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Titania-supported nickel catalysts exhibit unusual properties in CO-H2 reactions relative 
to conventional nickel catalysts. The activity of Ni/TiOz is significantly greater than that of 
Ni powder or Ni on SiOz, A1203, 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/TiOf 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/TiOz. 
Whereas Ni/A1203 deactivated with time on feed, Ni/TiOn showed little or no loss in activity, 

indicating a greater resistance to carbon deposition and/or metal sintering. With regard to 
Ni(CO)c formation, Ni/TiOz exhibited rates of formation at least an order of magnitude less 

than Ni/SiOz catalysts. The evidence from catalytic and chemical studies and, to a lesser 
extent, chemisorption and XItD investigations is indicative of a unique metal-support inter- 
action in the Ni/TiOz system. The nature of the interaction which so markedly modifies 

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

INTl<ODUCTION 

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 metals 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 
spectroscopic investigations of CO adsorp- 
tion on supported platinum by E&hens 
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 (5), and CO-H2 reactions (6) have 
provided further evidence that the cata- 
lytic propcrtics of a metal depend on the 
support. 

In the aforcmentioncd report’s, 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 rcwnt rc~port (7) hav(~ provid(~cl 
convincing cvidcnw, bawd on a dramatic 
modification of ch(lmisorpt’ion propc~rtiw, 
for a unique mcltal support interaction in 
Group VIII noble nwtal/‘l’iOz catalysts. 
These matwials, follo\ving reduction at 
773”K, cxhibitod H/R3 and CO/M ratios 
near zero even though tjransmission cllw- 
tron microscop!, and X-ray diffract’ion 
mcasurcmcnts dt>monstratcbd conclusivcl> 
that the m&al particles \v(w ~11 dispcrwd. 
Impurities or encapsulation of the mcltals 
\\-ere ruled out as possible factors l(lading 
to the conclusion t’hat the supprwsion of 
Hz and CO adsorption rcsultrd from a 
metal-support intctraction uniqw to the 
TiOz system. 

The modification of the Hz and CO 
adsorption properties of mchtals by the 
support should have significant cffwts on 

reactions brt’wwn thcsc two molcculrs. 
This follows from the rcwnt work of 
Vannicc (8, 9) who uncovered corwlations 
betwwn the heats of adsorption of CO 
and Hz on metals and their sprcific activi- 
ties for mcthanation and tot’al CO COII- 

version. The correlation n-as furt’hcr sub- 
stantiat’cd by studies of the CO-H, 
reaction over supportcld plat’inum and 
palladium, in which it was found that the 
catalyst predictc>d to favor the more 
weakly bound CO adsorbed spccics pos- 
sessed the higher specific activity (6). 
The modification of the HZ and CO ad- 
sorption properties reported for TiOs sup- 
ported metals (7) and the correlations of 
Vannicc (6, 8, 9) prompted the inwstiga- 
tion of TiOz catalysts in CO-Hz wactions. 
One system, Ni/TiO%, was invcstigatcd in 
detail in this study because cxtcnsive data 
for nickel on a variety of other supports 
is available (10) for comparison. 

fl~aterials. The TiOZ support uwd in 

this investigation was obtainctd from the 
Cabot Corporation under the trade name 
Cab-0-Ti. This material was prepared 1,~ 
the flame hydrolysis of TiClj and had a 

BIj:‘l’ surface: arcka of -50 mr g-l. Tlic 
purity of Cab-0-‘l’i was wport’od by the 
manufacturw to bc 99.8%, the average par- 
tical(b size \vas 0.03 pm, and the crystalline 
phases prcscwt wrc anatasct (S50/0) and 
rutilc (15%). ?;ickel nitrate [Si(SO,),. 
.GH,O] for the catalyst preparations was 
rcbagc>nt grade obt’aincld from Mathrson, 
Coleman and Bill, Inc. The Ni/TiOe cat’a- 
lysts were pwparcd by the incipiwt 
\vcltncw tcchniquct. In t.his method, TiOZ 
is impregnated with nickel nit)ratc solu- 
tions of the appropriate concentrations in 
a ratio of 0.25 ml/g of TiOZ. The im- 
prcgnatw \v(w dried in air at 110~120°C 
for 16 hr. 

