion o f  CO, (b) after adsorp-  
tion of CO for 3 min, (c) after adsorpt ion of  CO for 8 
h, (d) after evacuat ion at room tempera ture  for 30 min 
following procedure  c. 

those found in the monometallic systems. 
After evacuating the cell for 30 min at room 
temperature the reported bands disappear 
and a weak band at 2062 cm -] emerges. 
The results for the integrated intensities are 
summarized in Table 3. The changes 
brought about by the addition of antimony 
are evident. 

Catalytic Studies 

Preliminary experiments were performed 
to determine the reaction conditions for 
maximum steady-state catalytic activity for 
the cracking of isooctane. The influence of 
parameters such as reaction temperature 
and space time was studied. Thereafter, the 
effect of Ni loading was determined under 
the previously selected experimental condi- 

tions followed by the study of the effect of 
Sb addition in these catalysts. The reaction 
products obtained were methane, propane, 
propene, isobutane, isobutene, cis- and 
trans-2-butene, and H 2. 

The influence of the reaction temperature 
over the activity of the REY-zeolite was 
determined between 350 and 550°C. As can 
be seen in Fig. 5 a significant increase in 
the yield of isobutane and isobutene was 
observed at 450°C. A similar behavior was 
obtained for the Ni and Ni-Sb impregnated 
catalysts. With respect to the effect of the 
space time (W/F), the yield of isobutane 
increases to 3.9 mg. min. ml-I (Fig. 6). At 
higher space times a significant deactivation 
of the catalyst is observed concomitant with 
a higher coke formation. 

The effect of Ni and Ni-Sb loadings over 
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FIG. 5. Product vs reaction temperature plot for the 
cracking ofisooctane over the REY-zeolite. ([2), Isobu- 
tane, (Q), isobutene. 

the activity-selectivity pattern of the 
REY-zeolite is shown in Fig. 7 and Table 4. 
Typically, the catalysts showed an initial 
increase in activity with on-stream time up 
to 60 min. This behavior, exhibited by most 
of the catalysts studied, is consistent with 
earlier reports (19). 

The following changes (with respect to 
the unpromoted zeolite) were observed 
when the nickel loading was increased: (a) 
a strong decrease in the percentage conver- 
sion (Fig. 7), (b) a decrease in the isobutane/ 
isobutene ratio (Table 4), (c) a decrease in 

75 
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FIG. 6. Isobutane vs space time plot for the cracking 
of isooctane over the REY-zeolite. 
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TIME OF REACTION ( h )  

FIG. 7. Conversion vs time of reaction plot for the 
(O) REY-zeolite, (D) the CT 2 catalyst, (©) the CT3 
catalyst, (A) the CT 5 catalyst, and (0) the CT 6 catalyst. 

the percentage of C 4 hydrocarbons (Table 
4), (d) an increase in the yield of hydrogen 
(Table 4), and (e) an increase in the amount 
of coke produced (Table 4). The addition of 
antimony restores the conversion (Fig. 7) 
and the production of hydrogen and coke 
(Table 4) originally obtained with the unpro- 
moted zeolite. 

DISCUSSION 

The chemisorption, spectroscopic, and 
catalytic results shown in this work indicate 
that drastic changes do occur when anti- 
mony is added to the catalyst. To better 
understand this phenomenon, it is necessary 
to examine the changes that occur when 
nickel is impregnated on the REY-zeolite. 

Previous studies have shown that the ex- 
tent of reduction of nickel in alumina-sup- 
ported catalysts increases with increasing 
nickel loading (17) and increasing reduction 
temperature (13). Bartholomew and Pannell 
(17) reported 29% reduction for a 0.5% Ni/ 
A1203 catalyst and 75% reduction for a 9% 
Ni/AIzO 3 catalyst reduced at 450°C. For 
Ni-SiO2 catalysts the extent of reduction is 
usually higher than that for alumina-sup- 
ported systems (16, 17, 20), due to a lower 
interaction with the support. 
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TABLE 4 

