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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 SiO. > ALQ; > 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 vields are maxi-

mized for CaY.

There are two types of sites on nickel. Site I (35%) promotes hydrogenolysis, Site
IT (65% weaker than Site I) hydrogenation-dehydrogenation. There is no evidence
for synergistic influences between metal and acid sites.

INTRODUCTION

Catalytie 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 catalysts, often plays an im-
portant role in establishing selectivity fac-
tors. A thorough understanding of the inter-
relation between the different types of
activities is essential for the design of novel
and more efficient catalytic operations. The
present state of knowledge has been re-
viewed extensively (I-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 to 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, cyeclopropane hy-
drogenation, and ethane hydrogenolysis
over Ni-Si0,, Ni-AlLO, and Ni-silica—
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Boulevard. Houston, Texas 77004.

alumina show different intrinsic activities
depending upon the support used. Ethane
hydrogenolysis is also sensitive to nickel
crystallite size. Shephard (10), working
with propanc hydrogenolysis, also showed
crystallite size effects for Ni-AlLO.. Aben
et al. (11), however, reported 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 (A4) 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 4 A+ MA)? Thus, the factors in
Si0,, AL:O; and silica—alumina which es-
tablish the acidic properties might also
play a part in altering the hydrogenation
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 (12, 13), 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-Si0,, Ni-Al,0; and Ni-
silieca alumina were prepared by impreg-
nating high purity silica, y-Al,O; and
Davisson DA-1 cracking catalyst with
enough nickel nitrate solution to give 5%
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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Fic. 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, o, , was obtained from
the empirical expression (15),

1 1 1

¢ = ou T el @
from which the weight fraction of reduced
nickel was calculated, using

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

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

3. Catalytic Activity

Four test reactions were used; cumene
cracking (12) 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
products of each particular reaction.
Helium was passed through a cumene
saturator as the feed for cumene eracking;
hydrogen saturated with benzene and n-
hexane was used for benzene hydrogenation
and n-hexane isomerization, respectively.
A mixture of hydrogen and ethane was
used for ethane hydrogenation. The exact
conditions are given in Table 1.

T. RICHARDSON

The faujasite series shows a decrease in
reduced nickel as the acidity increases. The
crystallite sizes decreases slightly with in-
creased acidity but not in any significant
manner. Rabo et al. (17) have studied the
reducibility of Ni** ions in Ca-Y faujasite
by alkali metals. They concluded that
nickel ions located in the 8; positions (in-
terior, sixfold coordination with oxygen
ions) are harder to reduce than those in

TABLE 1
Amount, EXTENT OF REDUCTION, AND MAGNETIC PARTICLE SizE FOR NICKLE ON AcCIp SUPPORTS

Crystallite Surface area® (m?/g

Support Wt 9, Ni Wt 9 Nireduced diam (R) of Ni reduced)
Si0s 5.00 4.95 95 69
Al O 5.03 0.63 79 86
Silica—alumina 4.89 3.68 83 81
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
NH-Y 2.40 0 —

@ Calculated from the Ni erystallite diameter.

Reaction rates were determined from:

rate = [E] X (Conversion), (4)
w

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 corditions
did not apply, an average feed rate, based
on entrance and exit concentrations, was
used in Eq. (4).

Resurts AND DiscussioN

Results of the magnetic measurements
of reduecibility and crystallite size are given
in Table 1. The small amount of reduced
nickel on y-Al,O; 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 S;; positions (surface of the supercage,
threefold coordination with oxygen ions).
Furthermore, nickel prefers the S; to the
Si position. There are 16 S; 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 that the
decreased reducibility of the nickel ions
is due to an increase in the nickel S; con-
centration as the acidity increases. How-
ever, this is contrary to electrostatic and
other considerations which predict that the
Na-faujasite would exchange with a
greater number of nickel ions in the §;
position than the Mg—faujasite.

These observations may reflect a decreas-
ing accessibility or affinity for hydrogen
of the nickel in the Sy 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 Ni°, Ni** 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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F1c. 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 em; reactor diam, 0.5 em; pressure, 1 atm; particle size, 60u.

Cumene Benzene hy- Ethane hy-
Reaction: dealkylation drogenation drogenolysis n-Hexane isomerization
Temp (°C): 300 150 300 300
Catalyst w (g): 0.600 0.600 0.600 0.600
Flow rate (ecm3/min): 25 13 20 20
Feed rate (moles/min): 2.8 x 105 3.11 X 105 2.17 X 10~ 8.78 X 105
Conversions (mole %)
n-Hexane
Wt 9 Ni Hydrogen-

Support reduced olysis Isomerization
Si0; 4.96 0.2 >100 >100 >100 0
AlLOs 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
NH, 0 88 0 0 0 0
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ments 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 NiiV fan

interrelation is not known. The Ni-Y fau-
jasites show the expected increase in cumene
conversion as the cation changes from Na
to NH,. There is an increase over the con-
version observed for the samples without
nickel (72) due to the effect of the Ni?*
ions themselves. The synergistic enhance-
ment displayed by the Cu»faujasite sys-
tem (12) 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 mgmﬁcam and did not alter t
pendence of acidity on the cation. The
cumene conversion is used, hereafter, as an
acidity parameter in order to compare the

behavior of the various supports.

