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Titania-supported nickel catalysts exhibit unusual properties in CO-H; reactions relative
to conventional nickel catalysts. The activity of Ni/TiO; is significantly greater than that of
Ni powder or Ni on SiO,, Al,Os, or graphite when compared on a per gram of catalyst basis
or on the basis of specific activities determined from hydrogen chemisorption. In addition,
the selectivity of Ni/TiO. relative to the other catalysts is shifted to higher molecular hydro~
carbons which are paraffinic. The shift in selectivity is not accompanied by a suppression of
the methanation activity, but results from an increase in the rates of chain growth reactions
producing an overall increase in catalyst activity. Studies of on-stream deactivation and of
the rates of Ni(CO), formation gave further evidence of the unusual properties of Ni/TiOs.
Whereas Ni/AlO; deactivated with time on feed, Ni/TiO; showed little or no loss in activity,
indicating a greater resistance to carbon deposition and/or metal sintering. With regard to
Ni(CO)4 formation, Ni/TiO. exhibited rates of formation at least an order of magnitude less
than Ni/SiO, catalysts. The evidence from catalytic and chemical studies and, to a lesser
extent, chemisorption and XRD investigations is indicative of a unique metal-support inter-
action in the Ni/TiO; system. The nature of the interaction which so markedly modifies

catalytic and chemical properties of metals is not yet well understood.

INTRODUCTION

The role of the support in heterogeneous
metal catalysts is usually considered to be
physical in nature in that it provides a
large surface for the formation and stabi-
lization of small metal particles. For some
time, however, there has been interest in
the possibility that dispersed mectals may
interact with the support in such a way
that the catalytic properties of the metal
are significantly modified. The catalytic
studies by Schwab and co-workers (1) on
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formic acid decomposition and the infrared
speetroscopic investigations of CO adsorp-
tion on supported platinum by Eischens
and Pliskin (2) some 20 years ago pro-
vided the first indications of metal-support
interactions. In later work, catalytic studies
of cyclopropane hydrogenation and hy-
drogenolysis (3), ethane hydrogenolysis (4),
neopentane isomerization and hydrogen-
olysis (&), and CO-H, reactions (6) have
provided further evidence that the cata~
lytic properties of a metal depend on the
support.

In the aforementioned reports, changes
in kinetic parameters, i.e., specific activi-
ties and apparent activation energies, were
normally cited as evidence for metal-
support interactions. In contrast, Tauster
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et al. in a recent report (7) have provided
convincing cvidence, based on a dramatic
modification of chemisorption properties,
for a unique metal -support interaction in
Group VIII noble metal/TiO, catalysts.
These materials, following reduction at
773°K, cxhibited H/M and CO/M ratios
near zero cven though transmission clec-
tron microscopy and X-ray diffraction
measurements demonstrated conclusively
that the metal particles were well dispersed.
Impurities or encapsulation of the metals
were ruled out as possible factors leading
to the conclusion that the suppression of
H, and CO adsorption resulted from a
metal-support interaction unique to the
TiO, system.

The modification of the H, and CO
adsorption propertics of metals by the
support should have significant cffects on
reactions between these two molecules.
This follows from the recent work of
Vannice (8, 9) who uncovered correlations
between the heats of adsorption of CO
and H, on metals and their specific activi-
ties for methanation and total CO con-
version. The correlation was further sub-
stantiated by studies of the CO-H,
reaction over supported platinum and
palladium, in which it was found that the
catalyst predicted to favor the more
weakly bound CO adsorbed species pos-
sessed the higher specific activity (6).
The modification of the H, and CO ad-
sorption properties reported for TiO, sup-
ported metals (7) and the correlations of
Vannice (6, 8, 9) prompted the investiga-
tion of TiO, catalysts in CO-H, rcactions.
One system, Ni/TiO,, was investigated in
detail in this study because extensive data
for nickel on a varicty of other supports
is available (10) for comparison.

