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SUMMARY 

The objective of this research is to elucidate the role 

of various chemical additives on ethanol synthesis over Rh- and 

Ni-based catalysts. Chemical additives used for this study will 

include S, P, Ag, Cu, Mn, and Na which have different 

electronegativities. The effect of additives on the surface 

state of the catalysts, heat of adsorption of reactant molecules, 

reaction intermediates, reaction pathways, reaction kinetics, and 

product distributions is/will be investigated by a series of 

experimental studies of NO adsorption, reaction probing, study 

state rate measurement, and transient kinetic study. 

A better understandin~ of the role of additive on the 

synthesis reaction m~y allow us to use chemical additives to 

manipulate the catalytic properties of Rh- and Ni-based catalysts 

for producing high yields of ethanol from spn~as. 

RESULT TO DATE 

During the first quarter of 1990, the CO insertion 

activity of sulfided Group VIII metals was studied b~ usin~ 

ethylene hydroformylation as a probe reaction. 



ABSTRACT 

NiS and sulfided group VIII metals including Ni, Co, Fe, Ru, 

It, and Os have been found to exhibit hydroformylation activities 

in 150 - 300 °C and 10 arm. 

Key word listing 
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INTRODUCTION 

Hydroformylation, a reaction of olefin with carbon monoxide 

and hydrogen for the production of aldehydes and alcohols, is 

well known to be a homogeneously catalyzed reaction [1-5]. Metal 

carbonyls and their modified forms have long been employed for 

the commercial hydroformylation process. The major disadvantage 

of the homogeneous process is the expensive separation steps 

after hydroformylation stage for catalyst recovery and product 

purification [5-6]. To avoid the separation steps, various 

heterogeneous hydroformylation catalysts have been prepared by 

the use of polymer or oxides for anchoring metal complex 

catalyst as well as mixed metal oxides as catalysts. However, 

most of these catalysts exhibit poor thermal stability and 

activity [6-7]. 

Supported Rh has been found to be one of the most active 

catalyst for heterogeneous hydroformylation [8,9]. Recent 

studies have shown that H2S fails to poison hydroformylation over 

Rh/SiO2 [i0,ii] while H2S enhances hydroformylation on Ni/SiO2 

[12]. These observations have led to investigation of 

hydroformylation on other sulfided Group VIII metals. We report 

here a new finding that NiS, sulfided Co, Fe, Ru, It, and Os 

exhibit a wide range of hydroformylation activities. Results of 

hydroformylation on the sulfided Rh and Ni are also included for 

comparison. 

2 



EXPERIMENTAL 

Supported Ni, Co, Ru, Rh, Os, and Ir catalysts were prepared 

by impregnation of SiO2 (large pore, Strem Chemicals) with 

Ni(NOs)2 6H20, Co(N03}2 6H20, RuCis SH20, RhCIs 3H20, H2OsCI6 

6H~O, and IrCis 3H20, respectively. Fe/SiO2 was prepared by 

precipitating FeCIs solution with Na2COs. The precipitate was 

filtered and washed with water at room temperature. Following 

the impregnation or precipitation, the catalysts were dried at 30 

°C and reduced in flowin~ hydrogen at 400 °C for 16 hrs. The 

metal crystallite size was determined by X ray diffraction-line 

broadening. The resulting catalysts were sulfided by I000 ppm 

H2S in H2 at 400 °C. The bulk ratio of sulfur to metal was 

determined by energy-dispersive spectroscopy. It was found that 

sulfidation with either 240 or 400 °C resulted in the catalNsts 

exhibiting the same activity and selectivity. 

Ethylene hydroformylation ( CO:H2:C2H4 = i:i:i ) over 

sulfided metals was studied in a differential reactor at 10 atm 

and 150 - 300 °C. The reaction product was analyzed by a gas 

chromatograph usin~ a 6 ft Porapak PS column in serdes with 6 ft 

Porapak QS column. The combination of these two columns permits 

a good on-line separation of all CI-C7 hydrocarbons, aldehyde, 

and alcohols. Due to the heterogeneity of the surfa'ce of 

sulfided metals and the lack of information on the site for the 

reaction, the rate will be reported on the basis of mol/k~ hr. 

rather than turnover number. 
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RESULTS AND DISCUSSION 

Table I shows the rate of ethylene conversion and product 

selectivity for ethylene hydroformylation over sulfided metals. 

Although all the sulfided metals were sulfided under the same 

condition, the ratio of sulfur to metal for the sulfided metals 

appears to depend on the type of metals and their thermodynamic 

properties [13,14]. It would be very difficulty to maintain the 

same ratio of sulfur to metal for all the catalysts in this 

studF. The sulfur content of the catalyst remains about the same 

durin~ the entire course of reaction studies. 

Ethane and propionaldehyde are major products while CH4, C3+ 

hydrocarbons, and CaHTOH are minor products. Variation of the 

H2S concentration in the reactant stream from 0 - I000 ppm did 

not affect the catalyst activity and selectivity. The rates of 

formation of CH4 and C8÷ hydrocarbons in ethylene 

hydroformylation are comparable to those from CO hydrogenation on 

the sulfided metals indicating that the formation of theses minor 

products from CO hydrogenation were inhibited by sulfur [15,16]. 

The inability of sulfur to completely poison ethylene 

hydrogenation is not surprising since most transition metal 

sulfides are active for olefin hydrogenation in 120 - 400 °C 

[17]. 

Variation of reaction temperature :~:.| pressure showed that 

decreasing reaction temperature shifted the product selectivity 

toward propionaldehyde for all the sulfided catalysts; while 

decreasing the reaction pressure enhanced the ethane selectivity. 