Product Distribution Obtained from the Cracking of Isooctane over REY-Zeolite, Ni-REY-Zeolite, and 
Ni-Sb-REY-Zeolite Catalysts 

Catalyst CI" C3" C4 a H2 b Coke" Isobutane/Isobutene 

REY-Z 0.33 2.14 76.4 3.05 2.78 2.22 
Ni-REY 
CT~ 1.54 4.25 57.4 4.23 3.81 1.90 
CT 2 0.49 3.37 20.2 6.20 5.10 0.90 
CT 3 0.36 4.24 23.2 7.31 6.20 0.71 
CT 4 I. 11 5.59 21.2 8.96 7.15 - -  
Sb-REY 
CT 5 1.24 3.96 74.3 4.45 3.51 2.27 
CT6 2.82 5.91 73.5 4.03 3.20 2.43 
CT 7 2.61 6.05 63.3 3.02 2.51 2.63 
CT 8 1.23 3.93 46.5 3.02 2.10 2.70 

" Values expressed in molar percentages of C~, C3, and C4 hydrocarbons. 
h H., molar percentage. 
' Coke formation was determined gravimetrically; results are given in weight percentage of coke produced. 

Several studies (21-28) indicate that for 
nickel-zeolites, prepared by ion exchange, 
the reduction process is sensitive to temper- 
ature, H 2 pressure, treatment time, pretreat- 
ment conditions, Si/AI ratio, the presence 
of electron acceptor centers, and concentra- 
tion of protons in the zeolite. Ni crystallites 
located in the supercages are assumed to 
interact strongly with the support. Those 
formed outside the framework interact in a 
much weaker fashion with the zeolite. 

Our high-loading nickel catalysts were 
completely reduced (Table 1) under our ex- 
perimental conditions. This result is not sur- 
prising since our catalysts were prepared 
using the standard incipient wetness tech- 
nique for the impregnation procedure. In 
this case, a large fraction of nickel remains 
outside the zeolite framework (22), there- 
fore, facilitating the reduction to metallic 
nickel. The low-loading catalysts CT~ and 
CT2 did not undergo total reduction, proba- 
bly due to the interaction with electron ac- 
ceptor sites of the zeolite (21, 22). 

The main reason for preparing the cata- 
lysts by the standard impregnation method 
was to resemble, as closely as possible, the 
deposition of metal contaminants (con- 

tained in the hydrocarbon feedstocks) over 
the REY-zeolite (29). 

Recently, Cadet et al. (30, 31) studied the 
reduction of nickel supported over a 
LaHY-zeolite (0.44% Ni) and other catalytic 
materials. The TPR profiles for the 
LaHY-catalyst showed two peaks, a small 
one located at 430°C and a large peak at 
730°C. According to the authors, the low- 
temperature peak was originated by the re- 
duction of nickel oxide-like particles while 
the high-temperature signal was assigned to 
the reduction of a nickel aluminate-like 
phase. The differences observed in our 
study, in which complete reduction for a 
0.5% Ni catalyst was observed at 550°C, 
with the work of Cadet et al. (30) can be 
explained in terms of (a) different reduction 
conditions (5% of HE in argon was used in 
their work, and (b) different heating pre- 
treatments (in the work of Cadet et al. (30), 
a hydrothermal aging with 100% steam at 
temperatures above 750°C was used). Under 
these conditions, the amount of surface non- 
framework aluminum, which may form a 
difficult to reduce nickel aluminate-like 
phase, increases (31, 32). 

The chemisorption results (Table 1) 
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showed an increase in the CO and hydrogen 
uptake with increasing Ni loadings up to 
0.5%. The COads/Hads ratio ranged from 1.14 
to 1.84. In the absence of gaseous or weakly 
adsorbed nickel carbonyl formation COads/ 
Hads ratios greater than 1 indicate adsorption 
of more than one CO molecule per nickel 
surface atom (17, 33). Interestingly enough, 
the mentioned ratio was weakly dependent 
on the nickel loading for the CT2-CT 4 cata- 
lysts. 

