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ABSTRACT

Catalytic activity and selectivity for CO and CO2 hydrogenation
on supported nickel catalysts were changed significantly by the addi-
tion of alkali promoters; the major factor in determining the change
was the oxide support used. On most supports, alkali promoters
decrease hydrogenation rates to varyiné-degrees, apparently due to
weakened hydrogén'bonding. This results.in lower.methane turnover
numbers and large.olefin/baraffin ratios for Cé hyﬁrogenation. The
rate of carbon hydrogenation is also dramatically reduced. For CD2
hydrogenation, selectivity to CO product increases as overall conver-
sion decreases with promoter concentration. On Ni/sidz—A1203f however,.
turnover numbers increase for both C0>and CO2 hydrogenation. These
changes and and studies in which nickel loadings werevvaried sﬁow that
the K/Ni ratio is not sufficient to determine the changes due to the
promoter. The oxide support and the nickel loading also have major
influences, aéparently because much of the promoter réacts with the
support. The promoter preparation and the promoter salt used have much

less effect than the support and the potassium loading.
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RESEARCH SCOPE AND OBJECTIVES

The role of alkali promoters in changing catalytic activity and
selectivity for CO “and CO2 hydrogenation was studied on supported
nickel catalysts. The effects of the support on the promoter's
modifications in both adsorption and reaction properties were con-
sidered. Steady-state kinetics, temperature-programmed desorption and
reaction (TPD, TPR), static chemisorption, temperature—programméd e
decomposition, and XPS were used. The aim of this research is to
understand how alkali metals interact with supported catalysts to

change activity and selectivity, and how these interactions depend on

the support.

PROJECT ACCOMPLISHMENTS AND TECHNICAL DISCUSSION

The effect of alkali promoters on catalytic activity and selec-
tivity was studied for CO, CO,, carbon, and C£H4 hydrogention on a
series of supported catalysts. Both differential reactor studies (with
stati; chemisorption) and temperature-programmed reaction experiments
were used. The influences of the support, the catalyst loading, the
nickel loading, the catalyst.preparation, and the reduction tempera-
ture were determined. The decomposition of the promoter during
preparation was also studied with temperature-progrémmed decomposi-
tion. Preliminary XPS experiments were undertaken and because of
higher sensitivity in XPS, sodium is being used in present XPS experi-
ments. The reaction steps affected by the promoter were studied
separately by measuring rates of carbon, CO, and CH, hydrogenation.

The following sections describe briefly the results of these studies.
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Effect of Catélyst Support: CO Hydrogenation

Four supports were used to prepare a series of prgmoted andv
unpromoted catalysts. Changes in areal rates of CO hydrogenation upon
addition of alkali_ promoters to supported nickel were ﬁeasured by
temperature-ﬁrogramme@ reaction (TPR) and by steady-state kinetics.
Good agreement was obtained between the two techniques; indicating
'vthat'the ééﬁe Eeaction process was measured. On Ni/SiO2 and Niyiioz,
addition of 1% potassiﬁm decreased methanation'acuivity approximately
a factor of 30 and significantly increased selectivity to olefins. On
Ni/A1203 and Ni/SiOz—A1203;.the activiE}es were essentially unchaﬁggd
by 1% potassium. On Ni/SiOz—A1203, low sodium concentrations increased
methanation activity slightly. The dependence of activity changes on
the support may be because the alkali distribution between the nickel
and the support depends on the support. Alkali promoters change ac-
tivity and selectivity by altering the nickel sites, and in general,
promotion also decreases the number of sites available for methana-

tion.

Effect of Promoter Concentration

The'chéngé, with promoter concentration, in activity and selec-
tivity for CO hydrogenation on potassium-promoted catalysts was shown
to depend significahtly on the oxide support. A series of 20.catalysts
was stu@ied in a differential reactor for a 3:1 mixture of B, and CO.
On Ni/SiOz, methane and total turnover numbers decreased exponeptially
with promoter concentfation, while olefin turnover numbers increased
and olefin/paraffin ratios increased dramatically. On Ni/SiOz-Alzo3,
paraffin turnover numbers increased, except at high promoter con-

centrations. Olefin selectivities decreased and higher paraffin selec-

tivities increased. Thus maximums in methane and total turnover num-
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'bers were seen. A good correlation was seen between the
olefin/paraffin ratio and the inverse overall activity for most
catalysts. The olefin/paraffin ratio was 10 times larger for C3 than
for C2 hQQrocarbons. Thus, the support has a bigger influence on the
changes induced by the promoter than the promoter concentration dces.
The preparation method has a much smaller influence on properties of
promoted catalysts. Use of different promoter salts has little effect,

indicating that the original promoter salt decomposes during catalyst

preparation.