EXPERIMENTAL METHODS

Materials. The TiO, support used in
this investigation was obtained from the
Cabot Corporation under the trade name
Cab-O-Ti. This material was prepared by
the flame hydrolysis of TiCl, and had a

BET surface arca of ~50 m?® g='. The
purity of Cab-O-Ti was reported by the
manufacturer to be 99.89;, the average par-
ticle size was 0.03 um, and the crystalline
phases present were anatase (859;) and
rutile (159%). Nickel nitrate [N1(NOj),-
-6H,O] for the catalyst preparations was
reagent grade obtained from Matheson,
Coleman and Bell, Ine. The Ni/TiO; cata-
lysts  were  prepared by the incipient
wetness technique. In this method, TiO»
is impregnated with nickel nitrate solu-
tions of the appropriate concentrations in
a ratio of 0.25 ml/g of Ti0Q, The im-
pregnates were dried in air at 110-120°C
for 16 hr.

The 59, Ni/n AlyOs, 8.89, Ni/9-Al:Os,
16.79, Ni/Si0; and Ni (reduced NiO
powder) catalysts were all prepared in our
laboratory. The preparation and proper-
ties of these catalysts have been deseribed
in detail in a previous publication (10).
The 429 Ni/e—AlOs5, 319, Ni/a-AlOj,
and 209, Ni/graphite catalysts were com-
mercially available samples obtained from
Chemetron  Corp., Catalyst Consulting
Services, and Ventron Corp., respectively.
The properties of these catalysts have also
been described previously (10).

Hydrogen of 99.959, purity was ob-
tained from the Linde Company. For
chemisorption studies, the hydrogen was
passed through a Dcoxo unit (Engelhard
Industries, Inc.), a 5A molecular sieve
drying trap, an Oxy-Trap (Alltech Asso-
ciates, Arlington Heights, IIL.), and finally
through a liquid nitrogen trap before ex-
posure to the catalysts. For kinetic studies,
the hydrogen was passed through a Deoxo
unit and a 5A molecular sieve drying trap.
Carbon monoxide of 99.999, purity was
obtained from the Matheson Company,
and passed through a dry icc-isopropanol
trap for chemisorption studies and through
a molecular sicve trap in the kinetic
investigations. For the superatmospheric
pressure studies a 3/1 Hye-CO mixture ob-
tained from the Matheson Company was
used. The H,-CO mixture was passed
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through a molecular sicve trap maintained
at 353°K to decompose any metal carbonyls
which may have formed in the storage
cylinder. Blank H,~CO cxperiments on a
pure TiO, support at rcaction conditions
gave zero conversion indicating no carbonyl
decomposition and mectal deposition in the
reactor.

Apparatus and procedure. The dihydro-
gen and ecarbon monoxide adsorption
studies were conducted with a mercury-
free, glass vacuum system. Ultimate dy-
namic vacuums of about 10~7 Torr (1 Torr
= 133.3 Nm?) were obtainable using an
80 liter/sec oil diffusion pump bracketed
by two liquid nitrogen traps and backed
by a mechanical pump. A Texas Instru-
ments quartz spiral Bourdon gage was
used for pressure measurcments.

The pretreatment conditions and pro-
cedures for chemisorption measurements
on the silica, alumina, graphite, and un-
supported nickel catalysts have been de-
scribed in previous work (10). For the
Ni/TiO, catalysts a similar procedurc was
adopted. Fresh or used samples were
reduced in flowing hydrogen at a space
velocity of 200-500 min~'. Temperature
was increased over a period of ~1.5 hr
to 723°K and maintained at this tempera-
ture for 1 hr followed by a 1-hr evacuation
at 698°K. Finally, the samples were cooled
under dynamic vacuum to room tcmpera-
ture where the chemisorption measure-
ments were determined. Longer reduction
and evacuation periods for the Ni/TiO,
catalysts did not significantly affect the
adsorption results.

Dihydrogen and carbon monoxide up-
takes were determined at 25 £+ 2°C on
the reduced and evacuated samples. Typi-
cally, 30-60 min werc allowed for cach up-
take point. The H/M ratios were calculated
by assuming that no H, uptake occurs on
the support at zero pressure of Hi These
uptakes were determined by extrapolation
of the high pressure linear portion of the iso-
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therm as desceribed by Benson and Boudart
(11) and Wilson and Hall (12). The CO/M
ratios were caleulated by determining the
CO uptakes on the reduced and evacuated
samples and assuming that this represented
the sum of CO weakly bound to the sup-
port and strongly bound to the metal.
The sample was then evacuated 1 min at
room temperature and a second CO iso-
therm was measured. Since the sccond
isotherm measures only the CO weakly
adsorbed on the support, subtraction of
the two isotherms gives the amount of
strongly bound CO which is associated
with the metal. In accordance with pre-
vious studies (10), the amount of strongly
bound CO at 10 ¢m pressurc was chosen
as saturation coverage of the metal.