Infrared studies of CO adsorption on the sulfided Ni, Rh, and Ru 



showed that sulfidation led the disruption of bridge-CO site 

resultin~ in the formation isolated atom site for linearly 

adsorbed CO [15]. It is likely that the isolated atom site is 

responsible for the hydrof0rmylation reaction. 

Comparison of the product selectivity in Table I shows that 

the sulfided Ni is the most selective catalyst for ethylene 

hydroformylation. Thus, we further investigated 

hydroformylation activity of Ni5 (Johnson Matthey}. The results 

are presented in Table 2. Propionaldehyde slectivity on NiS is 

significantly higher than those on the sulfided metals. In 

contrast to sulfided Ni, methane is the major product at 

temperature below 210 °C: increasing reaction temperature from 
\ 

ZI0 to 288 °C shifts the selectivity toward propionaldehyde. 

MoS2 modified with Li. K, and Mg has been reported to 

exhibit hydroformylation activity [18]. However, pure MoS2 

showed only hydrogenation activity at I0 arm and 210 - 300 °C. 

Studies on other metal sulfides such as MnS and CrS also revealed 

that these sulfides are inactive for hydroformFlation but active 

for hydrogenation at I0 atm and 210 - 300 °C [19]. 

In conclusion, sulfided Group VIII metals exhibit 

hydroformylation activities. Sulfided Ni appears to be the most 

active sulfide catalyst for the reaction. 

ACKNOWLEDGEMENT 

Funding for this research was provided b,v U. S. Department 

of Energy under DE-FG-22-87PC79923. 



REFERENCES 

i. F. A. Cotton and G. Wilkson, Advanced Organic Chemistry, 5th ed. 
Wiley, 1988. 

2. I. Wander and P. Pino (Editors], Organic Synthesis via Metal 
Carbonyls, Vol. 2, Wiley, New York, 1977. 

3. C. Masters, Homogeneous Transition-Metal Catalysis - a Gentle 
Art, Chapman and Hall, New York and London, 1981. 

4. G. W. Parashall, Homogeneous Catalysis - The Applications and 
Chemistry of Catalysis by Soluble Transition Metal Complexes, 
Wiley, New York, 1981. 

5 R.A. Sheldon, Chemicals from Synthesis Gas, D. Reidel Pub., 
Boston, 1983. 

6 .  J. Fable (Editor], New Syntheses with Carbon Monoxide, 
Springler-Verlag, Berlin-Heidelberg-New York, 1980. 

7. M.W. Blaskie, J. R. Fox, and F. Aesa, U. S. Patent 4,361,711, 
1980.  

8. M. Ichikawa, J. Catal. 56 {1979) 127. 

9.. W. M. H. Sachtler and M. Ichikawa, J. Phys. Chem., 90 (1986) 
4752. 

I0. Y. Konishi,iH. Ichikawa and W. M. H. Sachtler, J. Phys.Chem., 91 
(1987) 6286. 

Ii. S. S. C. Chuang and S. I. Pien, J. Mol. Catal., 55 (1989) 12. 

12. S. I. Pien, Ph.D. Preliminary Results, Univ. of Akron, 1990. 

13. C. H. Bartholomew, P. K., Agrawal, P. K., and J. R. Ketzer, 
Advances in Catalysis, Vol. 31 (1982) 135. 

14. J. @udar and H. Wise (Editors), Deactivation and Posionin~ of 
Catalysts, Marcel Dekker, New York, 1985. 

15. S. S. C. Chuang, S. I. Plan, and C. Sze, J. Catal. in press 

16. A. G. Dastidar, M. S. Thesis, University of Akron, 1990. 

17. P. C. H. Mitchell, in C Kemball (Editor), Catalysis, Specialist 
Periodic Report, The Chemical Society, London 1977, Vol. I, p. 204 

18. N. E. Kinkade, Europ. Patent 0 149 256, 1985. 

19. Unpublished results. 



Table 1 Ethylene Hydroformylation on Sulfided Metals 

Catalyst 
(the ratio of 
Sulfur to Metal} 

Metal Rate of C2H4 
Loading Convsersion 
(wt%) {mol/kg hr) 

CH 4 
Product Selectivity 

C3+ C2H4 C2HsCHO C~HTOH 
(mol % } 

S - F e  I 0  0 . 3 1  
0 . 2 1  

S - C o  5 9 . 2  
0 . 3  

S - N i  15 4 . 5  
0 . 4 6  

S - R u  3 0 . 6 5  
0 . 1 2  

S - R h  3 5 2 . 4  
0 . 1 4  

S-Os 3 1.1 
0.ii 

S-Ir 3 i0.I 
0 . 1 2  

0.9 1 80.1 18 0 

0 . 2  0 , 3  83 1 6 . 5  0 

0 . 4  0 . 0 1  59  3 7 . 1  1 . 5  

3 1.3 84 11 0.7 

1 0 68  2 9 . 3  1 . 7  

0 0 94 6 0 

2 0 88 i0 0 

Reaction Condition: 10 arm, 270 °C 

Product Selectivity = 
Rate of Formation of a Specific Product 

Rate of Formation of all Products 



Table 2 Ethylene Hydroformylation on NiS 

Reaction Product Distribution 
Temperature CH4 C2H4 C2HsCHO 

(°C} (mol % ) 

210 

230 

275 

288 

47.1 12.3 40.5 

(0.02) a (0.066) 

12.2 3.7 82.9 

(0.025) a (0.53) 

8 . 9  4.8 8 7 . 6  

(0.06) a (1.07) 

9.4 5.6 84.6 

(0.054) a (0.82) 

Reaction Pressure: 10 atm 
a: rate of product formation in mol./kg hr. 
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