Low Weight Loading Ni/A1203 Catalysts

Temperature-programmed reaction (TPR) was used to study the
details of the hydrogenation of carbon monoxide on two low loading
Ni/A1203 catalysts. Since our data indicate that the support sig-
nificantly affects activity of promoted catalysts, it was important to
understand the types of reaction sites present on the unpromoted
catalysts. Also, on low loading Ni/AléO3, multiple sites form and the
effect that promoters have on these sites may help in determining the
location of the promoter on the catalyst. To'study the sites present
on these catalysts during methanation, heating rate variation,
coverage variation, interrupted reaction, and pretreatment temperature
variation were used during TPR.

The presence of the two pathways for methanation are due to
hydrogenation of CO at two adsorption sites: Site (A),CO adsorbed on
nickel atoms that are interacting with other nickel atoms; Site (B), CO
adsorbed on nickel atoms interacting with an oxide phase of the
Ni/A1203 catalyst. Temperature-programmed reaction (TPR) deteci:i
these sites because of its ability to measure specific rates of reac-
tion. Conversion between these two sites occurs and is influenced by
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surfaée hydrogen. The alumina support increases the difficulty of
reducing nickel and creates B sites on the partially-reduced,catalystsu_
and 6n the catalyst where nickel atoms interaction intimately with the
oxide support.

Neither of the pathways has the hydrogenation of dispersed sur-
face cérson as a rate-limiting step, though soﬁe methane is broduced *
gt high temperatures from the hy@rogenation of polymerized beta-carbon
formed during interrupted TPR. The hydroéenation of CO(A)_had an
activation energy of 51 kJ/mol; the hydrogenation of CO(B) had an
activation energy of 145 kd/mol. Both pathways for the hydrogenation
of CO should be present inlsteady-éfaté kinetic stﬁdies'dn low-weight-

loading Ni/A1203¥catalysts.

CO2 Hydrogenation: Cataiyst Support and Promoter Concentrétion

On Ni/S8iO, and Ni/sioz--AlzG3 catalysts, cgrbon dioxide ‘hydrogena-
tion was studied-in a differential reactor as a function qf alkali
promoéer concernitration. On unpromoted catalysts, as reported by
others, CO2 hydrogenation has a higher selectivity to methane than CO
hydrogenation. On both supports, approxima;ely 95% methane yield was
obtained, and the remaining 5% was mostly carbon monoxide. As for CO
hydrogenation, addition of promoter caused changes in activity and
selectivity. The promoter had different effects, however, on catalysts
prepared on the two supports. For a range of promoter concentrations,
thé methane turnover number increased with promoter concentration on
Ni/Si024A1203 initially and than decreased slightly. The selectivity
was relatively constant up to 0.8% K; for 4% K the selectivity to CO.
increased to 45%. The turnover number for CO formation increased a

factor of 20 over that for the unpromoted catalyst.

On Ni/8i0,, the turnover numﬁer for CH, formation decreased
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rapidly with promoter concentration, though not asffast as when CO
hydrogenation was carried out on the ééme series of catalysts. This
decrease in methane turnover number was acébmpanied by én increase in
CO formation so that the decrease in overall CO, gonve:sion was small
except at high promoter concentrations. The selectivity changed
rapidly between 0% K and 0.8% K froﬁ:SS% methane to 5% methane.

Even at the_higher promotger concentrations, little ethane was
produced on either catalyst and essentially no propane or higher
hydrocarbons. In contrast,promoters caused large increases in olefin

formation for CO hydrogenation.

Suppression of Hydrogenation Rates

On Ni/SiO2 catalysts with and without promoters, carbon, CO, and
CZH4 hydrogenation were studied by TPR and pulse reaction to determine
the effect of promoters on various hydrogenation steps. Carbon
monoxide was hydrogenated in a differential reactor on the same
catal}sts. These studies show that the major effect of potassium on
Ni/SiO2 catalysts is to decrease hydrogenation rates of carbon and CO.
A large decrease in garbon hydrogenation rate was seen; this is ap-
parently responsible for the decreased methanation rates. The
decreased hydrogenation rate also results in an increased
olefin/paraffin ratio. Hydrogen TPD shows that this decrease is due to
decreased hydrogen bonding on the promoted catalysts, which also
increases the higher hydrocarbon yield. Promoters both decrease the
bonding strength of hydrogen and cause adsorption to become activatedt

h

The surface area available for hydrogen adsorption is also decreased,

as the areal rates decreased.
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Ni/Alzbg Catalysts

Thé nickel we;ght loading was varied for a series of Ni/A1203
cafalysts to study tﬁé interaction of the promoter with the support.
Nickel/alumina catalysts display‘two distinct methane peaks which we
have attributed to CO ads?rbed on nickel crystallites and CO adsorbed
on nickel that is in closé contact with alumina or nickel oxide. The
amount of each type of CO depends on the Ni loading. The changes in
these two peaké with promoter addition are being used to determine
where the promoter is located. |

Four unpromoteé";étalysts with loading ranging from 1 to 18% were
prepared and four promotef catalysts were also preparéd from these
samples. Temperature-programmed reaction of adsorbéd CO, temperature-
programmed desorption of hydrogen and carbon monoxidé, steady-state
rates and selectivities, and_pe:cent reduction were measured on these
eight catalysts.