The apparatus and procedure for the
kinctic studies at atmospherie pressure
have been described before (8). Briefly,
the synthesis reaction was studied with a
down-flow glass tubular reacter which con-
tained 0.1 to 0.5 g catalyst supported on
a glass frit. Product distributions were de-
termined using a Hewlett—Packard 7620
GC with Chromosorb 102 columns and
subambicnt  temperature  programming.
Peak arcas were calculated by a Hewlett~
Packard 3370 eclectronic integrator. Gas
samples were analyzed after 20-min re-
action periods which were bracketed by
20-min H, treatments at the reaction tem-
perature similar to the method described
by Sinfelt (73). This procedure prevented
catalyst deactivation and gave reproduci-
ble results.

The high-pressure kinetic measurements
were conducted in a 3/8-in. stainless-steel
tubular reactor containing less than 0.2 g
catalyst. The bracketing technique was
not utilized in the high pressure studies,
which were run continuously. Both the
preheater and reactor seetions were im-
mersed in a fluidized sand bath. Flow
rates were determined by passing the exit
gas from the reactor through a bubble
meter and a wet test meter. Errors intro-
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duced by the technique were small pro-
vided CO conversions were low (~59
or less). These measurements, however,
were less acceurate than those routinely
determined on the atmospherie test unit.

Catalyst pretreatments prior to the ki-
netic  studies  for the silica, alumina,
graphite, and unsupported nickel eatalysts
have been deseribed previously (10). For
the Ni/Ti0, catalysts, samples were heated
to 723°K in hydrogen at a space velocity
of ~200 min~! over a period of approxi-
mately 1.5 hr. The samples were reduced
for 1 hr at 723°K and then cooled in
hydrogen to the reaction temperature,

A Phillips Electronies X-ray diffracto-
meter (XRG-300) with nickel-filtered Cu Ka
radiation was used for X-ray diffraction
studies of the catalyst samples. Nickel
crystallite sizes were caleulated from X-ray
line broadening measurements as deseribed
clsewhere (14).

RESULTS AND DISCUSSION

Characterization of Catalysts

Chemisorption and X-ray diffraction
studies were utilized to characterize the
nickel catalysts. The results of the chemi-

TABL

Characterization of Ni Catalysts by H, and CO Chemisorption

239

sorption studics on fresh and used cata-
lysts are summarized in Table 1. The
results for the AlsQs, SiO., graphite, and
unsupported nickel catalysts have been
discussed in ecarlier work (10) and arc
included here for comparison to  the
Ni/Ti0s samples.

The primary question which we shall
consider for the Ni/TiO, samples is
whether or not there is cvidence from
adsorption and X-ray studiecs of a metal-
support interaction of the type deseribed
by Tauster et al. (7) for Group VIII noble
metal/Ti0, samples. Tauster et al. de-
monstrated that Group VIII metal/TiO»
catalysts cxhibited high wvalues of per-
centage metal exposed and normal Hs and
CO uptakes following reduction at 473°K.
However, when the same ecatalysts were
reduced at 773°K, H, and CO uptakes
dropped markedly without concomitant
sintering of the metal particles as shown
by X-ray diffraction and TEM. For pal-
ladium on TiOs, the effeet was completely
reversible by oxidation of the sample at
673°K. Thus, a Pd/TiO, catalyst which
exhibited very low H, and CO uptakes
following reduction at 773°K regained the
capacity for H, and CO adsorption fol-

F 1

Catalyst Fresh catalysts®
H/Ni*
1.59; Ni/TiO, 0.032
109% Ni/TiO, 0.056
5% Ni/m—AlOy 0.27
8.8[}/21 Ni/‘I)‘Alz():g 0.30
309 Nifa—ALO; 0.13
429 Ni/a~AlLO; 0.034
16.7% Ni/Si0, 0.27
20%, Ni/graphite’ 0.022
0.0021

NiO (reduced)

e Samples reduced at 723°K; H, and CO isotherms determined at 25 4 2°C except where noted.

