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The specific activity of supported nickel for benzene hydrogenation, ethane and 
n-hexane hydrogenolysis decreases with the increasing acidity of the support in the 
order of SiOI > AhO, > silica-alumina > Y faujasite; the Y faujasites (Na, Li, Ca. 

Mg) all have the same activities. The reducibility of 3% nickel faujasites decreases 

from 100% to zero in the order NaY - LiY > CaY > MgY > NH,Y = 0. Specific 
n-hexane isomerization rates increase with acidity so that isomer yields arc maxi- 

mized for Cay. 
There are two types of sites on nickel. Site I (35%) promotes hydrogenolysis, Site 

II (65% weakrr than Site I) hydrogenation-dehydrogenation. There is no evidence 
for synergistic influences between metal and acid sites. 

Catalytic dual-functionality is used ex- 
tensively in commercial processes such as 
hydrocracking and reforming. In addition, 
the unintentional presence of secondary 
catalytic components, such as metal poisons 
on cracking cat’alysts, often plays an im- 
portant role in establishing selectivity fac- 
tors. A thorough understanding of the inter- 
relation between the different t’ypes of 
activities is essential for t’he design of novel 
and more efficient, catalytic operations. The 
present state of knowledge has been re- 
viewed extensively (1-3) and many re- 
search reports devoted to this subject ap- 
pear in this and other journals. 

One of the most widely used systems is 
nickel dispersed on various acid supports, 
in spite of susceptibility t’o sulfur poison- 
ing. Several definitive yet conflicting pat- 
terns are beginning to emerge. Taylor and 
Staffen (4), Yates et al. (5)) Taylor et al. 
(6, 7), Carter et al. (8, 9) reported that 
benzene hydrogenation, cyclopropane hy- 
drogenation, and ethane hydrogenolysis 
over Ni-Si02, Ni-Al,O, and Ni-silica- 
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alumina show different intrinsic activities 
depending upon the support used. Ethane 
hydrogenolysis is also sensitive to nickel 
crystallite size. Shephard (IO), working 
with propane hydrogenolysis, also showed 
crysta.llite size effects for Ni-ALO,. Aben 
et al. (11), however, report’ed benzene hy- 
drogenation to be independent of support 
and particle size. 

Several hypotheses have been advanced 
to explain these observations. These include 
metal-support electronic interactions, sup- 
port-induced morphology differences, mo- 
lecular inaccessibility through metal-sup- 
port compounds, and microporosity. These 
possibilities raise an interesting funda- 
mental question in the use of nickel for 
dual functional reactions. Namely, do the 
metallic activity (M) of the nickel and 
the acidic activity (A) of the support func- 
tion in a purely additive way to give a 
combined activity of (M + A), or is there 
a dependence of M on A and/or A on M so 
that the final activity is better represented 
by (M + A + MA) ? Thus, the factors in 
SiO,, Al,O, and silica-alumina which es- 
tablish the acidic properties might also 
play a part in altering the hydrogenat’ion 
activity of the nickel. The analysis of the 
direct interplay between acidity and hy- 
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drogenation is complicated by the struc- 
tural and morphological factors inherent 
in the different chemical and physical 
properties of the support. 

Obviously, a series of supports with es- 
sentially the same chemical nature, similar 
morphology and porosity, containing the 
same amount of identical nickel crystal- 
lites but exhibiting a wide range of acidic 
behavior is necessary in order to clarify 
these points. Faujasites, cation-exchanged 
to yield different acidities (I.??, IS), fill this 
need. 

The results reported below show that the 
hydrogenation activity and acidic activity 
in the nickel-faujasite system are inde- 
pendent of each other, with no mutual en- 
hancement of the overall dual-functional 
activity. However, there is a dependence 
of nickel reducibility on the cation present 
with a subsequent effect on yields. Further- 
more, the results of Sinfelt and co-workers 
have been confirmed and included in this 
comparison,, Metal poisoning experiments 
suggest site heterogeneity on the nickel. 

EXPERIMENTAL METHODS 

1. Catalysts 

Samples of Na, Li, Ca, Mg, and NH, 
faujasites were back-exchanged with nickel 
nitrate solution to give approximately 3 
wt % nickel, measured by chemical analy- 
sis. The catalysts were thoroughly washed 
after each exchange to insure that no ex- 
cess nickel remained. The usual drying 
procedures were carried out at 100°C in 
N, before reduction and use. 

Samples of Ni-SiO,, Ni-Al,O, and Ni- 
silica alumina were prepared by impreg- 
nating high purity silica, y-Al,O, and 
Davisson DA-l cracking catalyst with 
enough nickel nitrate solution to give 57% 
nickel. Similar drying and reduction treat- 
ments were used. 