Bartholomew and Pannell (17) studied a 
series of nickel/alumina and nickel/silica 
catalysts of various compositions. For the 
nickel-alumina series a decrease in the 
COads/Hads ratio with an increase in the me- 
tallic loading was observed, with values 
ranging from 28 for 0.5% Ni/AI203 to 9.9 
and 0.8 for 1 and 23% Ni/AI203) respec- 
tively. For Ni/SiO2 catalysts the mentioned 
ratio was basically independent of the load- 
ing. Evidently, our results (for the high- 
loading catalysts) follow the trend observed 
for the nickel-silica system, where the 
metal-support interaction is rather weak (16, 
17, 20). These results are consistent with the 
reduction data. 

Our infrared data showed very few differ- 
ences in the type(s) of species responsible 
for the adsorption of CO (Table 2) over the 
nickel catalysts studied. Five bands were 
always present (A, B, C, D, E; Table 2) and 
minor changes in frequencies were ob- 
served. 

The normalized integrated intensities (Ta- 
ble 3) for the B, C, D, and E bands increase 
in the 0.1-0.5% range of nickel. These re- 
sults are consistent with the chemisorption 
data since they show an increase in CO che- 
misorption with nickel loading. Further- 
more, the intensity sequence shown for the 
above-mentioned bands (Table 3) is basi- 
cally the same irrespective of the nickel 
loading. The intensity for the A band 
showed a smaller dependence on the nickel 
loading and did not follow the sequence ob- 
served for the other bands (i.e., for the CTj 
~a, talyst the A band was the most intense 
,b~l~l after evacuation of CO for 30 min, 

while for the CT 4 catalyst the A band 
dropped to the fourth place in the intensity 
sequence). Thus, the species responsible for 
this band could be different. 

Adsorption of CO on nickel-supported 
catalysts followed by infrared spectroscopy 
has been the subject of a great number of 
investigations (33-42), particularly for 
high-loading nickel catalysts. Bands below 
2000 cm -1 have usually been assigned to 
bridged CO species, and bands above 2000 
cm-1 have usually been assigned to linear 
CO and subcarbonyl species. 

Wendlandt et al. (43) and Hobert et al. 
(44) working with 5% nickel on neutral and 
on strongly acidic Y-zeolites reported two 
different modes of adsorption of CO: the 
a-Ni(CO) 4 (2060 and 2011 cm-l) ,  in which 
one ligand interacts with the zeolite, re- 
sulting in a C3v symmetry, and fl-Ni(CO)4 
(2135, 2074, 2031, and 1998 cm-l) ,  in which 
two ligands interact with the zeolite, pro- 
ducing a Czv symmetry. The proportion of 
the a-form was reported to increase with 
increasing zeolite acidity. The bands (in par- 
ticular those at 2031 and 1998 cm -~) were 
drastically diminished by evacuation at 
room temperature and no bands in the 
1900-1950 cm-J region were observed. 

The present study shows bands similar in 
frequency (B, C, D, and E bands) to those 
of Wendlandt et al. (43) (fl-Ni(CO)4). Our 
results, however, indicate a small decrease 
in intensity (Table 3) for all the bands after 
the catalyst was evacuated for 30 min at 
room temperature (in particular, catalysts 
CT2, CT3, and CT4). This result suggests the 
formation of a strongly held form of nickel 
carbonyl (or subcarbonyl) on the zeolite. 
This assumption is consistent with the fol- 
lowing observations: 

1. The B, C, D, and E bands behave as a 
set of bands belonging to a common species. 
For example, the changes in one peak are 
always accompanied by parallel changes in 
the other bands; the intensity sequence ob- 
served before and after evacuation at room 
temperature is basically the same. This is 
usually not observed when CO is adsorbed 
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as independent species with different heats 
of adsorption (34). 

2. The B band (-1994 cm-J) is very sel- 
dom present when CO is adsorbed as inde- 
pendent species (linear, multicenter, etc.) 
(34). 

