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NOTICE

This report was prepared as an account of wc;rk spoh;sored by the United
States Governmenf.. Neither the United States nor the Department of Energy,
nor any of their employees, nor any of their contractors, subeontractors, or
their employees, makes any warranty, express of irnplied, or assumes any legal'
liability or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product or process disclosed or represents that its use

would not infringe privately-owned rights.
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ABSTRACT
The effect of alkali promoters on the activity and selectivity for CO

hydrogenation was studied on supported. nickel catalysts. Temperature-
programmed desorption and reaction, and steady-state reaction were used.
The support was shown to have a strong influence on the changes induced by
the alkali promoter. On Ni/ Si0z and Ni/ TiO;, hydrogenation rates were signifi-
cantly reduced, épparently due tc weakened hydrogen bonding. This resulted
in a significant increase in the olefin selectivity. On Ni/ Si0,;'Al;0g, the hydroge-
nation rates were increased, and a maximum was observed in the rates of
methane and higher paraffin formation. Little change in the Ni/ AlxOj -cat.alyst.s
was seen, except for a decrease in surface area. Temperature-programmed
reaction and steady-state kinetics show good agreement for the series of
catalysts. On Ni/ Al,0g, the presence of multiple reaction sites was observed and

studied in detail; a model was developed.

The effeet of potassium concentration on Ni/Si0; was large and the
activity decreased rapidly even at the low concentrations. Preparation method‘
and alkali salt used were shown to have small effects cn the changes in activity
and selectivity. The strong effeet of the support was atiributed to an interac-

tion of the support with the promoter.




RESEARCH SCOPE AND OBJECTIVES

The influence ‘of alkali promoters on catalytic ac'tivity and'sélectivity for
carbon monoxide hydrogenation was studied on supported metal catalysts. The
interaction of the promoter and the oxide support, and the effect of promoter
concentration and preparation method are of interest. Te;mperature--
progfammed desorp’c:ion (TPD) and reaction {(TPR) are used with mass spec-
trometrié detection to determine how promoters affect binding energies, indivi-
dual reaction steps, reaction mechanism and specific activity. Selectivity and
activity are measured iﬁ a differential reactor with gas chromatographic
.a.nalysis. The aim of this research is to understand how a catalytically-inert
alkali metal modifiés CO hydrogenation and to determine if the changes in

activity and selectivity due to the promoter are affeeted by the support.

PROJECT ACCOMPLISHMENTS AND TECHNICAL DISCUSSION

Temperature-programmed desorption (TPD) and reaction (TPR} and dif-
ferential reactor stuﬂies wers used to study CO hydrogenation on supported
nickel catalysts. Four supports (SiOz, Al,0g, TiOp and Si0y-Aly05 were used to
_prepare catalysts by impregnation. The changes in the activity and selectivity
weré studied in a differential reactor for a 3:1 Hp:CO mixture at atrmmospherie
pressure. Alkali promoters were found to have a very large effect on both the
activity and selectivity to higher hydrocarbons. However, the support signifi-
cantly influenced these changes in kinetic properties. Some of the catalysts
were also characterized 'by Auger spectroscop} and x-ray photo. 'ectron spec-

troscopy to verify the presence of alkali.

Experimental
A steady-state flow system for measurement of differential reactor kinetics
was designed, constructed and tested. A sand bath heater was used for reactor

temperature control, and a gas chromatograph with TC and FID detenters was
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purchased, put into operation ‘and calibrated. Data obtained with this system

for unpromoted catalysts agreed with values reported in the literature.

A number of catalysts was prepared with different supports (8i02, Alx03,
TiOg, Si0g°Aly0g), ranges of promoter eoncentration, both sodium and potassium
promoters, different preparation methods (pre-. co- and post-impregnation,
calcination) and with different promoter salts (KCl, XzCz04, K2COs, KOH). Aque-
ous lmpregnation t§ incipient xvetnesé was used in these studies, and all nickel

and alkali weight loadings were measured by atomic abscrption.

Parts were purchased for an x-ray photoelectron spectrometer (XPS); this
Leybold-Hereaus systern was put into operation and calibrated, and an hydro-
gen flow system was added to allow catalyst reduction before analysis by XPS.