On 10% Ni/A1203, for example, the addition of K decreased the
rate of reaction for the CO located near the support, but did not
affect the methane peak due to CO on nickel crystéllites. On the 1%
catalyst, potassium resultea in a new methane peak at low temperature.
Steady-state kinetics were consistent with the TPR results; the ac-
tiQity increased on the promoted 1% catalyst, but decreased on the
other promoted catalysts. The K/Ni ratio increased as the nickel
loading decreased, yet the fractional decreases in overall hydrogena-
tion activity on the promoted catalysts were the same, except for the
1% catalyst, for which the activity actuwally increased. In contrast,
when the nickel loading was maintained constant on Ni/A1203 cataiysts,

but the K/Ni ratio was increased, the activity decreased. These

studies show that the K/Ni ratio is not sufficient to characterize the
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promoter effect on a given support. They indicate also that much of

the interaction of the promoter is with the support.

Ni/TiO2 Catalysts

Desorption (TPD) and reaction (TPR) of H, and CO were studied on
10% Ni/‘l‘io2 catalysts with and without alkali promoters.
Nickei/titania has a high selectivity to higher hydrocarbons and the
selectivity is further increased by the addition of alkali promoters.
puring TPR methane and ethane formed in narrow peaks; ethane formed at
a slightly lower temperature than methane and the ethane yield was
only 5% of the methane yield. The pioduct peak temperatures during TPR.
did not change with initial coverage, indicating first-order
processes, though desorption rate isotherm analysis indicates second
order processes.

Potassium caused a significant decrease in the rate of CO
hydrogenation in TPR, as seen in steady-state experiments. The per-
centaée of CO that reacted to ethane increased, while the amount of
unreacted CO increased from 19 to 29%. Addition of potassium weakened
hydrogen bonding to the surface and decrzased hydrogen adsorption. As
on Ni/sioz, this decreased bonding resulted in decreased hydrogenation
rates on Ni/TiOz.

Carbon monoxide bonding was dramatically changed on promoted
Ni/TiOz. When 1% K was added, the strongly-bound and the weakly-bound
CO were almost eliminated. The remaining CO desorbed between 500-600
K, and the desorption kinetics appear to change from second order to
first order with promoter addition. The promoted catalyst deactivated
more rapidly with repeated desorptions, suggesting that CO desorption
products remain on the surface. The amount of COZ' from CO dispropor-

tionation, however, was drastically reduced and it formed at a lower

-
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temperature on.the promotedii/Tibz. Thus, it appears that CO dis-
proportionation is not increased with promoter addition.

-

Temperature-Programmed Decomposition -

Post~impregnation catalysts were prepared using 13

C-labeled
potassium, carbonate ‘in order to study the rate of decomposition of the
. potassium salt during the reduction stage of catalyst pfeparation.
Mass spectrometric detection observed methane, carbon m;noxide and
cakben dioxide products during programmed heeting. Heating was carried
out to-1300 K, even though catalyst reductidn ie_normally only up to
773 K. The higher temperature allowed decomposition that did not occur
during typical reduction to also be studied. .

On the supports without nickel, a large difference was observed
in the rate and the amount of carfonate decomposition; Similarly, the
extents of decomp051t10n were guiter dlfferent for pota551um carbonate
on supported nlckel catalysts. For example, the amount of carbonate
decomp051t10n was much larger for N1/5102 than for NJ_/SlO2 A1203. Part
of this appears to be due to decomposition near room temperature for
the silica-alumina, and the decomposition temperature on the silica
catalyst is sufficiently high that much of:}he carbonate apparently
does not decompose during tfpical catalyst preparation procedures.
Aﬁalysis of these results have been complicated by the presence, at
high temperatures, of methane that apparently forms from carbon or
carbon dioxide on the support. The results to date indicate that the

amount of potassium on the transition metal depends on the support,

but additional experiments are still needed.