3. The addition of antimony has a similar 
effect on each one of the above-mentioned 
bands. 

4. The COads/Hads ratio, which ranged 
from 1.54 to 1.84 (CT2-CT 4 catalysts), is 
indicative of more than one CO molecule 
adsorbed per surface nickel (16, 17). 

The A band behaved in a different way. 
Based on the observed frequency value, this 
peak could be assigned to a multicentered 
or bridged species (34, 40). This correlation 
is, however, doubtful since the addition of 
antimony (catalysts CT 7 and CT8) does not 
selectively reduce the A band, as shown in 
the literature for bridge bound species (45). 
The problem remains open and deserves a 
more detailed study. 

Ni-Sb Catalysts 

Table 1 shows a dramatic decrease for 
the adsorption of hydrogen and CO when 
antimony is added to the nickel catalysts. 
These results agree with early literature (7) 
and can be explained in terms of a Ni-Sb 
alloy formation with surface enrichment in 
Sb (46, 47). 

Our infrared results for the bimetallic cat- 
alysts (before evacuation of the CO) show 
the same set of bands observed for the nickel 
catalysts plus a shoulder at 2057 cm- I. The 
intensity, however, decreases considerably 
from the values obtained for the monometal- 
lic catalysts (Table 3). This result is consis- 
tent with the chemisorption data. Interest- 
ingly, the shoulder at 2057 cm -t, which is 
indicative of gaseous or weakly adsorbed 
Ni(CO)4 (39), appears on the bimetallic cata- 
lysts. This fact can be understood since the 
addition of Sb is known to decrease the crys- 
tallite size (6, 40). It is known (17, 33) that 
formation of Ni(CO)4 as well as subcarbonyl 
species is favored over small nickel par- 
ticles. 

Drastic changes occur when CO is evacu- 
ated at room temperature. All the bands dis- 
appear and a weak band at 2062 cm -l 
emerges. These phenomena can be ex- 
plained if the irreversible adsorption of CO 
is dependent on the nature of the electronic 
interaction between Ni and Sb during the 
formation of the alloy. Ni-Sb alloys are 
known to have a large heat of formation 
( -7 .9  kcal/mol) (49). Electronic effects 
have been proposed in the literature (50) to 
explain the strong Ni-Sb interaction present 
in bimetallic systems. Due to this effect the 
backbonding capacity of nickel may be re- 
duced by the presence of Sb, producing a 
decrease in the Ni-C bond strength, thereby 
decreasing the amount of chemisorbed CO. 

The nature of the weak band at 2062 cm- 1 
is still under study. Presumably, a very 
small amount of linearly adsorbed CO (40), 
produced by decarbonylation of the ill-ad- 
sorbed species during the evacuation pro- 
cess, might be responsible for the mentioned 
band. The band position (Table 2) and the 
ratio G O a d s / H a d  s --~ 1 (Table 1) are consistent 
with this suggestion. More work is needed 
to shed light on this particular subject. 

Catalytic Results 

Cracking of model compounds, such as 
isooctane (51), is often used as a measure 
for the activity of catalysts. The behavior of 
the REY-zeolite follows the expected pat- 
tern characteristic of hydrocracking cata- 
lysts, namely a high yield of C4 hydrocarbon 
(Table 4), indicating the presence of a pri- 
mary cracking process (52, 53). Saturation 
of the formed isobutene by hydrogen trans- 
fer seems to be the only important second- 
ary reaction. The high activity of the 
REY-zeolite is related to its acidity and to 
its open pore structure which allows the ac- 
cessibility of the reactant to the active 
cracking sites of the zeolite (53). The pres- 
ence of nickel on the zeolite strongly mod- 
ifies the selectivity of the cracking products 
toward a higher production of methane and 
hydrogen. It also favors the formation of 
unsaturated compounds, which may, by 
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condensation, increase the amount of coke 
(54). According to O'Connor and Gevers 
(1) the hydrogen/methane ratio is strongly 
dependent on the amount of "act ive" nickel 
present on the catalyst. The order of magni- 
tude increase observed in the present study 
with increasing nickel loadings (catalysts 
C T r C T  4, Table 4) confirms this obser- 
vation. 