Preliminary XPS experiments are underway.

The detailed results of this project are described in the reprints at the end

of this report. These results will be briefly summarized here.

Support, Promoter Concentration, and.Preparation Effects

The activity and selectivity for CO hydrogenation on potassium-promoted
catalysts is shown to depend on the oxide support. On Ni/ Si0p, due to a weak
interaction between the support and the promoter, most of the promoter is on
the nickel and the total activity decreases rapidly with promoter concentration.
Olefin activities increase and olefin/paraffin ratios increase dramatically, as
observed on smgle crystal nickel. Potassium on nickel apparently decreases

hydrogenation rates.

On Ni/ Si0,-A1,05, paraffin activities increase except at high promoter con-
centrations. Olefin selectivities decrease and higher paraifin selectivities
increase. Thus maximums in methane activity and total activily ars seen.

Apparently the silica-aluming support interacts more strongly with petassium,
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and thus most of the pbtassium is on the s_upport. A reaction between the sup-
port and promoter causes a weak metal-support interaction which increases
hydrogenation rates. Only at higher promoter concentrations, when more of

the promoter is on the nickel, do the hydrogenation rates decrease, and the

olefin/paraffin ratios increase.

The following variables show a decreasing effect on activity and selectivity
for promoter addition:

support > promoter concentration > preparation method > promoter salk.

Post-impregnation of the promoter yields a higher activity bﬁt a lower olefin
selectivity; calcination increases the relative olefin »ield at higher tempera-
tures. Use of different salts has little effect, indicating that the original‘pro-
mol';er salt decomposes during catalyst prep_aration. A godd cofrelation was
seen between the olefin/paraifin ratio and the inversgf~ overall activity for most
catalysts. The olefin/paraffin ta.t.io was 10 times larger for Cz than for Cs

hydrocarbons.

TFR and Steady-State Kinetics

Changes in areal rates of CO hydrogenation upon addition of alkali puc-
moters to supported nickel were 'measured by t’emperature‘-prpgrammed rea;c:-
tion (TPR) and steady-state kinetics. Good agreement was obtained between
the two technigques, indicating that the same reaction process was meaéured.
On Ni/Si0; and WNi/Ti0z addition of 1% potassium decreases methanation
activity approximately a factor of 30 and significantly increases sslectivity to
olefins. Potassium decreases hydrogenation rates on Ni/Si0, by wealkenin
hydrogen bonding. On Ni/ Als03 and Ni/ 8i0,-Alg0g, the activities are ess'entially
unchanged By ‘1% potassium. On Ni/ Si0z'Alz03, low sodium concentrations

increase 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. On Ni/ Als0s and Ni/Si0p-Al0y. a stroxl‘xg
promoter-support interaction keeps more of the promoter on the support. The
reacticn of the promoter with the support then modifies the nickel properties
through. a metal-support interaction. Alkali promoters change activity and
selectivity by altering the nickel sites, and in general, promotion also decreases

the number of sites available for methanation.

Low Loading Ni/ AlL,Og Catalysts

The presence of two pathways for methanation has been observed on low
weiéht-loading Ni/ Alp05 catalysts. These two pathways are due to hydrogena-
tion of CO at two adsgrption sites: {A) CO adsorbed on nicke'i atoms that are
interacting with other nickel atoms; (B} CO adsorbed on nickel atoms interact-
ing with an oxide phase of the Ni/Al,0; catalyst. Temperature-programmed
reaction (TFR) detected these sites because of its ability to measure specific
rates of reaction. Conversion between these two sites ocecurs but is influenced
by surface hydrogen. The alumina support increases the difficuity of reducing

nickel and creates B sites on the partially-reduced catalysts and on the

catalysts where nickel atoms interact intimately with the oxide support.

Neither of the pathways has the hydrogenation of dispersed surface car-
bon as a rate-limiting step, though there is sormme methane produced at high
. temperatures from the hydrogenation of polymerized f—carbon formed during
interrupted TPR. The hydrogenation of CO(A) had an activation energy of 51
kJ/mol; the hydrogenation of CO(B) had an activation energy of 145 ki ol
Both pathways for the hydrogenation of CO should be present in steady-state

kinetic studies on low-weight-loading Ni/ Al,Og catalysts.



