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Abstract 

The influence of alkali promoters on CO hydrogenation was studied as a 

function of catalyst support (AI203, SiO 2, Si02-AI203 and Ti02). Temperature- 
. ,o 

programedreac t ion  was used to study the spec i f i c  rates of  CO and carbon 

hydrogenation, and temperature-programmed desorption studied the change in 

H 2 and CD desorption rates. The role of the support was separately studied 

for comparison. Specific activity And product distributions were also studied 

in a differential reactor with gas-chromatography detection. On al l  catalysts 

the selectivity for higher hydrocarbons, particularly olefins, was increased 

by addition of Na or K promoters. On all catalysts but Ni/SiO2-Al20 3, however, 
i- 

the specific activity decreased; on Ni/Si02-Al203, a slight increase in specific 

activity was seen. Similarly, significant changes in me~:hanation activation 

energies were observed for the addition of promoters. Good agreement was 

obtained between differential reactor studies and temperature-programmed reac- 

tion. The role of the promoter is significantly influenced by the oxide 

support. 



Introduction 

A typical supported-metal" catalyst contains one or more noncatalytic 

promoters, often alkali metals, that change the activi ty and selectivity. The 

effect of those promoters appears to depend on the support and the method of 

preparation. This research is aimed at understanding how the catalytically- 
I 

inert alkali metal changes act iv i ty and selectivity. Carbon monoxide hydroge- 
i 

nation is being studied on supported nickel and ruthenium. 

Temperature-programmed desorption (TPD) and reaction (TPR) are being used 

v~ith mass spectrometric detection to determine how promoters affect binding 

energies, individual reaction steps, reaction mechal}ism and catalytic act ivi ty. 

Differential reactor kinetic studies withgas chromatographic analysis is used 

to measure selectivity and act ivi ty. X-ray photoelectron spectroscopy wi l l  be 

used to determine the concentration and chemical state of the promoter. 

Project Status, Accomplishmentsand Technical Discuss igz 

Tempez~ture-programmed desorption (TPD) and reaction (TPR) and differen- 

t ia l  reactor kinetic studies were applied to a number of catalysts prepared 

in our laboratory. These catalysts.were prepared by impregnation procedures 

with various concentrations of sodium and potassium promoters. The alkali 

salts were used as the promoter source. Unpromoted catalysts were also pre-. 

pared...The weight loadings were measured, for both nickel and the alkali, by 

atomic absorption. Some of the catalysts were also characterized by Auger 

spectroscopy and x-ray photoelectron spectroscopy to verify the presence of 

the alkali at the surface. 

We wi l l  present results mainly for TPR and' differential reactor studies. 
% 

Both the influence of promoters and supports and the effects of suppor~..)n 

the promoter were studied. In a few cases, the effect of promoter concentra- 

tion was also measured. 



~a.normal TPR.. Using computer switch~ngbetween mass peaks,.methane {mass 15), 

ethane (mass 30), propane (mass 43} and.mass 44 (propane and carbon dioxide) 

were simultaneously monitored as a funct ion of temperature. Figures 1-4 show 

the reaction products for  seven d i f f e ren t  i n i t i a l  coverages. Table 1 shows 

the interrupt iontemperature used fo r  the data and the f rac t ion  of  saturation 

coverage of  methane. 

- Methane and ethane were formed in narrow peaks and two d i s t i nc t  methane 

peaks were seen. Ethane formed at a s l i g h t l y  lower temperature than methane; 
\ 

"~the ethane y ie ld  was only one-hundredth of  the methane. The methane, ethane 

and propane peak temperatures did not change with i n i t i a l  coverage, indicat ing 

f i r s t , o rde r  processes fo r  a l ! : threeproducts~ Hasses43and 44 were used to ~ 

identify propane. Since mass 44 was broader than 43, it probably has a con- 

tribution from CO 2 and from propane. Olefins are not expected)o form in TPR 

experiments because of the large excess of H 2. Also, ethylene would be diffi- 

cult to detect because of desorption of unreacted CO. 