The 5C’ I ,* Xi/v X1&3, 8.8% r\ri/qPA1203, 
lG.7’j; ?Ji/SiOz and Si (rrduccd Xi0 
powder) catalysts wwc all pwparrd in our 
laboratory. The pwparation and proper- 
tics of th(w catalysts have been described 
in dct’ail in a pwvious publication (10). 
The> 42(%, iYi/aPAIZOR, 31oj, Xi/a-Al,Oa, 
and 20% Xi/graphite catalysts wrre com- 
mercially available samples obtained from 
Chcmctron Corp., Catalyst Consulting 
S(trviccs, and Vcntron Corp., rrspect’ively. 
Tha propcrt’iw of these catalysts have also 
bcwn dcscribcd previously (10). 

Hydrogcxn of 99.95% purity was ob- 
tained from the Lindc Company. For 
chcmisorption studies, thr hydrogen w-as 
paswd through a Dcoxo unit (Engclhard 
Industries, Inc.), a 5A molecular sieve 
drying trap, an Oxy-Trap (Alltech Asso- 
ciates, Arlington Heights, Ill.), and finally 
t’hrough a liquid nitrogen trap before ex- 
posure to the catalysts. For kinetic studies, 
the hydrogen was passed through a Deoxo 
unit and a .?A molecular sieve drying trap. 
Carbon monoxide of 99.99% purity was 
obtained from the Matheson Company, 
and passed through a dry ice-isopropanol 
trap for chemisorption studies and through 
a molecular sieve trap in the kinetic 
inwst’igations. For the superatmospheric 
pressure’ studiw a 3/l HZ&O mixture ob- 
taincd from the Jiathcson Company was 

wad. The HZ&C) mixture was passed 
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through a molecular sicvo t’rap maint,ainc~d 
at 353°K to decompose any metal carbonyls 
which may have formcld in the> storage 
cylinder. Blank Hs-CO expwimcwts on a 
pure TiOp support at waction conditions 
gave zero conversion indicating no carhonyl 
decomposition and metal deposition in t#hc 
reactor. 

Apparatus atttl ptmedwe. The dihydro- 
gen and carbon monoxide adsorption 
studies were condu&ed with a mercury- 
free, glass vacuum system. Ultimate dy- 
namic vacuums of about 1O-7 Torr (1 Torr 
= 133.3 Nms2) were obtainable using an 
80 liter/set 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 prcssurc’ measurements. 

The pretreatment conditions and pro- 
cedures for ch(tmisorption mcasurem(nts 
on the silica, alumina, graphite, and un- 
supported nickel catalysts have bwn do- 
scribed in previous work (IO). For the 
?ii/TiOz catalysts a similar proccdurc was 
adopted. Frctsh or used samples \vwc 
reduced in flowing hydrogen at a space 
velocity of 2009500 mm’. Tcmpt>raturc 
was increased over a period of -1.5 hr 
to 723°K and maintained at’ this tomprra- 
ture for 1 hr followed by a I-hr evacuation 
at 698°K. Finally, the samples wcrc cooled 
under dynamic vacuum to room tcmpcra- 
ture whcrc the chcmisorption m(Lasurc- 
mcnts were determined. Longer reduction 
and evacuation periods for the Ni/TiO% 

catalysts did not significantly afftwt the 
adsorption results. 

Dihydrogcn and carbon monoxide up- 
takes w’cre dctcrmincd at 25 f 2°C on 
the rcduccd and evacuated samples. Typi- 
cally, 30-60 min wcrc allowed for each up- 
take point. The H/M ratios were calculated 

by assuming that no Hz uptake occurs on 
the support at zero pressure of He. These 
uptakes were determined by extrapolation 
of the high pressure linear portion of the iso- 

therm as dC’s:Crib(:d by Bcnsorl and Boudart 
(11) and Wilson and Hall (Id). The CO/M 
ratios wcrc calculated by dctcrmining the 
CO uptakes on tho reduced and evacuated 
samples and assuming that’ this rrprcwntod 
the sum of CO weakly bourld to the sup- 
port and strongly bound to thr metal. 
The sample was thon evacuated 1 min at 
room tompcraturc and a second CO iso- 
therm \vas measured. Since the second 
isotherm mcasurw only t’he 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 (IO), the amount of st’rongly 
bound CO at 10 cm pressure was chosen 
as saturation covcragc of the metal. 