Promoted Ni/ TiO; Catalysts

The hydrogenation of CO on 107 'Ni./ TiO, was studied in detail using TPR
and TPD since Ni/ TiO; has a high selectivity to higher hydrocarbons and the
selectivity is further increased by the addition of alkali promoters. The initial
coverage'was varied by interrupted desorption and feaction. For TPR, after‘CO ‘
adsorption to saturation coverage, the catalyst was heated in hydrogen to a

specified temperature, cooled to room temperature and then heated at 1 K/s to

723 K in a normal TPR.

Methane and ethane were formed in rlarr_ow peaks and two distinect
methane peaks were s€en. Ethane formed at a slightly lower temperature than
methane; the ethane yield was onl_y' 3% of the methane yield. The methane,
ethane and propane peak temperatures did not ch;ange with initial covérage.

indicating first-order prccesses.

Adding potassium to Ni/ Ti0p caused a significant decrease in the rate of
.TPR reaction, as seen in steady-state experiment. Temperature-programmed
reaction also observed a large increase in methahe and ethane peak tempera-
tures, as well as an increase in the temperature of upreacted CO. The percen-

tage of CO that reacted to ethane also increased with the addition of potassium.

On Ni/ TiOs, hydrogen desorbed from the unpromoted catalyst over a wide
temperature range, and addition of potassium weakened the hydrogen bonding

to the surface. Hydrogen adsorption also appeared tt; be activated.

These changes in hydrogen bonding appear to be reflected in the TPR and
steady—statev experiments. Since promoters weaken hydrogen bonding on
Ni/ TiQp and Ni/ Si0Oz, the .rates of CO and C hydrogenation decrease in TPR.
Similarly, the rates of hydrogenation of CO to methane and higher paraffins

also decrease. Thus, more olefins are observed on the promoted catalysts.
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Carbon monoxide bonding was also significantly changed on promoted
Ni/ TiOz. When 1% X was added to Ni/ TiOg, the strongly-bound and the weakly

bound CO are almost eliminated. The remaining C0 is in the 500-600 K range.

Temiperature-programmed desorption of CO also yields CO; due to dispro-
portionation. On unpromoted Ni/ TiOg, the COg is observed over a relatively nar-
row temperature range. After addition of promoter, the amount of CO; is

decreased drastically and the COp also forms at a lower temperature.

CDNCLUSIONS

An extensive study of the effects of supports, preparation and concentra-
tion on the ad.dition-o‘t: allcali pfomoters was carried out for éuppcrted nickel
' catalysts. Activities and selectivities for a series of catalysts were measured in
a differential reactor with ge detection. Specific activities, active site concen-
trations and the presence of multiple sites were measured by temperature-
programmed reaction {TPR) with mass spectrometric detection. Carbon monox-
ide and hydrogen bonding were measured by temperah-lre-progranuned desorp-
tion.

A strong dependence of alkali promoters on supports was observed and the
interaction between support and promoters was used to explain the differences.
On Ni/ Si0,, alkali promoters were shown to decrease hydrogenation rates; on
Ni/ Si0g-Al,0q, hydrogenation rates were increased by alkali promoters. Good
agreement was obtained for methanation rates with TPR and steady-statz kinet-
ics. The decreased hydrogenation rates were related to decreased hydrcgen
bonding. Accompanying decreased hydrogenation rates was increased olefin
selectivity. On Ni/ Si0,, olef'in selectivity increased three orders of magnitude.
An excellent correlation we;xs found between olefin/paraffin ratios and inverse

activities.

The effects of preparation and alkali salt were shown to be much smailer



-11-

than the effect of support on the promoter. The concentration of potassium
, was varied over two orders of magnitude on Ni/Si0; and the rate dropped

rapidly. On Ni/ Si0,'Alp0q, the rates of methane and higher paraffins increased.

The- strong interaction of nickel with Al;0z supports was studied in detail
and the presence of multiple sites, some of which are due to interaction with
oxide, was found. The effect of alkali promoters on desorption and reaction was

also studied in detail on Ni/ TiOy catalysts.
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