Even for the high H2:CO ratio that is present during TPR, the Ni/TiO 2 

catalyst still foms ethane and propane. Though these quantities are small, 

they are detectable with the mass %pectrometer system and the results in 

Figure I-4 show the ability of TPR to study catalytic reactions with high 

senstivity. 

Promoters: The influence of alkali promoters has been studied on Ni/SiO 2, 

Ni/SiO2.AI203 and Ni/TiO 2 with temperature-programmed desorption (TPR). By 

using TPR, specific rates of reaction to methane and ethane were measured, 

independent of surface area measurements. The effect of promoter concentra- 

tion was also studied. On Hi/SiO 2, sodium and potassium were found to sig- 

nifica~l@ decrease the rate of CO hydrogenation to both methane and ethane 

::~. ,,~ (s~e'Figure> 5)..:.,... Similarly, On Ni'/TiO 2, potassium decreased the specific 

- rate'~f.hydrogenation. Similar decreases have 'been seen in the steady-state 

4 
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hydrocarbons, and activiti.=-s .were "measured in. agreemen t with those .report~d in 

the l iterature, Catalytic activit ies and s'el~ctivities were th.en' compared 

/ for c.a.talysts on various supports, with.and without promoters. As'shown-in 

Table 3,] for similar weight loadings, the activi ty per gram of hickel~was 

highest for Ni/TiO.. 2, as expected from reports in the literature.. The turnover 

numbers have not ~et bee~-= determined. These data are for a 3:1 ratio of H2':CO 

and for conversions below five percent. 

The most important observation from these data is that on .NilSiO z and : 

Ni/TiO 2, tile methanation act iv i ty decreased significantly with the addition 

of I% K. On Ni/SiO 2, the activ~'ty also decreased for 0.9~ Na promoter, though 

i~he decrea-~e was not as large as for po.tassium. In contrast, the act iv i ty  

for Ni/SiO2-AI203 was essentially the same. That .is, the change in the acti- 

v i ty  is dramatically dependent on the support used. This is in agreement );~ith 

the temperature-programmed reaction results, which show that the alkal i  pro- 

moters cause a decrease in specific activ.ity for NilSiO 2 and Ni/TiO 2 and an 

increase for N,/SiO2-AI203. This shows the values of TPR for rapid character- 

ization of catalysts. 

Table 4 shows the apparent activation energies measured for the same 

catalysts. On Ni/SiO 2 and Ni/SiO2.Al203, promoters increase the activation 

energy, with a particularly large increase seen for Ni/SiO 2. On Ni/TiO 2, a 

s l ight  decrease was seen in activation energy. In Tables 3 and 4 the reduc- 

t ion temperature was varied between 450 and 550°C to observe possible effects 

of strong metal-support interactions. On unpromoted Ni/TiO 2, the act iv i ty  

decreased while on promoted Ni/TiO 2, a slight incr.=.ase in activity was seen. 

Similarly, the activation energy increased sl ight ly with higher reduction 

temperature. ". 

Figures 7~12 present the pFoduct distributions, as a function-of tempera- 

ture, for the promot.~d and unpromoted catalysts on these three supports. As 



A small ef~i~e'ct (lue :I:():increased .reduction temperature was observed for 

the Ni)Tio2 cbtalysts; no dramatic changes were seen. Most of the data for 

Ni/TiO 2 were ,for reduction at 450°C. , 

Concl Usions 

Carbon monoxide hydrogenation to methane and higher hydrocarbons was 

studied with temperature-progran~ed reaction and with a differential reactor. 

Alkali promoters significantly change activity and selecti•vity on nickel 

catalysts. The support also independently affects selectivity and the in- 

.fluence of the' alkali promoter depends significantly on the support. 