The apparatus and procedure for the 
k&tic studies at atmospheric prcssurc 
have been dcscribcd bcforo (8). Briefly, 
the synthesis reaction was studied with a 
down-flow glass tubular rcactcr which con- 
taincd 0.1 to 0.5 g catalyst supported on 
a glass frit. Product distributions were dc- 
tcrmincd using a Hwlrtt--Packard 7620 
GC \vith Chromosorb 102 columns and 
subambicnt temporaturc programming. 
Peak areas wcrc calculated by a Hewlett- 
Packard 3370 clcctronic integrator. Gas 
samples wcrc analyzed after 20-min rc- 
action periods which w-cre bracketed by 
20-min Hz twatmcnts at the reaction tem- 
pcraturc similar to the method described 
by Sinf(tlt (13). This procedure prevented 
catalyst dcactivat,ion and gave wproduci- 
ble results. 

The high-pressure kinetic mcasurcmcnts 
\vcre conducted in a 3/8-m. stainless-steel 
tubular reactor containing less than 0.2 g 
catalyst. The bracketing technique was 
not utilized in the high pressure studies, 
which \vcro run cont’inuously. Both the 
prehcatcr and reactor sections were im- 
mcrscd in a Auidizod sand bath. Flow 
rates were dctcrmincd by passing the exit 
gas from the reactor through a bubble 
meter and a wet, test meter. Errors intro- 



duccd by the twhniquc> ~\-cro small pro- 
vidcd CO conversions \vwc 101~ ( -.jf,:;, 
or less). Thaw: m(~asur(~mottts, howv~r, 
\vfw IPSS awurat,c than thaw routitwly 
dctormitwd on tlw atmospheric twt, unit. 

Catalyst pwtwatmcwts prior t)o the ki- 
n&c studiw for the silica, alumina, 
graphite’, and unsupportcld nickel catalysts 
have bccw dwcribchd pwviously (10). For 
thr Si/TiO, catalysts, samplw \v(w h(,atcld 
to 723°K in hydrogcw at a spaw wlocity, 
Of -200 mitt-l owr a pclriod of approxi- 
mately 1.5 hr. The> samplw \v(w wduwd 
for 1 hr at’ 723°K attd than cooled in 
hydrogen to tho reaction tcmpcratuw. 

A Phillips Electronics X-ray diffracto- 
m&w (LXRCXOO) with ttick(4-filtcwd Cu Kcr 
radiation was uwd for S-ray diffraction 
studies of the catalyst, samplw. Xickol 
crystallitcl sizw ww calcu1atf.d from X-raJ 
line broadening m(~asur(~rn(~ttts as dcwribc~d 
elsowhrw (14). 

I:b:SUI,TS ANI) T)ISCUSSION 

Characterizatioti oj Catalysts 

Chcmisorption and S-ray diffraction 
studios were utilized to characterize the 
nickel catalysts. Thcl rrsults of the> chcbmi- 

sorption studiw on fresh and used cata- 
lysts arc summarized in Table 1. The 
twults for tltc XlaOy, SiOz, graphite, and 
unsupportc>d nickel catalyst’s havo been 
discuswd in clarliw \vork (10) and arc 
included hwc for (Aomparison to the 
Si/Ti02 samplw. 

The primary quwtiott which XYC‘ shall 
consider for the r\‘i/Ti02 samples is 
\vhcthcr or not therct is widwtce from 
adsorption and X-ray studies of a metal- 
support intwaction of the type dcscribed 
by Tauster et al. (7) for Group VIII noble 
mc%al/Ti02 samplw. Taustw et al. dc- 
mottstratc>d that (:roup VIII mc~tal/TiO~ 
catalysts c~xhibitod high valuw of pc>r- 
wntagc: mcltal clxpowd and normal Hs and 
CO uptakw following wductiott at 473°K. 
Howwr, wh(~t the samcl catalysts wcw 
rcduwd at 773”K, Hz and CO uptake 
droppc’d markc>dly \vithout concomitant 
sintctritg of tho metal particlw as shown 
by X-ray diffraction and TEM. For pal- 
ladium on TiOr, tltc> c~ffect was completel? 
rcvcrsibl(~ by oxidation of the sample at 
673°K. Thus, a Pd,lTiO, catalyst which 
clxhibit8cld wry low H, and CO uptakrs 
folio\\-ing reduction at 773°K wgainctd the 
capacit,y for HZ and CO adsorption fol- 
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FIG. 1. X-Ray diffraction pat,tcrns for TiOn (upper trace) and 10yc Ni/TiOz (lower trace) 

following reduction at 773°K. 