+ha Aa
L yc-

drogenolysis both refleet the actlvlty of the
metallic component. As discussed above,
there 1s 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 Si0, to NH,-Y. For the faujasites,
the extent of reduction will naturally in-
fluence the results. The intrinsic rates
(Table 3) of the faujasites are approxi-

mately constant for both these reactions.
Thev  were and

1 1iCYy WwCicC alill

Table 4 with the results of Taylor and
Staffin (4), Yates et al. (5), Taylor et al.
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TABLE 3
RractioNn Rates vOR BENZENE HYDROGENATION
AND ETHANE HyYDROGENOLYSIS ON Ni-FAUJASITE
CATALYSTS

Rates (moles/min/m? reduced Ni)

Benzene hydro-
genation (150°C)

Ethane hydrogen-
olysis (300°C)

Support (x108) (X 108)

NaY 5.26 8.93

LiY 4.92 7.08

CaY 4.32 7.05

MgY 3.73 8.36

NH v . —

NH,Y

(8, 7)., and Carter et al. (8 9 for Si0.
(6, 7), and Carter ef al. (8 9) for SiO
and silica-alumina supports. The agree-

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, S10, > 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.
Flgure 3 is not intended to imply that there
LUEDU ldLUb on blle
acidity of the support (thus indicating
some dual-functional mechanism) but
merely demonstrates the large differences

observed by the metals under the influence

2O
Lilese ailierences are

related to the structure or morphology in-
duced by the support, then Fig. 3 shows

is a ucpcuucuu: of

LIIESC suppPoivs

of these qnp}'\nrfc

TABLE 4
CompaRrisoN oF REsurrs witH Previots MEASUREMENT

Rates (moles/min/m? Ni) (reduced’

Support: 8i0.

Reaction

Silica-alumina Y-TFaujasites

Benzene hydrogenation (150°C)

This study 1.64 X 107%

Ref. (4) 0.71 X 10~#
Ethane hydrogenolysis (300°C)

This study 5.48 X 10~

Ref. (6) 1.03 X 10~

1.32 X 10— 4.56 X 10°¢
2.18 X 1078 —
2.20 X 1078 7.86 x 1078
1.74 X 107%a —

@ Extrapolated to these conditions using the kinetic parameters given by authors.

b Extrapolated from lower temperature data.
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TABLE 5
H,S PowisoniNg oN Ni-Li-Y FAuviasiTE

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

RATE, MOLES/MIN/GRAM REDUGED NIGKEL

3
S

1 10 100
AGIDITY (CUMENE GONVERSION AT 300°C, %)

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 erystallites 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

ti-hexane [n-cb] iso-hexane [_3,'3:52
‘M| k3t+H)

Mlkl(-H)

=1 k
n-hexene [n-Cg‘] -Aib- fso-hexene [i-c6=]

M 6 T om
Hydrocracking ks(+H)
[c2]
Al
—

Hydrogenolysis
[cll C4' C5]

Fic. 4. Dual-functional mechanism for n-hexane
isomerization.

kgtH)

HzS cms?

Produet 0 0.05 0.10 0.15 0.2
C 56.5 32.8 — — —
C, — — — — —
Cs 0.890 2.10 0.64 0.25 0.20
1Cy 0.05 023 — — —
nCy 1.63 2.69 — — —
1Cs 0.24 0.53 — —_ —
nCs 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
nCs 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

Ni-Faujosifes
No 1% mg

7003 |
B

S

RATE OF N-HEXANE (SOMERIZATION
MOLES/MIN/GRAM REDUCED NICKEL

RATE OF N-HEXANE HYDROGENOLYSIS

MOLES/MIN/GR. REDUCED NICKEL

1074 [ - L_lwo®

1 10
ACIDITY {CUMENE CONVERSION AT 300°C, %}

Fic. 5. n-Hexane hydrogenolysis and isomeriza-
tion over nickel as a function of supportacid activity.



128

effect of steps k., k., and k,; in Fig. 4 but
responds mostly to increases in k., since
k, and k, 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
of M on AorAonM.

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 the 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-

30 CUMENE DEALKYLATION

20l Ni-Li- FAUJASITE

% CONVERSION

{BENZENE HYDROGENATION

o ! ! |
0 .03 10 15 .20 .25 .30

VOLUME H,3, 63

Fia. 6. Effect of H,S poisoning on metal and acid
functions.
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Ni-Li - FAUJASITE

N-HEXANE HYDROGENOLYSIS

N-HEXANE
ISOMERIZATION

% N-HEXANE CONVERTED

25 30

0 120
VOLUME H,5, CM3

F1a. 7. Effect of HzSIpoisoning 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 approximately 35%
of the metallic sites. The Type I sites are
poisoned after the second dose of H,S. The
remaining sites (Type II, weaker than
Type 1) show almost exelusively 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,, ks 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 Si0. > Al,O; > 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-fune-
tioned activity of nickel and faujasite
acidity.
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