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Abstract

Sulfidation of Ni/SiO2 with H2S leads to a blockage of

bridge-CO sites_ an upward shift in the wavenumber of linearly

adsorbed CO, an inhibition of ethylene hydrogenation, and an

enhancement of the formation of propionaldehyde from ethylene

hydroformylation.
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I. Introduction

Hydroformylation is a reaction of an olefin with syngas to

produce an aldehyde. The transition metals, including Rh, Ru,

Co, and Pd in the form of both heterogeneous supported-metals and

homogeneous metal complexes, have been shown to exhibit

hydroformy', %tion activities [I-8]. Studies on the role of

sulfur in homogeneous hydroformylation on the cobalt carbonyls

have showed that the catalyst is highly resistant toward

poisoning by sulfur compounds such as thiophene [9]. The failure

of sulfur compounds to poison the hydroformylation has also been

observed on the heterogeneous Rh/SiO-. catalysts [I0-II].

Recent studies have shown that Ni/SiO2_ a methanation

catalyst, exhibits hydroformylation activity which is comparable

to that of Rh/SiO2 [12]. However, little is known about the

effect of adsorbed sulfur on the hydroformylation over Ni/SiO2

i cata]ysts. In this paper, we report results of a study on

ethylene hydroformylation over the sulfided Ni catalyst. In situ

infrared spectroscopic (IR) method was employed to provide a

: better understanding of how adsorbed sulfur affects the

: hydroformylation reaction.

2. Experimental

Preparation and characterization of sulfided Ni/SiO2 has

been described elsewhere [13]. Ethylene hydroformylation with

the ratio of reactants (CO:H2:C2H4 = I:I:i) was studied in an

infrared (IR) cell at 240"C and I - 30 atm. The IR cell is made

_ of stainless steel with CaF2 window using Grafoil O-rings (Union
_
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Carbide). The catalysts for the study were ground to a fine

powder and pressed into a disk (approx. I0 mm in diameter and 1

mm in thickness with 25 rag). Sulfidation of Ni/SiO_. was performed

by passing I000 ppm H2S in H2 through the lR cell at 240"C and 1

atm. IR spectra of adsorbed species were recorded by a Nicolet

5SXC FTIR spectrometer with a DTGS detector at a resolution of 4

cm "I. Gas phase CO bands were eliminated by subtracting the

absorbance of gas phase CO with a SiO2 disk in the cell from the

spectra of adsorbed species on the Ni/SiO2. Compositions of the

effluent from the lR cell was determined by an HP-5890A gas

chromatography (GC) with a G ft Porapak PS column in series with

=

a G ft Porapak QS column.

3. Results and Discussion

Table 1 shows comparison of the reaction rate and product

selectivity for ethylene hydroformylation over sulfided Ni/SiO2

(S-Ni/SiO2) and Ni/SiO2. The data for both catalysts were taken

at the same interval since the onset of the reaction_ It should

be noted that the reactor was first operated in a steady-state

flow mode at each specific pressure and 240 °C for more than 30

rain and the reaction pressure was increased from i atm to highec

pressures. Our preliminary studies on _e catalyst deactivation

showed that the activity of both catalysts decreased with time

while the product selectivity remained constant. Thus,

modification of catalyst selectivity brought about by sulfur is

of a major concern here.

Sulfidation led to an increase in propionaldehyde
=

selectivity by a factor of 3 - 4 at 240 °C and I - 30 atm. Such
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an increase in selectivity to propionaldehyde can be attributed

to the reduction in the rate of ethylene hydrogenation and the

enhancement in the rate of ethylene hydroformylation brought

about by adsorbed sulfur. While adsorbed sulfur is known to

poison olefin hydrogenation (14), it appears to be effective in

promoting ethylene hydroformylation.

As the reaction pressure increased from I to 30 atm, the

propionaldehyde selectivity increased on both catalysts. IR

spectra taken for the reaction on S-Ni/SiO2 corresponding to the

product selectivity and the rate of product formation listed in

Table I are given in Figure I. The major bands observed for the

reaction at 1 atm are linearly adsorbed CO at 2066 cm" I and

hydrocarbon bands at 2800 - 3050 cm "i . An increase in the
z

reaction pressure led to (i) the growth of hydrocarbon bands and

ethylene band near 1886, 1465 -1441 cm -I and (ii) the shift of

the peak at 2066 cm'* to 2054 -- 2057 cm -! and the growth of the

band at 2054 cre'* corresponding to Ni(CO)4. The absence of

linearly adsorbed CO band at high pressures appears to be due to

overlapping by t_e strong Ni(CO)4 band. Ni(CO)4 was also

observed in the effluent of the reactor indicating the occurrence

of the transfer of Ni(CO)4 from the catalyst disk to the effluent

=

line. Chemical analysis of the catalysts (by Galbraith Lab. )