lowing oxidation at 673°K and reduction five to six times lower than that of the 
at 473°K. other supports, however, so that larger 

With supported nickel catalysts, reduc- nickel particles might be expected from 
t’ion cannot be accomplished at tempera- the TiOz samples. 
tures as low as 200°C. Thus, some of the X-Ray diffraction measurements on the 
criteria used by Tauster et al. to detect Ni/TiOz samples provided some indication 
metal-support interactions in Group VIII for a metallsupport interaction although 
noble metal/TiOz cat’alysts arc not ap- the evidence was not conclusive. For the 
plicable to nickel catalysts. As shown in 1.53% Ni/TiOe catalysts reduced at 723”K, 
Table 1, the H/Ni and CO/Ni ratios for XRD showed peaks due only to the anatase 
fresh Ni/TiOz reduced at 723°K are simi- and rutile forms of TiOz. The absence of 
lar to those observed by Tauster et a,Z. for Ni or NiO peaks in this instance may be 
the noble metals. However, other sup- due to the low Ni loading. For 10% 
ported nickel catalysts also show low HZ Ki/TiOz, XRD of the 723”K-reduced 
and CO uptakes. A comparison of fresh sample showed broad peaks due to Ni 
catalyst chemisorption results for 10% metal (Fig. 1). Estimation of the nickel 
Ni/TiOz with other catalysts of similar particle size by X-ray line broadening on 
concentrations (57, Ni/v,AlzOs, 8.87, xi/ the nickel peaks at 28 of 51.9” gave a 
q-AlzOi, 16.77, Ni/SiO,) shows I%i/TiOz value of -7 .5 nm corresponding to -1.~57~ 
to have much lower H/n’i and CO/xi nickel exposed. Using the surface-to-volume 
ratios. The BET surface area of TiOa is relationship, 1 = 6/sd for particle size and 
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assuming a value of 0.065 nm2 for the 
area of a nickel atom, particle sizw of 18 
and 13 nm arc calculated from H2 and CO 
adsorption on the fresh catalyst’. 

The comparison of XRD and ch(>mi- 
sorption results suggwts that chcbmisorp- 
tion is supprcswd bwauso adsorption 
results arc indicative of a largw particle 
size than is detjcrminod from ,XRD. Thus, 
although diwctionally the behavior of the 
Si/TiO, system is similar to t,hat wportcbd 
by Taustcr et al., the ctvidcncc: from tho 
available characterization studies is much 
less gratifying. Careful calwtron microscopy 
studies of t,hc Si,/Ti02 catalyst in con- 
junction with chclmisorption mc~asurcmc~nts 
are nccwsary to dccidc whc~thw the awr- 
age nickel particle sizcl is much 1~s than 
that indicat)cld by chcmisorption and, 
thcrefow, indicative of mc>talL support 
interaction. 

Although t,hc: available charact,wization 
studicas did not provide convincing widtww 
for m&&support int’erartion in th(b Xi/ 
TiO, system, studiw of thcl activitr and 
selectivity of thrw catalysts gave cvidwcc 
of such an intwaction. Thwb studies arc 
discussed in t,hc following swtions. 

Activities 

The activitiw of thcl nickel cat,alysts 
wrc evaluated under diffcwxntial reaction 
conditions using finely divided catalyst 
powders to climinatc ht>at and mass trans- 
for effects. Calculations using t,h(h Weisz 
criteria (15) and toasts at two difl”wcwt8 
temperatures using the NoroseNowak wi- 
teria (16) as dcscribcld by iLIadon (I?‘) 
dtrmonstratcd the abscnw of hclat and 
mass transfer limitations in th(h activit! 
(valuations. 