Used catalysts®

H/Ni*

CO/Nie CO/Ni¢
0.15 0.014 0.21
0.076 0.036 0.11
0.28 0.12 0.14

— 0.025 0.14
0.099 .12 0.12
0.050 0.018 0.029

— 0.085 0.16
0.00:3 0.012 0.007
0.0031 0.0035

0.0015

b Ni dispersion as defined by the ratio of total Ni atoms to adsorbed H atoms.
¢ Ni dispersion as defined by the ratio of total Ni atoms to adsorbed CO molecules,

1 Uptakes determined at 173°K.

¢ Reduced at 57:3°
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Fia. 1. X-Ray diffraction patterns for TiO, (upper trace) and 109, Ni/TiO: (lower trace)

following reduction at 773°K.

lowing oxidation at 673°K and reduction
at 473°K.

With supported nickel catalysts, reduc-
tion cannot be accomplished at tempera-
tures as low as 200°C. Thus, some of the
criteria used by Tauster ef al. to detect
metal-support interactions in Group VIII
noble metal/TiO; catalysts arc not ap-
plicable to nickel catalysts. As shown in
Table 1, the H/Ni and CO/Ni ratios for
fresh Ni/Ti0; reduced at 723°K are simi-
lar to those observed by Tauster et al. for
the noble metals. However, other sup-
ported nickel catalysts also show low H,
and CO uptakes. A comparison of fresh
catalyst chemisorption results for 109
Ni/TiO; with other catalysts of similar
concentrations (59, Ni/#—Al,03, 8.89, Ni/
1—ALO;, 16.79, Ni/Si()y) shows Ni/TiO,
to have much lower H/Ni and CO/Ni
ratios. The BET surface area of TiO; is

five to six times lower than that of the
other supports, however, so that larger
nickel particles might be expected from
the Ti0; samples.

X-Ray diffraction measurements on the
Ni/TiO; samples provided some indication
for a metal-support interaction although
the evidence was not conclusive. For the
1.539, Ni/Ti0; catalysts reduced at 723°K,
XRD showed peaks due only to the anatase
and rutile forms of TiQ; The absence of
Ni or NiO peaks in this instance may be
due to the low Ni loading. For 109,
Ni/TiO., XRD of the 723°K-reduced
sample showed broad peaks due to Ni
metal (Fig. 1). Estimation of the nickel
particle size by X-ray line broadening on
the nickel peaks at 20 of 51.9° gave a
value of ~7.5 nm corresponding to ~159%,
nickel exposed. Using the surface-to-volume
relationship, 1 = 6/sd for particle size and
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assuming a value of 0.065 nm? for the
area of a nickel atom, particle sizes of 18
and 13 nm are calculated from H, and CO
adsorption on the fresh catalyst.

The comparison of XRD and chemi-
sorption results suggests that chemisorp-
tion is suppressed because adsorption
results arc indicative of a larger particle
size than is determined from XRD. Thus,
although dircetionally the behavior of the
Ni/TiO, system is similar to that reported
by Tauster et al., the evidence from the
available characterization studies is much
less gratifying. Carcful electron microscopy
studies of the Ni/TiO, catalyst in con-
junction with chemisorption measurements
are necessary to decide whether the aver-
age nickel particle size is much less than

that indicated by chemisorption and,
therefore, indicative of metal-support
interaction.

Although the available characterization
studies did not provide convincing evidence
for metal-support interaction in the Ni/
TiO, system, studies of the activity and
sclectivity of these catalysts gave evidence
of such an interaction. These studies are
discussed in the following scctions.

Activities

The activities of the nickel catalysts
were cvaluated under differential reaction
conditions using fincly divided catalyst
powders to climinate heat and mass trans-
fer effects. Caleulations using the Weisz
criteria  (15) and tests at two different
temperatures using the Koros—Nowak cri-
teria (16) as deseribed by Madon (17)
demonstrated the absence of heat and
mass transfer limitations in the activity
evaluations.