2. Pretreatment 

All catalysts were reduced in the reactor 
with flowing hydrogen for 16 hr at 400°C. 
Samples of the same catalyst were reduced 
under the same conditions in a Faraday 
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FIG. 1. Magnetization versus magnetic field for 
Ni-Li-Y and Ni-Mg-Y. 

magnetization apparatus described else- 
where (14). Typical results of magnetiza- 
tion versus magnetic field following this 
reduction are given in Fig. 1. The satura- 
tion magnetization, u-, was obtained from 
the empirical expression (IS), 

1 -= 
u -&+ l u,(aH)“~g ’ (1) 

from which the weight fraction of reduced 
nickel was calculated, using 

w = 5F5 (2) 

Also, an estimate of the particle size was 
made from (16) 

da _ 1%w Go [ 1 7rIH m ’ (3) 

where d is the average particle diameter, 
I the spontaneous magnetization of bulk 
nickel, T the temperature and k the Boltz- 
man constant. 

5. Catalytic Activity 

Four test reactions were used; cumene 
cracking (1.9) to characterize acidic activ- 
ity, benzene hydrogenation, and ethane 
hydrogenolysis to measure metallic hydro- 
genation activity, and n-hexane isomeriza- 
tion as an index to dual-functional activity. 
The same flow reactor was used for each 
reaction but with fresh samples for each 
run. Activity was calculated from the con- 
version after 1 hr at a standard temper- 
ature and flow rate, predetermined to give 
measurable yet small conversions. Appro- 
priate chromatographic columns were used 
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to analyze the reactor tail gas for the The faujasite series shows a decrease in 
products of each particular reaction. reduced nickel as the acidity increases. The 

Helium was passed through a cumene crystallite sizes decreases slightly with in- 
saturator as the feed for cumene cracking; creased acidity but not in any significant 
hydrogen saturated with benzene and n- manner. Rabo et al. (17) have studied the 
hexane was used for benzene hydrogenation reducibility of Ni2+ ions in Ca-Y faujasite 
and n-hexane isomerization, respectively. by alkali metals. They concluded that 
A mixture of hydrogen and ethane was nickel ions located in the & positions (in- 
used for ethane hydrogenation. The exact terior, sixfold coordination with oxygen 
conditions are given in Table 1. ions) are harder to reduce than those in 

TABLE 1 
AMOUNT, EXTFJNT OF RNXTCTION, AND >IAGNETIC PARTICLE SIZE FOR NICKLE ON ACID SUPPORTS 

Support, Wt %; Ni Wt y0 Ni reduced 
Crystallite 
diam (b) 

Sllrface area” (m”/g 
of Ni reduced) 

SiO2 5.00 4.95 95 69 

AMA 5.03 0.63 79 86 
Silica-alumina 4.89 3.68 83 Xl 
Na-Y 2.46 2.46 126 54 
Li-Y 3.03 2.41 112 59 
Ca-Y 3.05 2.31 99 66 
Mg-Y 2.68 1.21 95 70 
NHb-Y 2.40 0 

n Calculated from the Ni crystallite diameter. 

Reaction rates were determined from: 

rate = 
F 

il 
; X (Conversion), (4) 

where F is the feed rate in moles per min- 
ute and o is the weight fraction of reduced 
nickel. 

In the few cases where conversion was 
high enough so that differential conditions 
did not apply, an average feed rate, based 
on entrance and exit concentrations, was 
used in Eq. (4). 

RESULTS AND DISCUSSION 

Results of the magnetic measurements 
of reducibility and crystallite size are given 
in Table 1. The small amount of reduced 
nickel on y-Al,Os is not surprising in view 
of the formation of nonreducible NiAl,O, 
under these conditions (15, 16). Silica- 
alumina also complexes a smaller amount 
of the nickel in a nonreducible form. All 
of the nickel on silica is reduced but the 
nickel area is less than that obtained by 
Taylor et al. (6). 

the X1, posit’ions (surface of the Jupercage, 
threefold coordination wit’h oxygen ions). 
Furthermore, nickel prefers the & to the 
S,, position. There are 16 X1 positions in a 
unit cell of Y faujasite. The samples in 
this investigation contain approximately 
3 wt % nickel or 5-6 atoms/unit cell. There 
are sufficient locations to satisfy all of the 
nickel ions in S, positions. 

It is tempting to hypothesize t’hat the 
decreased reducibility of the nickel ions 
is due to an increase in the nickel S, con- 
centration as the acidity increases. How- 
ever, t’his is cont,rary to electrostatic and 
other considerations which predict that the 
Na-faujasite would exchange with a 
greater number of nickel ions in the SI 
position than the Mg-faujasite. 