Before discussing the spwific activit8iw 
of Ki/TiO%, it is informative t,o compare 
the activit,icts of all the cat’alysts on a pc’r 
gram nickc.1 and pw gram caatalyst basis. 
For csatalysts of comparable tlwsitjiw, such 
as the: TiO, and AlnOa samplw, thaw 
comparisons dircct’ly quantify the: total 

TABLI: 2 

CO Convrrsion Activity of Ni/TiOe Relative to 
Other Ni Catalysts for the CO-HZ Reactiona 

Catalyst 1n01fx co moles CO 

cwnvertcd/ converted/ 
swig: Ni set/g 

catalyst 

ti.:<5 0.11 

22.8 2.28 
3.44 0.17 

1.63 0.14 
0.21 0.09 

2.36 0.:39 

0.064 0.013 

o.o:u 0 03‘2 . t 

a Itmc%ion wnditions: 478°K (206”C), 103 kPa 
(I ittm), Hr/CO = :3. 

activity that can ho achicwd for a given 
reactor volume and arc, therefore, of more 
pract’iral intcwst. The comparisons arc 
shown in Table 2. On these basw, the 
Si/TiO? catalysts arc’ tjhcl most active 
matc,rials \vit’h 105, Ni,/Ti0, exhibiting 
1 2 ord(hrs of magnitude gwatc~r activity 
than unsupportc~d nick(4 or nickel on thr 
other supports. On a lwr gram niekcl 
basis, l.53c,!~{, Si/TiO, is also a wry active 
matcbrial, with its activit’y pw gram of 
catalyst, comparabl(~ to otjhc>r catalysts with 
m&al c~onc~c~ntrations rwarly an order of 
magnitude gwatclr. The data in Tabltr 2 
show t’hat,, for practical applications, much 
highclr wac+ion ratw pclr unit reactor 
volumcl could b(> achicvcd with Ki/Ti02 
wlatiw to tlic> othw catalysts. 

The d(Ltclrmination of t)hc specific act,ivi- 
tiw of the> -‘Vi/‘TiO, catalysts is not straight- 
forward. This is duct to tjhc possible sup- 
prcwion of hydrogc>n and carbon monoxide 
ch(misorption bwauw of mctalLsupport 
intclraction. Chc~misorption measurements, 
thcwfow, may not provide a proper mca- 
sur(’ of thus particle size and the active 
nicskc>l sitchs for catalytic wac$ion. The 
gross activiiios in Table 2 imply that, 
c,ithcir that spwific activity of Si/TiO, is 
significantly grcatcr 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 part’icle size for 
?Ji/TiOz is much less than that of the 
other catalysts. The characterization 
studies by XRD on 10% h’i/TiOz, how- 
ever, clearly gave evidence of large nickel 
crystallites. It appears unlikely, therefore, 
that the particle size of the si/TiOz 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/TiO, is greater than for nickel on 
the other supports. 

Additional support for this conclusion 
is obtained by comparing the specific 
activities of xi/TiOn, calculated in two 
ways, with those of the other catalysts. 
Specific activities were calculated using 

hydrogen adsorption data and also with 
the assumption of 100% nickel exposed in 

Ni/TiOZ. These two calculations thus 
established the upper and lower limits on 

the specific activity of xi/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 

specific activities were, in general, within 
a factor of two. 

The specific activities for CO convcr- 
sion, Neo, and methanation, Nen*, 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/TiOz 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 100% nickel ex- 
posed, which is unrealistic for 10% xi/ 
TiO:! based on the XRD results, the 
specific activities of both Ni/TiOs catalysts 
are comparable to or greater than those 
for the other catalysts. The result’s in 
Table 3, therefore, are indicative of a 
metal-support interaction which increases 
the specific activity of nickel when TiOz 
is the support. The result’s 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/TiOz Relative to Other Ni Catalysts for the CO-HZ Reaction” 

Catalyst NCO (set? X 1f.W NCHl (se+ x lo? 