Before discussing the speeifie activities
of Ni/TiO,, it is informative to compare
the activities of all the catalysts on a per
gram nickel and per gram catalyst basis.
Tor catalysts of comparable densities, such
as the TiO, and ALO; samples, these
comparisons dircctly quantify the total
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TABLI 2

CO Conversion Activity of Ni/TiO; Relative to
Other Ni Catalysts for the CO-H, Reaction®

Catalyst moles CO  moles CO
converted/ converted/
see/g Ni sec/g
catalyst
1.539 Ni/TiO, 8.35 0.11
109 Ni/TiO, 22.8 2.28
59, Ni/n-ALO; 344 0.17
8.8% Ni/n—Al03 1.63 0.14
429, Ni/a—AlLO, 0.21 0.09
16.79. Ni/Si0, 2.36 0.39
209, Ni/graphite 0.064 0.013
Ni powder 0.032 0.032

® Reaction conditions: 478°K (205°C), 103 kPa
(1 atm), H,/CO = 3.

activity that can be achicved for a given
reactor volume and are, therefore, of more
practical interest. The comparisons are
shown in Table 2. On these bases, the
Ni/Ti0O; catalysts arc the most active
materials with 1097, Ni/Ti0O, cxhibiting
1-2 orders of magnitude greater activity
than unsupported nickel or nickel on the
other supports. On a per gram nickel
basis, 1.539% Ni/Ti0, is also a very active
matcrial, with its activity per gram of
catalyst comparable to other catalvsts with
mectal concentrations nearly an order of
magnitude greater. The data in Table 2
show that, for practical applieations, much
higher reaction rates per unit reactor
volume could be achieved with Ni/TiO,
relative to the other catalysts.

The determination of the specifie activi-
ties of the Ni/TiO, catalysts is not straight-
forward. This is due to the possible sup-
pression of hydrogen and carbon monoxide
chemisorption because of metal-support
interaction. Chemisorption measurements,
thercfore, may not provide a proper mea-
surc of the particle size and the active
nickel sites for catalytic reaction. The
gross activities in Table 2 imply that
cither the specifie activity of Ni/Ti0, is
significantly greater than that of the other
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nickel catalysts or that the number of
active sites for CO conversion is much
larger, i.c., the average particle size for
Ni/TiO; is much less than that of the
other catalysts. The characterization
studies by XRD on 109, Ni/TiO,, how-
ever, clearly gave evidence of large nickel
crystallites. It appears unlikely, therefore,
that the particle size of the Ni/TiO; cata-
lysts differs sufficiently from that of the
other samples to account for the activity
differences in Table 2. We are thus led
to the conclusion that the specific activity
of Ni/Ti0O, is greater than for nickel on
the other supports.

Additional support for this conclusion
is obtained by comparing the specific
activities of Ni/TiO,, calculated in two
ways, with those of the other catalysts.
Specific activities were calculated using
hydrogen adsorption data and also with
the assumption of 1009, nickel exposed in
Ni/TiO;. These two calculations thus
established the upper and lower limits on
the specific activity of Ni/TiO,. Specific
activities from hydrogen chemisorption
were calculated from adsorption data on
the fresh and used catalysts in accordance
with earlier work on nickel (10). These
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specific activities were, in general, within
a factor of two.

The specific activities for CO conver-
sion, Nco, and methanation, Neg,, calcu-
lated by the procedures just described,
are tabulated in Table 3. It is clear from
the table that if specific activities are
calculated on the basis of hydrogen chemi-
sorption, the Ni/TiO, catalysts are 1-2
orders of magnitude higher in specific
activities for CO conversion or methana-
tion than the other nickel catalysts. Even
with the assumption of 1009, nickel ex-
posed, which is unrealistic for 109, Ni/
TiO; based on the XRD results, the
specific activities of both Ni/TiQ, catalysts
are comparable to or greater than those
for the other catalysts. The results in
Table 3, therefore, are indicative of a
metal-support interaction which ‘ncreases
the specific activity of nickel when TiO,
is the support. The results in Table 3
cannot be attributed purely to particle
size effects since earlier studies by Vannice
(10) indicated that such effects can ac-
count for at most a factor of 2 in activity.