show that the Ni loading decreased from 14.4 % (fresh catalyst)

to 6 % during the entire period of the hydroformylation study.
-

The loss of the Ni is greater for the S-Ni/SiO,. as compared

with Ni loss for the reaction on Ni/SiOo. for the same reaction

c

condition [13]. The great loss of Ni from S-Ni/SiO2 may be due

-
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to the promoting effect of sulfur on the formation of Ni(CO)4.

Qudar has suggested that adsorbed sulfur could cause a weakening

of the Ni substrata and the CO - substrata bond; weakly adsorbed

CO would be a better candidate for the carbonyl formation than

the more strongly bonded CO [14].

Adsorbed propionaldehyde band at 1728 cm "! was found to

increase with reaction pressure. The increase in the intensity

of the band is proportional with the increase in the rate of

propionaldehyde formation (Table 1). The shoulder at 1678 cm "I

has been tentatively assigned to the vibrational frequency of an

acyl species which has suggested to be the intermediate for the

formation of propionaldehyde [15].

IR spectra of ethylene hydroformylation on Ni/SiO2 at 1 and

30 atm are shown in Figure i. The results are consistent with

l

our previous observations [12]. Comparison of IR spectra before

and after sulfidation at i atm shows that sulfidation of the

catalyst led to the suppression of the bridge-CO band and the

shift of the linear CO to higher wavenumbers. The loss of

bridge-CO site indicates that the pair-surface Ni atoms have been
z

disrupted by adsorbed sulfur resulting in the formation of

isolated Ni atom; the shift of linear-CO band to higher numbers

may be attributed to the weakening of metal-CO bond as a result

T

of decreases in back-donation of electron from sulfided Ni

surface to antibonding of CO molecules. However, such a shift

was not obvious for the reaction at 30 atm since the prominent

__ Ni(CO)4 band may cover the weak band of absorbed CO.

i

Comparison of the rate and IR data at 30 atm for S-Ni and Ni

n

_
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shows that the intensity of adsorbed propionaldehyde and acyl

bands and the rate of propionaldehyde formation were greater for

S-Ni/SiO_ than for Ni/SiO2. The results clearly indicate that

adsorbed sulfur serves as a promoter to enhance propionaldehyde

formation on the Ni/SiO 2 catalyst. Although results of this

study do not permit elucidation of the state of active sites for

the hydroformylation on S-Ni/SiO2, the observations of (i) lack

of the bridge-CO and higher hydroformylation rate on the Ni/SiO2

at high reaction pressures and (ii) the suppression of the

bridge-CO sites and enhancement of hydroformylation brought about

by adsorbed sulfur indicate that the isolated Ni atom site may be

responsible for the reaction.
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Table I. Product Distribution for Ethylene Hydroformylation

over S-Ni/SiO2 and Ni/SiO2

Pre S sure

(atm ) 1 i0 20 30

Catalysts S-Ni Ni S-Ni Ni S-Ni Ni S-Ni Ni

Product

Selectivity
(Mole %)

CH4 4.1 2.0 0. 1.3 0.2 I.i 0.2 0.6

C3. H.C. 0.2 2.5 1.4 1.5 0.2 1.3 0.6 0.6

C2H6 83.4 92.9 66.3 87.8 64.9 89.9 58.8 87.4

Rate a 0.6 36.6 13.6 62.3 12.9 51.5 14.5 48.8

C2HsCHO 8.5 2 .4 31 .1 8.6 33 .9 7 .5 40.3 Ii .1
• b

Rate 0.06 0.96 6.4 6.1 6.7 4.3 9.9 6.2

C3H7OH 3 .8 0 .2 1 .2 0.8 0 .8 0.2 0.1 0.3

Reaction condition 240"C, C2H4/CO/H2 = i:i:i

Ni/SiO2: Ni loading = 14.3 wt%, Ni particle size = 92 OA
S-Ni/SiO2: the ratio of S to Ni = 0.46

a: the rate of C2H6 formation

: b: the rate of C2HsCHO formation
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List of Figure

Figure I. Infrared Spectra of Ethylene Hydroformylation on

S-Ni/Si02
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