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ROIqCE 

This report was prepared as an account o~ work sponsored by the United 

States Government. Neither the United States nor the Department of Energy, 

nor any of their employees, nor any o~ their contractors, subcontractors, or ' 

the i r  employees,  makes  any  war ran ty ,  express  el  implied, or assumes  any  legal 

liabili~y or responsibility for the accuracy, completeness, or use~uhness of any 

information, apparatus, product or process cl/sclosed or represents that its use 

mould not in~rh%ge privateLy-owned rights. 
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ABm'RACT 

The effect of alkali promoters on the activity and seteativity Cot CO 

hydrogenation was studied on supported, nickel catalysts. Temperature- 

prograrnm, ed desorption and reaction, and steady-state reaction were used. 

The support was shown to have a strong influence on the eA~ges induced by 

the alkali promoter. On Nb' SiOz and Ni/T[Om hydrogenation rates were signifi- 

cantly reduced, apparently due to weakened hydrogen bonding. This resulted 

in a s i g n i f i c a n t  i n c r e a s e  in t h e  olef in  se lec t iv i ty .  On Ni/Si02.A120 ~, the  hyd roge -  

n a t i o n  rates were increased, and a maximum was observed Ln the rates of 

methane and higher paraffin formation. Little change in the Ni/AI20~ catalysts 

was seen ,  e x c e p t  for  a d e c r e a s e  L~ s u r f a c e  a rea .  T e m p e r a t u r e - p r o g r a m m e d  

reaction and steady-state kinetics show good agreement for the series of 

c a t a l y s t s .  On Ni/Al~Os, the  p r e s e n c e  of mu l t i p l e  r e a c t i o n  s i t e s  was  obse rved  and  

studied in detedl; a model was developed. 

The effect of potassium concentration on Ni/SIO~ was large and the 

activity decreased rapidly ever at the low concentrations. Preparation method 

and alkali salt used were shown to have small effects on the changes in activity 

and selectivity. The strong effect of the support was attributed to an interac- 

tion of the support with the promoter. 
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RESEARCH SCOPE AND OBJECTIVES 

The in f luence  of  alkali  p r o m o t e r s  on c a t a l y t i c  ac t iv i ty  and '  s e l e c t i v i t y  for  

carbon monoxide hy.drogenation ~as' 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. Temperature,- 

programmed desorption (TPD) and reaction (TPR) are used with mass spec- 

trometric detection to determine how promoters a f f e c t  binding energies, indivi- 

dual reaction steps, reaction mechanism and specific activity. Selectivity and 

ac t iv i ty  are  m e a s u r e d  in a d i f fe ren t ia l  r e a c t o r  with gas c h r o m a t o g r a p h i c  

"analysis. The aim of £[~ds r e s e a r c h  is to u n d e r s t a n d  how a c a t a l y t i c a l l y - i n e r t  

a lkal i  meta l  modifies C0 h y d r o g e n a t i o n  a n d  to determine if t h e  changes in 

ac t iv i ty  and  s e l ec t i v i t y  due  to  the  p r o m o t e r  a r e  a f f e c t e d  b y  the  s u p p o r t .  

PROJECT ACCOMPLI~ AND TECHNICAL DISCUSBqON 

Temperature-programmed desorption (TPD) and reaction (TPR) and dif- 

ferential reactor studies wer-. used to study CO hydrogenation on supported 

nicker catalysts. Four supports (S~O m A[20 s, T[02 and Si0~.Al~0s) were used to 

• prepare catalysts by impregnation. The changes in the activity and selectivity 

~vere studied in ~ d3/ferential reactor for a 3:I He:CO mixture at atmospheric 

pressure. Alkali promoto-rs were found to have a very large effect on both the 

ac~vity and selectivity to higher hydrocarbons. He,rover. the support .~i=~n,~fi- 

cantly Luflueneed these ch-ngss in Idnetic properties. Some of the catalysts 

~vere also characterized by AuEer spectroscopy and x-ray phot 9. 'ectron spot- 

t r o s e o p y  to  ver i fy  t h e  p r e s e n c e  of alkali. 

Experimemtal 

A steady-state flow system for measurement of different:,al reactor kinetics 

was designed, constructed and tested. A sand bath heater was used for reactor 

temperature control, and a gas chromatograph with TC and F-ID detectors was 
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purchased, put into operation 'and calibrated. Data obtahned witll th£s system 

for unpromoted catalysts agreed with values reported in the literature. 

A number of catalysts was prepared with different supports (Si0m Ala0s, 

Ti0~, Si0s'AI~0s), ranges of promoter concentration, both sodium and potassium 

promoters, d i f f e r e n t  preparation methods (pre-. co- and post-~tpregnation. 

calcination) and ~ith different promoter salts (KCI, K2C204, K2C03, KOH). Aque- 

ous hrtpregnation to incip';ent wetness was used in these studies, and ~iI nickel 

and. alkali weight loadings were measured by atomic ~hsorption. 