Selectivities

Table 4 compares the selectivities of the
various nickel catalysts at atmospheric

TABLE 3
Specific Activities of Ni/TiO» Relative to Other Ni Catalysts for the CO-H; Reaction®

Catalyst Nc¢o (sec™! X 10%) Neu, (see™ X 109)
H. (fresh) H, (used) H. (fresh) H, (used)
1.59, Ni/TiO, 500 1142 231 528
1.5%, Ni/TiO, (100)® 16 74
109, Ni/TiO, 1607 2500 196 305
109, Ni/Ti0, (100)®? 90 11
5%, Ni/n—Al:Os 19.6 44 16.4 37
'8.89 Ni/7—ALOs 10.7 128 7 85
429, Ni/a—AlO3 58 109 23.8 43
309, Ni/a—AlO; 32.3 35 16.6 18
16.7% Ni/SiO; 14.8 47 10.7 34
209, Ni/graphite 431 79 27.8 51
30 18 26.6 16

Ni powder

e Reaction conditions: 548°K (275°C), 103 kPa (1 atm), H,/CO = 3.

b Calculated assuming 1009, nickel metal exposed.
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TABLE 4
Comparison of the Selectivity of Ni/TiO; to Other Ni Catalysts for the CO-H, Reaction

Catalyst Reaction CO mole%; paraffin of
T conversion each carbon number
CK) (%) —
21 C, P Cy  Cuy

1.59, Ni/TiO, 524 13.3 58 14 12 8 7
109, Ni/Ti0, 516 24 50 9 25 8
59 Ni/n-AlO; 527 10.8 90 7 3 1 —
8.8% Ni/m-AlO; 503 3.1 81 14 3 2 —
429, Ni/a—AlQO; 509 2.1 76 1 5 3
16.79, Ni/Si0O, 493 3.3 92 5 3 1 —
209, Ni/graphite 507 24 .8 87 7 4 1 —

525 7.9 94 6 — — —

Ni powder

pressure. Both Ni/Ti0O, catalysts exhibited
a shift in product distribution to heavier
hydrocarbons relative to the other nickel
catalysts. Gas chromatographic analysis of
the C,,-hydrocarbons showed that they
were predominantly normal paraffins. On
a mole percent basis, Ni/TiO, makes
about one-half as much methanc as nickel
on conventional supports. The marked
shift in selectivity for Ni/TiO, is even
more apparent when the product distribu-

tion is presented on a weight basis, which
is a better representation of CO utiliza-
tion and is more useful for practical con-
siderations. This is shown in Fig. 2. On
a weight basis, the product distribution
is rather flat and less than onec-fourth of
the product weight is composed of methane.
Conversion level had no significant cffect
on the sclectivity differences between
Ni/TiO; and the other catalysts. This is
illustrated in Fig. 3 which was obtained

201~ -
— 1
b2
v o5 -
e
w
z —
-
o
5 T T
8
s 1 —
a
5 -
0
1 2 3 4 5 6 7

CARBON NUMBER

Fi6. 2. Product distribution (wt%) for the H~CO reaction over 10, Ni/TiO,. Data were
taken at 473°K, H,/CO = 3, P (total) = 103 kPa (1 atm), and 4.6% CO conversion.
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by wvariation of the space velocity and
pertains to reaction temperatures varying
from 503°K (8.89, Ni/9-Al.0;) to 527°K
(59, Ni/7—Al,03). For CO conversions up
to about 509, the high selectivity to
heavier paraffinic hydrocarbons was main-
tained for the TiO, catalysts. The slight
decrease in selectivity with increasing con-
version level may result in part from
secondary hydrogenolysis reactions caused
by the larger amounts of heat generated
from the exothermic CO-H, reaction, or
from an increasing H,/CO ratio.

The effecet of total reaction pressure on
the sclectivity and conversion at constant
space veloeity for 109, Ni/TiO; is com-
pared to 309, Ni/a—Al:O; in Table 5.
Increase in total pressure tends to shift
the product distribution slightly toward
methane with Ni/TiOs, but has the op-
posite effect on Ni/a—Al,Os.