The strong decrease observed in the per- 
centage conversion of nickel catalysts can 
be explained in terms of the interaction of 
the nickel with the active sites of the zeolite 
and increased coke formation which can 
cause pore mouth plugging. Nickel is a pro- 
moter for cracking and coking (29, 30). If 
poisoning of the active sites by coking is 
more pronounced than the cracking promo- 
tion, the presence of nickel will lead to a 
decrease in the conversion level, as was ob- 
served. 

The addition of antimony restores the pro- 
duction of hydrogen and coke as well as 
the isobutane/isobutene ratio to the values 
originally observed with the unpromoted ze- 
olite. Interestingly, the hydrogen/methane 
ratio is strongly decreased by the presence 
of antimony (Table 4). Evidently, the dehy- 
drogenating capacity of nickel is seriously 
diminished by Sb. This effect can be under- 
stood in terms of the formation of an exo- 
thermic Ni-Sb alloy with enrichment of an- 
timony on the surface of the Ni-Sbx 
crystallites, as proposed in the literature (6, 
7, 50). 

Finally, some observations concerning 
the significance of this work are in order. 
This study was undertaken to further clarify 
the surface chemistry of nickel and 
nickel-antimony-REY-zeolite catalysts. 
Although progress was made toward this 
objective, a legitimate question arises: How 
do our results relate to real FCC catalysts 
in which the Ni-Sb interaction might be sub- 
stantially altered by the matrix? Preliminary 
results (48) obtained with FCC catalysts, 
prepared with nickel and nickel-antimony 
loadings similar to those used in this work, 
have shown the following: (a) the activity 

and selectivity trends found for the cracking 
of isooctane were similar to those obtained 
in this work. The addition of Sb suppressed 
the formation of coke and H 2 (with respect 
to the nickel catalysts). (b) The tempera- 
tures needed for the reduction of the nickel 
catalysts were higher than those found in 
this work, in accordance with the literature 
(30). The high-loading catalysts, as in this 
work, were more easily reduced than the 
low-loading catalysts. More work is pres- 
ently under way on the FCC catalysts. 

CONCLUSIONS 

Ni Catalysts 

1. Nickel-REY catalysts showed total 
reduction to metallic nickel for loadings 
higher than 0.3% in weight. These results 
differ from those reported in the literature 
for nickel-alumina catalysts with similar 
loadings. 

2. The amount of chemisorbed CO and 
hydrogen increased with the nickel loading. 
The COads/Had s ratios were larger than one 
(for the higher Ni loadings) and showed a 
very small dependence on the amount of 
nickel. The IR experiments suggested a sin- 
gle species, presumably a Ni(CO)x species, 
strongly adsorbed. 

3. The cracking of isooctane showed an 
increase in the amounts of coke and hydro- 
gen produced as the nickel loading was in- 
creased. A decrease in the total conversion 
and C4 yield was also observed. 

Ni-Sb Catalysts 

1. Catalysts CT 7 (0.49% Ni, 0.31% Sb) 
and CT8 (0.99% Ni, 0.84% Sb) showed total 
reduction for both metals. 

2. The chemisorption of hydrogen and 
CO was drastically reduced compared to the 
Ni-REY catalysts. COads/Had s ratios were 
close to one. The IR experiments (in the 
presence of gaseous CO) showed a set of 
bands similar to those on the Ni-REY cata- 
lysts. Their intensities were, however, 
greatly reduced. Evacuation at room tem- 
perature led to the disappearance of the ob- 
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served bands while a very weak band at 
-2062  cm- ~ emerged. 

3. The addition of antimony practically 
restored the values of coke and hydrogen 
obtained with the unpromoted zeolite. The 
effect on the total conversion was similar. 
Our results can be understood in terms of 
the formation of an exothermic Ni -Sb  alloy 
with surface enrichment in antimony, as 
proposed in the literature (6, 7, 50). 
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