Hz (fresh) H1 (used) HP (fresh) HP (used) 

1.5% Ni/TiOe 500 1142 231 528 
1.57, Ni/TiOz (100) b 16 7.4 
10% Ni/TiOn 1607 2500 196 305 
10% Ni/TiO, (100) b 90 11 

,5Yc Ni/q-AIxOa 19.6 44 16.4 37 
8.8% Ni/q-A1203 10.7 128 7 85 
42y0 Nila-AlpO, 58 109 23.8 43 
30y0 Ni/a-Al203 32.3 35 16.6 18 
16.7% Ni/SiOz 14.8 47 10.7 34 
20% Ni/graphitc 43.1 79 27.8 51 
Ni powder 30 18 26.6 16 

- 

0 Reaction conditions: 548°K (275”C), 103 kPa (1 atm), Ht/CO = 3. 
b Calculated assuming 100% nickel metal exposed. 
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TABLE 4 

Comparison of the Selectivity of Ni/TiOs to Other Ni Catalyst,s for the CO-HZ Reaction 

Catalyst co 
conversion 

(‘:; ) 

mole% paraffin of 
each carbon number 

c J1 cy CI c4 ci, 
-.. 

pressure. Both Ni/TiO, catalysts exhibited tion is prtwntcd on a weight basis, which 
a shift in product distribution to heavier is a better rrprescntation of CO utiliza- 
hydrocarbons relative to the other nickel tion and is more useful for practical con- 

catalysts. Gas chromatographic analysis of siderations. This is shown in Fig. 2. On 
the C&+-hydrocarbons showed that t’hq a weight basis, the product distribution 
w-cre predominantly eomal parafins. On is rather flat and less than one-fourth of 
a mole percent basis, Ni/TiO, makes t’he product weight is composed of m&ham. 
about one-half as much methane as nickel Conversion lcvcl had no significant cffcct 
on conventional supports. The marked on the wlectivity diff ercnces between 
shift in selectivity for K/TiOe is cwn Si/Ti02 and the other catalysts. This is 
more apparent n-hen the product distribu- illustrated in Fig. 3 which was obtained 

r 

- 

1 

FIG. 2. Product distribution (wt3; ) for the Hz-CO reaction over 107; Ni/TiOr. 1):Lt:l wcrc 
taken at 473”K, Hz/CO = 3, P (total) = 103 kPa (1 atin), and 4.0’:; CO conversion. 
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0 10% NilTl02 
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FIG. 3. Comparison of the selectivities of nickel catalysts to C&+-hydrocarbons as a function of CO 
conversion. 

by variation of t,he space velocity and The effect of total reaction pressure on 
pertains to reaction temperatures varying the selectivity and conversion at constant 
from 503°K (8.8ye Xi/q-Al,03) to 527°K space velocity for 10% Ni/TiOz is com- 
(5yc Ni/qPA1,03). For CO conversions up pared to 30% Ni/wAl,O, in Table 5. 
to about 50’%, the high selectivity to Increase in total pressure tends to shift 
heavier paraffinic hydrocarbons was main- the product distribution slightly toward 
tained for the TiO, catalysts. The slight methane with Si/TiO,, but has the op- 
decrease in selectivity with increasing con- posite effect on Ni/a-AlnOa. 
version level may result in part from It is interesting to examine the nature 
secondary hydrogcnolysis reactions caused of the selectivity shift toward higher hy- 
by the larger amounts of heat generated drocarbons for nTi/Ti02. The specific ac- 
from the exothermic CO-H, reaction, or tivity comparisons in Table 3 showed that 
from an increasing Hz/CO ratio. the turnover frequency for methanation 

TABLE 5 

Effect of Pressure on the Selectivity of Ni Catalysts” 