It is interesting to examine the nature
of the sclectivity shift toward higher hy-
drocarbons for Ni/TiO,. The specific ac-
tivity comparisons in Table 3 showed that
the turnover frequency for methanation

TABLE 5
Effect of Pressure on the Selectivity of Ni Catalysts®

Catalyst Pressure CcO mole%, product at each
(kPA (atm)) conversion carbon number
(%)

Cy C, Cs Cs Csy

109, Ni/TiO, 103 (1) 4 505 215 75 75 12
1030 (10) 3.5 56 37 5.5 1.5 —

2060 (20) 4.5 57.5 35 5.5 2 —_

30% Ni/a-AlLO, 103 (1) 2.1 80 16 4 S —
1030 (10) 1.9 69 29 2 — —

2060 (20) 1.3 69 31 — — —

« Reaction conditions: 476°K (203°C), H,/CO = 3.
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over Ni/TiO, was comparable to or greater
than those of the other catalysts. Turnover
frequencies for total CO conversion, how-
ever, were higher for TiO,, particularly
109, Ni/TiO, on any comparison basis,
than any of the other samples. The sclee-
tivity shift for Ni/TiO., thercfore, arises
from an increase in the rate of the carbon-
carbon bond-making reaction without sig-
nificantly affecting the methanation ac-
tivity. This behavior contrasts markedly
with the cffect of sulfur on the selectivity
of conventional nickel catalysts. The ad-
dition of sulfur to such catalysts also
produces a shift in sclectivity toward
higher molecular weight products, but, at
the same time, suppresses total activity
by several orders of magnitude (18).
Methanation activity is generally de-
creased drastically, whereas activity for
higher molecular weight hydroecarbon for-
mation is reduced to a much lesser extent
and, in some instances, even increased
(18). The sclectivity shift to higher carbon
numbers which occurs concomitantly with
an increase in the total activity of the
catalyst appears to be unique to the
Ni/TiO, system, and is further evidence
of an influence of the support on the
chemical properties of nickel.

Deactivation of Nickel Catalysts

The dcactivation characteristics of Ni/
Ti0, catalysts also differed substantially
from that of Ni/Al,O; catalysts. This is
illustrated in Figs. 4 and 5. The experi-
ments depicted in the figures were carried
out in continuous runs on cach catalyst.
in an inecrcasing pressure sequence. The
open symbols at each pressure represent
initial data, while the filled symbols repre-
sent data after 20-30 min at the indicated
pressure. For the 309, Ni/ALO; Fig. 4
shows that significant deactivation occurs
at cach pressure with time on feed. Fur-
thermore, the decrease in activity at pres-
sures above ~10 atm is undoubtedly
associated with deactivation since the total
pressure dependence of the methanation
reaction over nickel is positive (10).

In contrast to Ni/ALQO;, the Ni/TiO,
catalyst gave little evidence of any de-
activation during the pressure dependence
studies (Fig. 5). Deactivation at each
pressure was minimal and the total pres-
sure dependence of the methanation rate
up to ~20 atm was close to the value
of 0.5 determined at subatmospheric pres-
sure by independent measurements.

The major sources of catalyst deactiva-
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Fia. 4. Deactivation behavior of 309, Ni/AlLQO; at various pressures for the Ho—-CO reaction.
“The open symbols represent initial data at cach pressure whereas the filled symbols represent
data after 20-30 min at the indicated pressurc. Data were accumulated in a continuous run with
increasing pressure at 473°K, Hy/CO = 3, and GHSV = 14,500.
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tion in the pressure-dependence studies
depicted in Figs. 4 and 5 were undoubtedly
carbon deposition and sintering of the
nickel. Unfortunately, no characterization
studies were made of the spent catalysts
from these studies. It may be noted,
however, that the 309, Ni/Al,O; exhibited
no decrease in metal surface area, as de-
termined by hydrogen adsorption, in atmo-
spherie pressure catalytic studies (Table 1).
Deactivation in this system may, therefore,
arise for the most part from carbon de-
position. If this is the case, the results of
Figs. 4 and 5 suggest that Ni/Ti0Q, is more
resistant to carbidization than conven-
tional nickel catalysts. Regardless of which
deactivation mechanism is operative with
Ni/AlLQ;, it appears that Ni/TiO, resists
it and exhibits improved stability.