Parts were purchased for an x-ray photoelectron spectrometer (_.'~PS); this 

Leybold-Hereaus sysker~t was put into operation and calibratedl and an hydro- 

gen ~Iow system was added to allow catatyst redumticn be~ore 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 sumnlarized here. 

• ~upport, Promoter Concentration, and PreparRtiozt Effects .. 

The activity and selectivity for C0 hydrogenation on potassium-promoted 

catalysts is shown to depend on the oxide support. On Ni/S~02, 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. 

01efin activities increase and o[efin/paraffin ratios increase dramatically, as 

observed on single crystal nickel. Potassium on nickel apparently decreases 

hydrogenation rates. 

On Ni/S[0~'AI.20s, paraffin activities increase except at high promoter con- 

centrations. 01efin seleetivities decrease and higher paraffin selectivities 

increase. Thus maximums in methane activity and total aetiv".iy" ar~ =.een. 

Apparent1_y the si1~ca.alurnin~ support interacts more strongly-.vith potassium, 
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and  t h u s  m o s t  of  bhe p o t a s s i u m  is on t h e  s u p p o r t .  A r e a c t i o n  b e t w e e n  t h e  sup- 

p o r t  and  p r o m o t e r  causes  a weak  m e t a l - s u p p o r t  i n t e r a c t i o n  w h i c h  i nc rea se s  

h y d r o g e n a t i o n  r a t e s .  Only at  h i g h e r  p r o m o t e r  . c o n c e n t r a t i o n s ,  w h e n  more  of 

the p r o m o t e r  is on t h e  nickel ,  do the hydrogenation r a t e s  decrease, and the 

olefin/paraf~n ratios increase. 

The ~ollowinE variables show a decreasing effect on a'ctivity and selectivity 

for promoter addition: 

support > promoter concentration > preparation method > promoter salt. 

Post-impregnation of the promoter yields a higher activity but a lo~ver olefin 

selectivity; calcination increases the relative olefin ~'ield at higher tempera- 

tures. Use or d~fferenh salts has little effect, ~ndicathlg that the or~in~l pro- 

moter salt decomposes during catalyst preparation. A good correlation was 

seen between the olefhl/paraffin ratio and the inverse overall activity for most 

catalysts. The o[efin/paraffin ratio was i0 times larger for C s than for C a 

hydrocarbons. 

1'.-~ and Steady-Sta te  IQnetics 

Changes L-I 8real rates of CO hydrogenation upon addition of al'.--~/i p~o- 

motets to supported nickel were measured by temperature-progran'Lrned reac- 

tion (TPR) and steady-state kinetics. Good agreement was obtained between 

the two techniques, indicating that the same reaction process was measured. 

On N[/S[02 and NLITi.Om addition or i~ potassium decreases methanat[on 

activity approxinlateIy a factor of 80 and significantly increases selectivity to 

olefins. 2otassiurn decreases hydrogenation rates on NI/SiO 2 by v:eaken[n~ 

hydrogen bonding. On Nb'Al~Os and Ni/SiO2'AI2Os, the activities are essentially 

unchanged by I~ potassium, On Ni/SiO2'Al~Om low sod[un~ run-.entre%tons 

increase methanation activity s1~ghtly. The dependence ot activity changes on 

the support may be because the alkali distribution het~veen the nickel and the 

°'" 
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support  depends on the  support. On Nb'A120s and Ni/Si0s-A120s, a strong 

promoter - suppor t  in te rac t ion  keeps more of the  promoter  on the  support.  The 

reaotioR o£ the p romote r  with the support  t h e n  modifies the nickel proper t ies  

th rough a meta l - suppor t  interact ion.  Alkali p romoters  change activity and 
p 

selectivity by altering the nickel sites, and in general, promotion also decreases 

the number of sites available for methanation. 

Low Loading NL' AIpO s Catalysts 

The presence o~ two pathways for methanation has been observed on low 

weight-loading Ni/AI2.O % catalysts. These two pathways are  due to hydrogena- 
.. 

tion o~ CO at two adsorption sites: (A) CO adsorbed on nickel atoms that are 

interacting with other nickel atoms; (]3) CO adsorbed on nickel atoms interact- 

ing with an oxide phase of the Ni/Al203 catalyst. Tempsrature-progrann'ned 

reaction (TPR) detected these sites because of its ability to measure specific 

rates of reaction. Conversion between these two sites oesurs but is influenced 

by surface hydrogen. The alumina support increases the difficulty o~ 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 some methane produced at high 

temperatures {-rum-the hydr--p~en-at-ton .8-f polymedzsd .~-.carbon .forraed .during 

interrupted TPR. The hydrogenation of C0(A) had an activation ener=~y of 51 

kJ/mol; the hydrogena.tion of C0(B) had an activation energy of 145 [:J/moL 

Both pathways for the hydrogenation of CO should be present in steady-state 

kinetic studies on iow-.weight-loading Ni/.a/20 s catalysts, 
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Prommted Ni/Ti'0e Catalysts 