Catalyst Pressure 
(kPA (atm)) contusion 

mole% product at each 
carbon number 

(76) 
Cl Cf cs CL cs+ 

10% Ni/TiOz 103 (1) 4 50.5 21.5 7.5 7.5 12 

1030 (10) 3.5 56 37 5.5 1.5 - 

2060 (20) 4.5 57.5 35 5.5 2 - 

30% Ni/wAl,O, 103 (1) 2.1 80 16 4 -- 

1030 (10) 1.9 69 29 2 -- 

2060 (20) 1.3 69 31 - - - 

6 Reaction conditions: 476°K (203”C), HJCO = 3. 
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over Ni/TiO~ was comparable t’o or great’er 
than those of the other catalysts. Turnover 
frequencies for total CO conversion, how- 
ever, were higher for TiO,, particularly 
107, Ki/TiO, on any comparison basis, 
than any of the other samples. The WIPC- 
tivity shift for iYi/TiO,, thcwfore, arises 
from an increase in the rat’e of t.hc carbon- 
carbon bond-making reaction without’ sig- 
nificantly affecting the mcthanation ac- 
t)ivity. This behavior contrasts markedly 
with the effect, of sulfur on the selectivity 
of conventional nickel catalysts. The ad- 
dition of sulfur to such catalysts also 
produces a shift in selectivity toward 
higher molecular \veight products, hut, at 
t’he same time, suppresses total act,ivity 
by wwral orders of magnitude (18). 
Methanation activity is generally do- 
creased drastically, \vhcwas activit,y for 
higher molecular weight hydrocarbon for- 
mation is rcduccd to a much lesser extent 
and, in some instances, evc~n increased 
(18). The selwtivity shift to higher carbon 
numbers which occurs concomitantjly wi-ith 
an increase in the total activity of the 
cat’alyst appears t’o bc unique to the 
?Ji/TiOs system, and is further evidence 
of an influence of the support on the 
chemical properties of nickel. 

Deactivation of Nickel Catalysts 

The deactivation characteristics of Ni/ 
TiOz catalysts also differed substantially 
from that of h’i/Als03 catalysts. This is. 
illustrated in Figs. 4 and 5. The experi- 
ments dclpictcd in the figures were carried 
out in continuous runs on each catalyst. 
in an incwasing pressure seyucncc. The 
open symbols at each pressure represent 
initial data, while the filled symbols reprc- 
writ data aft,w 20-30 min at the indicatea 
pressure. For the 30% Ki/Al,O,, Fig. 4 
shows that significant dract’ivat,ion occurs 
at clach pressure \vit’h time on feed. Fur- 
thermore, the decrease in activity at prcs- 
surw above -10 atm is undoubtedly 
associated \+ith deactivation since t,he total 
prwsurc dependcnw of the met’hanation 
reaction owr nickel is positive (10). 

In contrast to Ni/Al,O,, the Ni/TiO, 
catalyst gave little evidence of any de- 
activation during the pressure dependcncc 
studies (Fig. 5). Deactivation at each 
pressure n-as minimal and the total pres- 

sure deprndwcc of the mrthanation rate 

up to -20 atm was close to t’he value 

of 0.5 determined at, subatmospheric pres- 
sure by independent, measurements. 

The major sources of catalyst dcactiva- 
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FIG. 4. Deactivation behavior of 307, Ni/A1203 at various prcsswes for the Hz-CO rraction. 
‘The opcw symhcJs reprcwnt initial data at, cw:h preww whcwas th(b filled symbols rcprcwrrt 
data aafter Z-:%0 rniu at the itldicatcd preasurc~. Data were w~rnnrd:~tcd in a cotltiurlolw ruu with 

incre;~sing prcsslw at 473X, HJCO = 3, and GHSV = 19,500. 
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tion in the pressure-dependence studies 
depicted in Figs. 4 and 5 mere undoubtedly 
carbon deposition and sintering of the 
nickel. Unfortunately, no characterization 
studies were made of the spent, catalysts 
from these studies. It may bc noted, 
however, that the 30y0 Ni/Al,Os rxhibitcd 
no decrease in metal surface arca, as dc- 
termined by hydrogen adsorption, in atmo- 
*spheric pressure cat’alytic studies (Table 1). 
Deactivation in this system may, t.herr:fort:, 
arise for the most part from carbon de- 
position. If this is the case, the result’s of 
Figs. 4 and 5 suggest that Ki/TiOa is more 
resistant to carbidization than conven- 
tional nickel catalysts. Regardless of which 
deactivation mechanism is operative v&h 
Ni/Al,Os, it appears that Ni/TiO, resists 
it and exhibits improved stability. 

Nickel Carbonyl Formation 

Additional evidence of mctalLsupport 
interaction in the Ni/TiOz system was 
obtained from studies of rates of Ni(CO)a 
formation. Samples of 10% ?Ji/TiOz and 
10% xi/SiOZ weighing 27-29 mg wcrc 
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 

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 bclarn, and the 
formation of Ki(CO)4 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 TiOa is the support. Ap- 
proximately 1 hr after CO addition, the 
concentration of Ni(CO)4 in the gas phase 
over Ni/TiOz is more than an order of 
magnitude less than that over h’i/SiOz. 
This aspect of the Si/TiOz system is 
particularly attract’ive from a practical 
viewpoint because of the hazards asso- 
ciatcd with poisonous r\ri(CO)l. 