These observations may reflect a decreas- 
ing accessibility or affinity for hydrogen 
of the nickel in the & position. However, 
the effective charge of the nickel is ex- 
pected to increase as the neighboring ca- 
tions increase in charge/size ratio (e/r), 
exerting a greater electron attraction on 
the nickel-oxygen bonds (12, 18). This in- 
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crease in electron affinity from Ni-Na-Y to 
Ni-Mg-Y should result in an increased 
nickel reducibility. Predictions based on 
size factors alone show a similar tendency. 
Thus, hydrogen accessibility and activation 
is not a reasonable hypothesis. 

The formation of nickel particles ap- 
proximately 100 A in diameter on the ex- 
terior of the faujasite crystallites must 
entail a mobile intermediate species such 
as NiO, Nil+ or Ni-H. A decrease in mo- 
bility of this species as the overall cavity 
polarization increases may be a factor in 
controlling the decreased reduction. Fur- 
ther investigative attempts at detecting 
these intermediates and clarifying the 
exact mechanism of nickel reduction in 
faujasites will be necessary in order to re- 
solve these points. 

The possibility that the nickel is indeed 
fully reduced but exists in crystallites too 
small to be detected magnetically must be 
considered. Figure 2 shows that the ben- 
zene conversion is directly dependent on 
the amount of reduced nickel, decreasing 
to zero for the Ni-NH,Y faujasite. If the 
nickel were present as a highly dispersed 
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FIG. 2. Benzene hydorgenation dependence on the 
amount of reduced nickel in the faujasites. 

nickel, the benzene activity would remain 
the same, if not increase. Similar effects 
were noted for ethane hydrogenolysis and 
n-hexane conversion. Furthermore, Yates 
(19), working with this same Ni-NH,-Y 
faujasite, found no hydrogen adsorption 
characteristic of reduced nickel. The pos- 
sibility of undetected nickel particles need 
not be considered. 

Results of the catalytic activity measure- 

TABLE 2 
CATALYTIC ACTIVITY MEASUREMENTS 

Reactor length, 2.2 cm; reactor diam, 0.5 cm; pressure, 1 atm; particle size, SO,. 

Cumene Benzene hy- Ethane hy- 
Reaction: dealliylation drogenation drogenolysis wHexane isomerization 
Temp (“C) : 300 150 300 300 
Catalyst w (g): 0.600 0.600 0.600 0.600 
Flow rate (cm3/min) : 25 13 20 20 
Feed rate (moles/min) : 2.85 X 1OP 3.11 x 10-S 2.17 x 1OP 8.78 x lo-5 

Conversions (mole %) 
~- 

n-Hexane 

Support 
Wt y0 Ni Hydrogen- 
reduced olysis Isomerization 

SiO, 4.96 0.2 >lOO >lOO >lOO 0 
AM& 0.63 0.7 54.3 - 28.1 0 

Silica-alumina 3.68 1.0 75.8 18.1 20.0 0.1 

Na-Y 2.46 4.0 13.5 3.3 12.3 .6 
Li-Y 2.41 32 13.5 2.8 13.6 1.0 
Ca-Y 2.31 40 12.7 3.0 13.4 8.0 
Mg-Y 1.21 53 6.1 2.0 6.0 5.0 
NH4 0 88 0 0 0 0 
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merits are given in Table 2. Cumene de- 
alkylation is a useful index for acid ac- 
tivity (12) even though the exact 
interrelation is not known. The Ni-Y fau- 
jasites show t’he expected increase in cumene 
conversion as t’he cation changes from Na 
to NH,. There is an increase over the con- 
version observed for the samples wit,hout 
nickel (12) due to the effect of the Ni’+ 
ions themselves. The synergistic enhance- 
ment displayed by the Cu-faujasite sys- 
tem (Id) was not present, however. Re- 
duction with hydrogen resulted in a further 
increase in cumene conversion, promoted 
by the proton sites left behind when the 
nickel ions were removed. This effect was 
not significant and did not alter the de- 
pendence of acidity on the cation. The 
cumene conversion is used, hereafter, as an 
acidit’y parameter in order to compare the 
behavior of the various supports. 

Benzene hydrogenation and ethanc hy- 
drogenolysis both reflect the activity of the 
metallic component. As discussed above, 
t,here is disagreement on whether or not 
the activities per unit surface of metal are 
constant, or dependent on the support. 
Table 2 shows a wide variation of both 
these conversions as the support’ varies 
from SiO, to NH,-Y. For the faujasites, 
the extent of reduct’ion will naturally in- 
fluence the results. The intrinsic rates 
(Table 3) of the faujavites are approxi- 
mately constant for both these reactions. 
They were averaged and compared in 
Table 4 with the results of Taylor and 
Staffin (4), Yates et nl. (5), Taylor et al. 