For. all supports studied (SiO 2, TiO 2, SiO2.Al203), sodium and potassium 

promoters increase the selectivity towards higher hydrocarbons, particularly 

towards olefins. For Ni/SiO 2, for  example, a factor of thir ty increase i n  

ethylene percenta.ge was seen. However, with the exception of silica.alumina- 

supported nickel, the overall rate of reaction is significantly decreased by 

alkali. On N1/SiO2-AI203, the activity increases. Temperature-programmed 

reaction also shows that both carbon and carbon monoxide hydrogenation rates 

are decreased on Ni/SiO 2, apparently due to decreased bDnding of hydrogen. 

Agreement in these studies 'between TPR and steady-state kinetics is  excellent .  
l 



.Prepri nts 

"CO Methanation on Low W~ight-Loading Ni/AI203: Multiple Reaction Sites~" 
by K. Bo Kester and J. L. Falconer, submitted to J. Catalysis. (preprint 
attached). 

"Al kal i Promoters.:on Nickel : Influence of Catalyst Support on Methanation," 
by J. L. Falconer and P.. D. Gochis, to be submitted to J. Catalysis 
(preprint wi l l  be forwarded to DOE). 



irabl e 1 

10%. Ni/Ti 02 • Temp.~rature-Programmed Reacti on 

Curve Interruption Temperature (K) 

a 

b 

C 

d 

e 

f 

g 

Methane Coverage (%) 

300 l O0 

• 395 97.4 

407 91.6 

416 77.6 

425 52.4 

430 36.0 

434 17.8 



Table 2 

Peak Temperatures from TPR Carbon Monoxide 

"Catalyst 

• N i / S i 0  z 

unpromoted 

0.5% Na* 

0.5% Na 

0.6~ K 

0.9% K 

Ni/SiO2"A1203 
unpromoted 

0.2% Na 

0.3% Na 

484.~ 461 : 484 o" ¢; 

493 472 475 

514 500 497 

521 488 497 

550 498 447 

471 444 -- 

465 445 442 

460,519 432 455 

I l 



Table 3 

Activity for CH 4 Formation at 54B K 

r_umol e~ 

Catalyst I% K 0.9% Na 

10% Ni/SiO z 

10% Ni/SiOz.AI ZO 3 

10% Ni/TiO 2 

Reduced 450 

Reduced 500 

Reduced 550 

135 

99.6 

255 

218 

167 

1.36 

103 

4.72 

5.65 

~ n  

11.3 

m ~  

12 



Table 4 

Apparent Activation Energy for CH 4 Formation 

(kJ/mol) 

Catalyst -- I~ K 0.g,~,,Na 

10% Ni/Si02 " 

10~ Ni/SiO2-Al203 

I0% Ni/TiO 2 

Reduced 450°C 

Reduced 50D°C 

Reduced 550°C 

I03 145 106 

llO 125 

129 125 

722 

136 --  
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Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

Figure 7 

Figure 8 

Figure 9 

Figure lO 

Figure II 

Figure 12 

FiBure Captions 

Methane TPR spect~ra for CO adsorbed on 10% Ni/TiO 2. Initial 
coverage was varied by interrupted reaction (see Table l ) .  

Ethane TPR spectra for CD adsorbed on 10% Ni/TiO 2 (see Table I). 

Propane TPR spectra (mass 43) for CO adsorbed on 10% Ni/TiO 2 
(see Table l ) .  

Mass" 44 TPR spectra (CO 2 and propane) for CO adsorbed on I0% 
Hi/TiO 2 (see table l ) .  

Hydrocarbon products for TPR of CO from Ni/TiO 2 (a) CHr, 
(b) C2H 6 ai~d from 0.9% K on NilSiO 2 (c) CH 4 (d) C2H ~ 

Hydrogen desorption spectra for hydrogen adsorption at 298 K on 
(a) 10.1% Pli/SiO 2 (b) 12.1% Ni/SiO Z with 0.9% K promoter. 

I0% Ni/SiO 2 product distribution. 

10% Hi/l% K/SiO 2 product distribution. 

I0% Ni/SiO2-AI203 product distribution. 

I0% Ni/l% K/SiO2-AI203 product distribution. 

I0% Ni/TiO 2 product distribution. 

I0% Ni/l~; K/TiO 2 product distribution. 
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