SUMMARY AND CONCLUSIONS 

This investigation provides convincing 
evidence for a novel metal-support intcr- 
action in titania-supported nickel catalysts. 
Such evidence is provided by comparisons 
of the activities, selectivities, and de- 
activation characteristics of Ni/TiOp rela- 
tive to a variety of other nickel catalysts 
in CO-H2 reactions, of t.he rates at which 
Ni(CO)g is formed in the presence of CO 
and to a lesser extent by chemisorption 
and XRD characterization studies. 
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FIG. 5. Activity maintenance of 10% Ni/TiOz at various pressures for the HZ-CO reaction. 
Data were accumulated as described in Fig. 4 at 473”K, Hz/CO = 3, and GHSV = 12,000. 
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FIG. 6. Relative rates of Ni(CO), formation for Xi/SO, and Ni/TiO, c*atalysts. 

The activity of Ni/TiO, cat’alysts for CO a&ion in titania-supported catalysts r(‘- 
conversion is significantly grrat’cr than that mains obscurcx. This study shows clearly 
of unsupported nickel or nickel on silica, the significance and potc>ntial impact’ of 
alumina, or graphitcl. Accompanying the such interactions on catalytic and chemical 
activity enhanccmcnt is a shift in the propertics. As furthor studies of the physi- 
product distribution to highw molwular cal and chemical properties of thrst: 
weight paraffinic products. The shift in materials arc’ obtained from dctailcd char- 
product dist,ribution results from an in- actcrizat’ion by analytical tools, much 
crcasc in the activity of carbon- carbon nwdcd insight into the origins of the 
bond-making reactions rather than a sup- intwact,ion may bc anticipatcld. 
prcssion of m&anation act’ivity. This is In addition to providing cvid(w!c of a 
in marked contrast to the cxpcriclncc \vith uniqw mc:talLsupport intwaction in the 
o&r nickel catalyst’s \vhcrc shifts in Ni/TiO, system, tlic> wsults of this in- 
product distribution to highw carbon vwtigation arc also of significance from 
numbers can bc brought about by sulfur the viewpoint of practical applications of 
addition but at a sacrifice in activity of thaw: materials. Itcwntly thaw has bwn 
scvcral orders of magnitude. much intcwst in proccssing altclrnativcs 

Othclr uniyuc cliaractc~ristics of Ki/TiO, for thcb on-sit’{> product,ion of pclak-shaving 
w:rc‘rwistancc to d(sac+ivat’ion and Xi(U))., fuels in coal gasificatiorl- cllcctric poww 
formation. Whcrcas Ni/AlzOa dcactivatod gewrat’ion facilitiw TLVO altckrnativcs frc- 
wit#h time on fwd, SijTiO, showcld little qucntly considwcld arc: methanol synthesis 
evid(~nce of any loss of act,ivjty. This sug- and Fis&rPTropsch synthesis. Methanol 
gcsts t,hat Ki/‘l‘i02 cat,alysts may bc more synthwis is attractive since t’he product 
rwistant to the common modw of dcactiva- is a clean, storable liquid, but the: prowss 
tion of nickel catalJ,sts, nam(ily, caarbon de- operates at high prcwurcs and is costly. 
position and sintcxring. With rcxgard to Fischer--Tropsch synthesis operatcbs at loww 
Ni(CO)a formation, the ratcl \vas dccwasc~d prwsurw, but the product distributions 
by more than an ord(ir of magnitude for from typical iron-bawd catalysts arc com- 
Ki/TiO, rolativc to Si/SiOs. pl~x mixt’ures which degrade in storage. 

The nature of the m&alLsupport intcbr- The product distribution obt8aincd with 
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Ni/TiOz, however, is paraffinic and prob- 
ably stable to storage. Also, a prcwss 
utilizing Ni/TiO, could opcratc at or near 
atmospheric pressure, and it could bc an 
attractive alternative to methanol or con- 
ventional Fischer-Tropsch processes for the 
production of peak-shaving liquids. 
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