TABLE 3 
RICAVTION RATES FOR BIGNZKNI: HYDHOGEKATION 

ANI) ETHANI: HYIXWGENOLYSJS ON Ni-FAUJASITE 

CATALYSTS 

Rates (moles/min/m2 reduced Nii 

Benzene hydro- Ethane hydrogen- 
genation (1.5O”C I olysis (300°C) 

support iX10”) (X 106) 

NaY -5.26 8 93 
LiY 4.92 7.08 
CaY 4 .32 7.05 
MgY 3. 7:: 8.36 
NH,Y - 

(6, 7), and Carter et al. (8, 9) for SiO? 
and silica-alumina supports. The agrec- 
ment is fairly good considering these were 
different preparations and process condi- 
tions. The trends are the same in the three 
sets of measurements. When compared with 
the faujasites in this study, there is a 
definite effect, SiO, > silica alumina > fau- 
jasite. Since this is also the direction of 
increasing acidity, the specific rates (per 
gram of reduced nickel) are plotted in 
Fig. 3 as a function of cumene conversion. 
Figure 3 is not intended to imply that there 
is a dependence of t’hese rates on the 
acidity of the support (thus indicating 
some dual-functional mechanism) but 
merely demonstrates the large differences 
observed by the met’als under the influence 
of these supports. If these differences are 
related to the structure or morphology in- 
duced by the support, then Fig. 3 shows 

TABLE 4 
COI\IPARISON OF RESULTS WITH P~tr:v~ocs ~UI:ASUIUZAWNT 

Rates (moles/min/m* Ni) (reduced) 

support: 
Reaction 

SiOs Silica-alumina Y-l”aujasit,es 

Benzene hydrogenation (150°C) 
This study 1.64 x 10Pb 1.32 x 10-S 4.56 x 1OP 

Ref. (4) 0.71 x 10-d” 2.18 x 10-b - 

Ethane hydrogenolysis (300°C) 
This stud) 5.48 x lo-4* 2.20 x 10-5 7.86 x 10F 
Ref. (6) 1.03 x 10-40 1.74 x loPa 

a Extrapolated to these conditions using the kinetic parameters given by a\lt,hors. 
b Extrapolated from lower temperatllre data. 
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FIG. 3. Benzene hydrogenation and ethane hydro- 
genolysis over nickel as a function of support acid 
activity. 

that the faujasite series does indeed yield 
identical crystallites of nickel, although 
different from those of the other materials. 
If, however, the variations are due to an 
induction from some surface property that 
also affects the acidity, then this influence 
is only important at low acidities and the 
metal is insensitive in the acid strength 
range represented by the faujasites. 

The dual-functional mechanism for n- 
hexane isomerization has been reviewed 
extensively (2) and is shown in Fig. 4. The 
terminology suggested by Weisz (2) to 
differentiate between “hydrogenolysis” 
(cracking on M sites) and “hydrocracking” 
(cracking on A sites) has been adopted. 
Typical product distributions are shown 

n-hexane c 1 il-C6 

M kl(-tl) 
I 

[ 1 k;! I 
“-%= A- fso-hexene i-Q= [I 

Hydrcgenolysis 

[Cl, C4r cs] 

FIG. 4. Dual-functional mechanism for n-hexane 
isomerization. 
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TABLE 5 
HzS POISONING ON Ni-Li-Y FAUJASITE 

n-Hexane hydrogenolysis and isom- 
erization (moles/100 moles of nC& 

HzS cm3 

Product 0 0.05 0.10 0.15 0.2 

Cl 56.5 32.8 - - 

CZ - - - - 

C8 0.89 2.10 0.64 0.25 0.20 
iC4 0.05 0.23 - - - 

nC4 1.63 2.69 - - - 
iC6 0.24 0.53 - - - 

nC6 2.33 3.43 - - 
2MP 0.62 1.66 3.43 2.42 1.01 
3MP 0.32 1.42 0.84 0.66 0.49 

nC6 85.5 91.2 95.4 96.7 - 

in Table 5. The isomerization rate is taken 
to be the rate of conversion of n-hexane to 
the isomers 2-methylpentane and 3-methyl- 
pentane. The hydrogenolysis rate accounts 
for the excess conversion of n-hexane over 
isomerization although this also includes 
the “hydrocracking” formation of propane. 
No olefins were detected in the product. 