Catalyst Preparation

Catalyst preparation had a small influence on the‘act;vity end
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selectivity relative to tﬁe effect of support and promoter concentra- .
tion. Similar results were obtained for ﬁke— and co-impregnation and.
for calcined catalysts. The use of carbonate, oxalate, chloride and
nitrate saltsqg?ve similar activities. On'Ni/Sioz, the methanation
activity decreased less for the same promoter loading on post-
impregnation catalysts, but the olefin selectivity g;so inq;eased
less. The suppoft still strongly influences the chaﬁge in ;ctivity.
The methane turnover number dropped more rapidly on post-impregnated

Ni/SiO2 catalysts than on post—imﬁregnatéd"Ni/A1203.

Ni/Tio,: Effect of Reduction-Temperature

Both TPR aQG steady-state kinetics were used to study promoted
and unpromoted catalysts as a function of‘reduction from 573 K to 848
K. For Ni/TiO,, égé amount of methane formed in TPR dropped rapidly
with increased reduction Fempergture, while the peak temperature
remaips essentially unchanged. While the tthane peak also decreased,
its peak temperature decreased. Similar results were seen on the
promoted catalyst, but the changes occurred at different reduction
temperatures. In steady-state experiments, a large change in selec-
tivity occurred between 673 and 773 K for the promoted catalyst and
between 773 and 848 K for the unpromoted catalyst. The chgnges corre-

late with the changes seen in TPR.
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CONCLUSIORS
The effect of alkali promoters on the catalytic properties of a
‘series of supported nickel catalysts was studied for the CO and CO2
hydrogenatlon reactlons. Steady-state kinetics, temperature-programmed
desorption and reactlon, and temperature-programmed decomposition were
used. These studies have shown.that the catalyst support is the major
factor affecting the changes induced by the promoter. In addition,
these studies have found that
o Alkali promoter decrease turnover numbers for CO’
hydrogenation on Ni/SiOz, Ni/A1203 and Ni/TiOz;
the amount of decrease strongly depends on the supéort.
e Alkali increases turnover number for Ni/SiOz-Alzo3
@ Olefin selectivity can be increased several orders of
magnitude by alkali; the olefin:paraffin ratio correlates
with inverse aCtivity. |
¢ TPR and steady-state kinetics yield good agreement on
specific activities.
© On Ni/Al,0,, two distinct CO sites that react to Ch, at
different rates were detected.
¢ The support determines the effect of alkéli on CO,
hydrogenation; alkali increases selectivity for CO formation.
¢ A major role of alkali on Ni/siO, and Ni/TiO, is to
suppress hydrogenation rates by weakening hydrogen bonding.
© On Ni/TiO,, CO bonding and CO disproportionation is
dramatically changed by promoter addition. '
o The K/Ni ratio is shown, for Ni/A1203, to not be a good
indicator of the activity and selectivity. Interaction with

the support means that the Ni loading is also an important
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variable.

Potassium carbonate decomposes at different rates on
different supports; at typical reducﬁion'temperatures,

the amount of decomposifion depends on the support.
Catalyst salt and preparation method have small effects on
activity; only post-impregnation is different; the activity
decreases less and olefin selectivity increases less.
Promoters change the reduction temperatures required for

transitions in selectivity and activity for CO hydrogenation

on Ni/TiOz.




-16-
PUBLICATIONS

1) K. "B. Kester and J. L. Falconer, "CO Methanation on Low-Weight

Loading Ni/A1203: Multiple Reaction Sites," J. Catalysis 89,(1984), in
press. ' -

2) J. L. Falconer, K. M. Bailey, and P. D. Gochis,’ "CO Hydrogenation
on Alkali-Prowmoted Nickel Catalysts," Catalysis of Orgamnic Reections,
Vol 10, 1985, in press. ) e

3) G. ¥, Chai and J. L. Falconer, "Alkali Promoters on Supported
Nickel: Effect of Support, Preparation and Alkali Concentration,™
submitted to J. Catalysis.

IN PREPARATIGN

" 1) K. M. Bailey, K. Keirein and J. L. Falconer, "Suppression of
Hydrogenation Rates by Alkali Promoters".

2) 7. K. Campbell and J. L. Falconér, " Carbon Dioxide Hydrogenation
on Nickel Catalysts: Effect of the Support”. ‘

3) G. ¥ .Chai, K. M., Bailey, and J. L. Falconer, " Alkali on Ni/A1203
Catalysts: Interaction with the Support®.

4) K. G. Wilson, K. Keirein, P. D. Gochis, and J. L. Falconex, " TPR
and TPD Studies on Promoted Ni/iio2 Catalyst".

5)G. Y. Chai, K. M. Bailey and J. L. Falconer "Temperature-programmed
Decomposition Study of Promoted Catalyst Preparation”.