The hydrogenation of CO on i0~ Ni/T'z0~ was studied in detail using TPR 

and TPD since Ni/Ti02 has a high selectivity to higher hydrocarbons and the 

se lec t iv i ty  is f u r t h e r  i n c r e a s e d  by the  addi t ion of alkali p romote r s .  The init ial  

cove rage  was var ied by i n t e r r u p t e d  desorp t ion  and  reaction. For  TPR, after C0 

adso rp t ion  to sa tu ra t ion  coverage,  the  ca ta lys t  was h e a t e d  in h y d r o g e n  to a 

speci2ied temperature, cooled to room temperature and bhen heated at i K/s to 

723 K in a normal TPR. 

1~ethane and ethane were formed in narrow peaks and two distinct 

methane peaks vrere s~en. Ethane formed at a slightly lower tbmperature than 

methane; the ethane yield was only 3~ of the methane yield. The methane, 

ethane and propane peak temperatures did not change with initial coverage, 

indicating f i r s t -order  processes .  

Adding po tas s ium to N[/TiO s c a u s e d  a s ignif icant  d e c r e a s e  in t he  r a t e  of 

TPR reac t ion ,  as seen  in s t e a d y - s t a t e  exper imen t .  T e m p e r a t u r e - p r o g r a m m e d  

reaction also observed a large increase in methane and ethane peak tempera- 

tures, as well as an  inc rease  in the  t e m p e r a t u r e  of u n r e a e t e d  CO. The p e r c e n -  

tage  of CO t h a t  r e a c t e d  to e t h a n e  also i n c r e a s e d  with the  addi t ion  of potass ium.  

On Ni/Tl0z, h y d r o g e n  d e s o r b e d  f r o m  the  u n p r o m o t e d  ca t a ly s t  over  a wide 

t e m p e r a t u r e  range ,  and  addltiom of po t a s s ium w e a k e n e d  the  hyd rogen  bonding 

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

These changes in hydrogen bonding appear to be reflected in the TPR and 

steady-state experiments. Since promoters weaken hydrogen bonding on 

NI/TiO~ and Ni/SiO2, the rates of C0 and C hydrogenation deorease 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  monox ide  bonding  was also s igni f icant ly  ohanged  on p r o m o t e d  

Ni/Ti0s. When IY. K was added to Ni/Ti0 s, the strongly-bound and the weakly 

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

Temperature-programmed desorption of CO also yields C0~ due to d~spro- 

portionation. On unpromoted Ni/Ti0 m the C0~ is observed over a relatively nar- 

rovr temperature range. After addition of promoter, the amount of COs is 

decreased clrRstically and the C02 also forms at a lower temperature. 

CONCLUSIONS 

An extensive study of the effects of supports, preparation and co.centre- 

Lion on the addition of Rlkali promoters was cmrr[ed out Eor supported nickel 

catalysts. Activities and select[vities for a series of catalysts were measured in 

differential reactor with go detection. Specific activities, active site concen- 

trations and the presence of muttiple sites were measured by temperature- 

programmed reaction (TPR) with mass spectrometric detection. Carbon monox- 

ide and hydrogen bonding were measured by temperature-programmed desorp- 

iod. 

A strong dependence of alkali promoters on supports was observed and the 

interaction between support and promoters was used to explain the differences. 

On NL/SiO 2, alkali promoters were shown to decrease hydrogenat£on rates: on 

NI./SIOs-AIsOs, hydrogenation rates were h%creased by alkali promoters. Good 

agreement ~vas obtained for methzn~tion rates -#ith TPE and steady-sLat ~- kinet- 

ics. The decreased hydrogenation rates were related to decreased hydrogen 

bonding. Accompanying decreased hydrogenation rates was increased oief[n 

selectivity. On Ni/Sl0m, olef[n selectivity increased three orders of magnitude. 

An excellent correlation w~is found between olefin/par~ffin ratios and ~.nverse 

activities. 

The effects of preparation and alkali salt were sho~-n to be much smaller 
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than the effect of support on the promoter. The concentration of potass[urr, 

, was varied over two orders of magnitude on Ni/SiO~ and the rate dropped 

rapidly. On Ni/Si02'AI~O m the rates of methane and h~her paraffins increased. 

The, strong interaction of nickel with AI20 s supports ~as studied in detail 

and the presence of multiple sites, some of which are due to interaction ~th 

oxide, was found. The effect of alkali promoters on clesorption and reaction was 

also studied in detail on Nit" TIC2 c.~tslysts. 
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