Figure 5 shows the variation of both 
these rates with support acidity. Silica and 
alumina promote hydrogenolysis only, with 
the hydrogenolysis rate decreasing to a 
constant value for the silica-alumina and 
faujasites. This is similar to the behavior 
of benzene and ethane. The isomerization 
rate increases with acidity as expected, but 
there is a large variation over the faujasite 
range. This isomerization reflects the total 

10’4 I I f I I 10’6 
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FIG. 5. n-Hexane hydrogenolysis and isomeriza- 
tion over nickel as a function of support acid activity. 
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effect of steps k,, k,, and k, in Fig. 4 but 
responds mostly to increases in k,, since 
k, and L, remain constant. The balance be- 
tween increasing isomerization and a de- 
creasing amount of reduced nickel results 
in the optimum yield of isomerization 
shown in Table 2 for Ni-Ca-Y. Thus, there 
is no evidence to support any dependence 
ofMonAorAonM. 

In order to confirm and further elucidate 
this last conclusion, samples of Ni-Li-Y 
were progressively poisoned with doses of 
H,S during cumene, benzene, and n-hexane 
conversion measurements. Figure 6 shows 
the response of the acid and metal ac- 
tivities to H,S poisoning. The cumene de- 
alkylation remains the same, whereas the 
benzene hydrogenation conversion decreases 
to zero with increasing sulfur poisoning. 
Thus, the H,S does not affect the acid but 
progressively poisons the metal sites. The 
benzene hydrogenation curve in Fig. 6 
would result if either the nickel surface 
were poisoned uniformly or the bed were 
selectively deactivated with a sulfided zone 
moving down the reactor. However, the re- 
sults shown in Fig. 7 for t,he n-hexane con- 
version clearly indicate that uniform sur- 
face poisoning is taking place. The fresh 
catalyst converts 93% of the n-hexane via 
the hydrogenolysis route. Figure 7 shows 
that this activity is rapidly deactivated by 
H&S, resulting in an increase of the isom- 
erization rate. This implies that the in- 

FIQ. 6. EFect of H8 poisoning on metal and acid 
functions. 

0 05 10 .15 20 .25 .30 
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FIG. 7. Effect of HtSfpoisoning on n-hexane hy- 
drogenolysis and isomerization. 

termediate isohexenes are competitively 
cracked by hydrogenolysis on the most 
active sites of the nickel. These active sites 
(Type I) account for approximat’ely 35% 
of the metallic sites. The Type I sites are 
poisoned after the second dose of H&S. The 
remaining sit’es (Type II, weaker than 
Type I) show almost exclusively isomeri- 
zation activity with only a small amount 
of hydrocracking. Subsequent poisoning 
results in a continuing decrease of both 
isomerization and hydrocracking. The 
catalyst is completely poisoned after 0.25 
ml of H&S. Assuming all the H&S is ad- 
sorbed and using the nickel area given in 
Table 1, this corresponds to one sulfur 
atom adsorbed for every two surface nickel 
atoms. This is in agreement with the re- 
sults of Selwood (20), demonstrating the 
internal consistency of this interpretation 
of magnetic particle size and sulfur poison- 
ing. Benzene hydrogenation is poisoned at 
the same H,S dosage and must accordingly 
take place on Type II sites. This is not 
surprising since the k,, k, step for isomeri- 
zation involves dehydrogenation-hydro- 
genation mechanism on Type II. 

CONCLUSIONS 

The conclusions from this investigation 
are as follows: 

1. The specific activity of reduced nickel 
for benzene hydrogenation, ethanc and n- 

hexane hydrogenolysis decreases with the 
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increasing acidity of the support in the 
order SiOZ > ALO > silica-alumina > Y 
faujasites, but these activities remain con- 
stant in the faujasite acidity range from 
Na-Y to Mg-Y. 

2. The specific n-hexane isomerization 
activity of the nickel-support increases 
with increasing support acidity. 

3. The reducibility of the nickel ion- 
exchanged at the 3 wt % level decreases in 
the faujasite series, NaY to NH,-Y. 

4. The net effect of (2) and (3) is to 
maximize the isohexane yield at Ni-Ca-Y. 

5. There are two types of sites on nickel 
supported by faujasite. Type I, the most 
active, accounts for 35% of the total sur- 
face and is responsible for n-hexane hy- 
drogenolysis. Type II is responsible for 
n-hexane isomerization, hydrocracking, 
and benzene hydrogenation. 

6. Hydrogen sulfide poisons Type II 
sites with one sulfur for every two nickel 
atoms. 

7. There is no evidence of other than 
simple additive behavior in the dual-func- 
tioned activity of nickel and faujasite 
acidity. 
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