Nickel Carbonyl Formation

Additional evidence of metal-support
interaction in the Ni/TiO, system was
obtained from studies of rates of Ni(CO),
formation. Samples of 109, Ni/TiO, and
109, Ni/8i0, weighing 27-29 mg werc
pressed into thin wafers and placed in an
infrared cell identical to that described by
Yates et al. (19). The samples were reduced
in dihydrogen for 1 hr and then evacuated

VANNICE AND GARTEN

for 10 min at 500°C. Following cooling
to room temperature, carbon monoxide
was admitted to the samples, which were
kept out of the infrared beam, and the
formation of Ni(CO), in the gas phase
monitored by infrared spectroscopy. Figure
6 shows the relative rates of Ni(CO),
formation over the two samples. Clearly,
the formation of Ni(CO); is severely in-
hibited when TiO, is the support. Ap-
proximately 1 hr after CO addition, the
concentration of Ni(CO), in the gas phase
over Ni/Ti0; is more than an order of
magnitude less than that over Ni/SiO.,.
This aspeet of the Ni/TiO. system is
particularly attractive from a practical
viewpoint becausc of the hazards asso-
ciated with poisonous Ni(CO),.

SUMMARY AND CONCLUSIONS

This investigation provides convincing
evidence for a novel metal-support inter-
action in titania-supported nickel catalysts.
Such evidence is provided by comparisons
of the activitics, selectivities, and de-
activation characteristics of Ni/TiO, rela-
tive to a variety of other nickel catalysts
in CO-H; recactions, of the rates at which
Ni(CO), is formed in the presence of CO
and to a lesser extent by chemisorption
and XRD characterization studies.
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RATE OF NCKEL CARBONYL FORMATION OVER NICKCL CATALYSTS
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Fic. 6. Relative rates of Ni{CO), formation for Ni/SiO; and Ni/TiO; catalysts.

The activity of Ni/TiO; eatalysts for CO
conversion is significantly greater than that
of unsupported nickel or nickel on silica,
alumina, or graphite. Accompanying the
activity enhancement is a shift in the
product distribution to higher molecular
weight paraffinic products. The shift in
product distribution results from an in-
crease in the activity of carbon-carbon
bond-making rcactions rather than a sup-
pression of methanation activity. This 1s
in marked contrast to the experience with
other nickel catalysts where shifts in
product distribution to higher carbon
numbers can be brought about by sulfur
addition but at a sacrifice in activity of
several orders of magnitude.

Other unique characteristics of Ni/Ti0),
were resistance to deactivation and Ni(CO),
formation. Whercas Ni/ALO; deactivated
with time on feed, Ni/TiO, showed little
evidenee of any loss of activity. This sug-
gests that Ni/Ti0, catalysts may be more
resistant to the common modes of deactiva-
tion of nickel catalysts, namely, carbon de-
position and sintering. With regard to
Ni{CO), formation, the rate was decreased
by more than an order of magnitude for
Ni/TiO, relative to Ni/SiO..

The nature of the metal-support inter-

action in titania-supported catalysts re-
mains obscurc. This study shows clearly
the significance and potential impact of
such interactions on catalytic and chemical
propertics. As further studies of the physi-
cal and chemical properties of these
materials are obtained from detailed char-
acterization by analytical tools, much
needed insight into the origing of the
interaction may be anticipated.

In addition to providing cvidence of a
unique metal-support interaction in the
Ni/TiO, system, the results of this in-
vestigation are also of significance from
the viewpoint of practical applications of
these materials. Recently there has been
much interest in processing alternatives
for the on-site production of peak-shaving
fuels in coal gasification-clectric power
generation facilitics. Two alternatives fre-
quently considered are methanol synthesis
and Fischer—Tropsch synthesis. Methanol
synthesis 1s attractive since the product
is a clean, storable liquid, but the process
operates at high pressures and is costly.
Fischer-Tropsch synthesis operates at lower
pressures, but the product distributions
from typical iron-based catalysts are com-
plex mixtures which degrade in storage.
The product distribution obtained with
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Ni/Ti0,, however, is paraffinic and prob-
ably stable to storage. Also, a process
utilizing Ni/TiO; could operate at or near
atmospheric pressure, and it could be an
attractive alternative to methanol or con-
ventional Fischer—Tropsch processes for the
production of peak-shaving liquids.
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